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Abstract: We recommend to explore joint survey strategies that combine the two top-ranked sur-
vey endeavors of the 2010 Decadal, the ground-based Large Synoptic Survey Telescope (LSST)
and the space-based Wide Field Infrared Survey Telescope (WFIRST). By the time WFIRST
launches, LSST will have been in survey mode for several years already and will have built up
substantial survey depth and area. The science collaborations of LSST will know what limits
the precision of their core science cases and what type of space observations are most valuable.
WFIRST with its broad range of capabilities will be an ideal partner observatory to LSST at exactly
the right time.

In this white paper we outline two joint survey scenarios: The first is a 5-month, wide WFIRST
survey in one band that would cover the full LSST Year 10 survey area. This 5-month endeavor
would provide high-resolution imaging for >95% of the LSST Year 10 weak lensing galaxy sam-
ple. The second scenario is a 1.5 year wide WFIRST survey in one band that would cover the
full LSST Year 10 survey area. For this second scenario we explore the joint LSST+WFIRST
science return on cosmic acceleration from a joint weak lensing and galaxy clustering analysis as
an example science case.

The combination of space-based resolution, color information from the ground, infrared cover-
age from space over 18,000 deg2 would enable a new level of precision for the existing core science
cases of both experiments. It is now timely for the WFIRST and LSST survey collaborations to set
up a joint survey optimization and systematics mitigation e↵ort that maximizes the science return
for the community from next decade’s flagship experiments in survey cosmology.

1email:timeifler@email.arizona.edu, phone: (520) 621-5448
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WFIRST  
WWFWWFTop-ranked space mission of the 

2010 US Decadal Survey
Launch ~2025 

Currently in Phase B

2.4m Hubble-sized telescope (repurposed from NRO)

Multi-purpose (Dark 
energy to exoplanet) 
mission with wide-field 
survey capabilities.



WFIRST Example Survey
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FIG. 1: Observing timeline. Each row represents 7 days of observations, and is color-coded according to the observing program.
Note the microlensing seasons (magenta), supernova survey (blue: ⇠5-day cadence), and HLS (red+yellow). Blank areas are
not allocated. Labels on the left-hand side are shown every 16 weeks.

• Exposure time calculator 
(Hirata et al 2012) 

• Includes slew time, 
shutter, filter change, etc 

• WFIRST is multi-purpose 
survey: 
• HLS Spectro 
• HLS imaging 
• SN 
• Microlensing 
• Guest Observer 
• Galactic plane 
• Coronograph





• Very large field of view 
(0.8° x 0.4°)

• High spatial resolution 
(0.11’’/pixel)



WFIRST - Dark Energy Plan
High Latitude Survey

WFIRST  Dark Energy Roadmap
Supernova Survey

wide, medium, & deep imaging
+

IFU spectroscopy

2700 type Ia supernovae
z = 0.1–1.7

spectroscopic: galaxy redshifts

16 million Ha galaxies, z = 1–2
1.4 million [OIII] galaxies, z = 2–3 

imaging: weak lensing shapes

380 million lensed galaxies
40,000 massive clusters

standard candle distances
z < 1 to 0.20% and z > 1 to 0.34%

standard ruler 
distances               expansion rate

z = 1–2 to 0.5%      z = 1–2 to 0.9%
z = 2–3 to 1.3%       z = 2–3 to 2.1%

dark matter clustering
z < 1 to 0.21% (WL); 0.24% (CL)
z > 1 to 0.78% (WL); 0.88% (CL)

1.1% (RSD)

history of dark energy
+

deviations from GR
w(z), ΔG(z), ΦREL/ΦNREL 16



WFIRST ScheduleProject Schedule
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Development Design, Fabrication, I&T Science Operations
Phase A PhaseB Phase C Phase D Phase EPre-Phase A

Formulation Science teams 
selected

Implementation science 
teams selected

(First allocation of observing time)

SRR/
MDR

MPDR MCDR SIR Launch End of Prime Mission

We are here

GO Calls for proposals
3 calls – dates notional

Extended mission expected 
to continue 5+ more years.  
WFIRST is serviceable!

Extended 
Mission can be 

expected
As of Feb 19…WFIRST is well on track.



LSST: Science Collaborations

Solar System
Stars, Milky Way, Local Volume
Transients
Galaxies
Active Galactic Nuclei
Informatics and Statistics
Dark Energy

LSST: The Experiment

largest planned LSS survey
map visible sky every 3 nights

high priority in P5, decadal survey
construction started 2015
commissioning first light 2019
survey duration 2022-2032



Prepare for and carry out cosmology analyses with the LSST survey

6 key cosmology Working Groups (WG)
Galaxy Clustering, Galaxy Clusters, Strong Lensing, Supernovae, Weak Lensing; 
Theory & Joint Probes

“Enabeling Analyses” WGs: understand LSST system + systematics

logo/pics

lots of work until first data, lots to learn from ongoing surveys!

3LSST DESC Collaboration Meeting July 2016

Closing Comments

• A big thank you (again!) to the Local Organizing Committee for making 

the meeting work so well!

– Elisa Chisari, David Alonso, Ian Shipsey, Jo Dunkley, Aprajita Verma, 
Phil Marshall, Joe Zuntz, Matt Jarvis, Pedro Ferreira, Chris Linttot, 
Erminia Calabrese and Leanne O'Donnell.

• Thank you everyone for your participation in the meeting!

– Lots of energy and enthusiasm and great interactions in the sessions 

– Lots of cross-WG discussions and Task Force hacks

– Junior involvement in talks and discussion

• Three new milestones!

– First meeting outside the UK

– Largest DE School attendance to date

– First collaboration photo

The LSST Dark Energy Science Collaboration



LSST Schedule



How do we optimize WFIRST/LSST? 

How do we explore synergies?
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How hard can it be...?

Some theorists

CosmoLike – Multi-Probe Cosmological Likelihood 
Analyses (for DES and others)

Tim Eifler    Elisabeth Krause

Many $ 
successful 

instrumentation 
and data 

reduction → 
catalogs
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Theory - Data 
connection in a nutshell

Springel+, 2006

Springel+, 2006

Physics 
+ model parameters dark matter

galaxies, light

generate initial 
conditions, evolve

galaxy formation models 

Obs
Sys ?

?

Baryons, galaxy bias, 
Intrinsic alignment,

Cluster Mass Observable 
Relation



Tracers of the density field

         clusters,peaks (over densities), 

voids (under densities)

three-point correlations,...

two-point correlations 
(galaxy positions, shapes)

BAOs

non-lin.
structure

lin. growth
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and present forecasts for Euclid and WFIRST instead of LSST in Sec. IV D.

II. SIMULATED JOINT ANALYSIS OF LSST & CMB S4: METHOD

A. Observables: g, gal, CMB

We use the projected galaxy density field g, the convergence gal from galaxy shapes and CMB from CMB lensing
reconstruction as probes of the matter density field. We consider two distinct galaxy samples for g and gal, with
distinct redshift distributions and tomographic bins, as detailed in Sect. II C. Each observable A 2 {g, gal, CMB} is
a projection of the density contrast �, weighted by an e�ciency kernel WA:

A(n̂) =

Z
d� WA(�) �(�n̂, �) (1)

Thus the cross-spectrum C
AB
` of observables A, B is related to the matter power spectrum Pm via

C
AB
` =

Z
d�

�2
WA(�)WB(�) Pm(k =

` + 1/2

�
, �), (2)

in the Limber and flat sky approximations. Throughout, we assume a flat cosmology and therefore equate comoving
radial and transverse distances. For the projected density field gi in redshift bin i, the e�ciency kernel is

Wgi(�) = bg(z)
1

ni

dni

dz

dz

d�
, with ni =

Z
dz

dni

dz
, (3)

and dni/dz is the redshift distribution of the galaxies in the ith bin. For a source at comoving distance �S , the lensing
e�ciency is

W(�, �S) =
3

2

✓
H0

c

◆2

⌦0
m

�

a(�)
(1 � �/�S) (4)

Thus the CMB lensing e�ciency is simply WCMB(�) = W(�, �LSS), where �LSS is the comoving distance to the
surface of last scattering at z ⇠ 1100 (see curve in Fig. 2). For the convergence gal,i in the tomographic bin i, the
e�ciency kernel is obtained by integrating over the source distribution in the same bin:

Wgal,i(�) =
1

nsource,i

Z
dzS

dnsource,i

dzS
W(�, �(zS)), (5)

In this simulated analysis, we compute all the cross and auto-spectra of g, gal and CMB in di↵erent tomographic
redshift bins. The analysis therefore includes galaxy clustering (C

gigj
` ), galaxy-galaxy lensing (C

gigal,j

` ), galaxy-CMB
lensing (CgiCMB

` ), cosmic shear tomography (C
gal,igal,j

` ), CMB lensing power spectrum (CCMBCMB
` ) and CMB

lensing-galaxy lensing (C
CMBgal,j

` ). Our specific assumptions about CMB S4 and LSST are detailed in the next
sections, as well as the treatment of the systematic e↵ects.

B. CMB S4 specifications

We simulate a Stage 4 CMB experiment (CMB S4) [50, 51], with specifications presented in Fig. 1. We assume full
overlap with LSST, high resolution (beam FWHM= 10) and sensitivity (white noise level 1µK

0). We adopt reasonable
`-cuts for the cleaned CMB temperature and polarization maps (`min = 30 for T, E, B; `max = 3000 for T; `max = 5000
for E,B). As a result, our forecast only uses the convergence CMB between ` = 30 and ` = 5000. As an input for the
design of CMB S4, we quantify the separate impacts of resolution, depth and e↵ectiveness of component separation
in Sec. IVA.

Our likelihood analysis uses the reconstructed convergence CMB from CMB S4, and assumes the minimum variance
quadratic estimator from [32, 33]. This minimum variance estimator is the optimal linear combination of the quadratic
estimators from temperature and E and B polarizations. The corresponding reconstruction noise is shown in Fig. 1:
the reconstructed convergence is cosmic variance limited up to ` = 1000. At the resolution and sensitivity considered,
iterative techniques making use of the full likelihood function for the CMB convergence may improve the reconstruction



Statistical properties of the
distortion reflect statistical 
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density field

Light rays are distorted by
dark matter density field

of the Universe

Weak Lensing 3
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Survey Optimization I

GoodBad

Number of galaxies



Area

Number density

 of galaxies

Really Good

Bad

Not so bad

Pretty Good

Survey Optimization II

Statistical error bars only (slightly simplified): 

• Area is more important than depth

• Even more true since non-gaussian Covariances became fashionable



Today’s Survey 
Optimization III

Area

Number density

 of galaxies

Shear calibration

Photo-z calibration

Intrinsic alignment

Baryonic physics
Galaxy bias models

Cluster mass-observable relation
External data sets

Non-linear density field evolution
Covariance Computation
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How do we optimize 
WFIRST/LSST?



Simulated Multi-Probe Analysis

• Cosmic shear 
• Galaxy-Galaxy Lensing 
• Galaxy Clustering 
• Cluster Number Counts 
• Cluster Weak Lensing 

Cluster Clustering 
Peak Statistics
Voids
Magnification
Higher-order statistics (many 
position, shape, magnification 
combinations are possible)
All can be correlated with CMB 
(again many combinations are 
possible)

First choose some probes…



Simulated Multi-Probe Analysis
• Cosmic shear 
• Galaxy-Galaxy 

Lensing 
• Galaxy Clustering 
• Cluster Number 

Counts 
• Cluster Weak Lensing 

• Cluster Clustering 
• Peak Statistics
• Voids
• Magnification
• Higher-order statistics (many 

position, shape, magnification 
combinations are possible)

• All can be correlated with CMB 
(again many combinations are 
possible)

Many analysis choices are necessary 
beyond “choosing probes”: (e.g. 
scales, redshifts, binning, galaxy 

samples, etc) that depend on:
• data quality 
• modeling precision/accuracy of 

physics, systematics, statistical 
errors in finite time

Challenge of 
the coming decade



Problem 1: Probes are correlated

details: Krause&TE ‘17

Cosmic Shear

Galaxy-Galaxy 
Lensing

Galaxy 
Clustering

Cluster 
Lensing

Clusters

7+ million 
elements, Full NG



Problem 2: Probes have 
systematics

• Weak Lensing (cosmic shear)
• 10 tomography bins
• 25 l bins, 25 < l < 5000

• Galaxy clustering
• 4 redshift bins (0.2-0.4,0.4-0.6,0.6-0.8,0.8-1.0)
• compare two samples: σz <0.04, redMaGiC  
• linear + quadratic bias only : l bins restricted to R> 10 Mpc/h
• l bins restricted to R>0.1 MPC/h

• Galaxy-galaxy lensing
• galaxies from clustering (as lenses) with shear sources

• Clusters - number counts + shear profile
• so far, 8 richness, 4 z-bins (same as clustering)
• tomographic cluster lensing (500 < l < 10000)

shear calibration,
photo-z (sources)

IA, Baryons

b1, b2,…
photo-z (lenses)

N-M relation
c-M relation
off-centering

HOD modeling



The Power of Combining 
Probes with LSST
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• Some aspects to be improved: 
• linear bias 
• Baryon mitigation via scale cuts 
• Gaussian photo-z 

Soon: Explore science return for 
different survey strategies/

systematics scenarios.



How do we explore synergies 
of LSST and WFIRST?



Multi-Probe Forecasts WFIRST+LSST
3

FIG. 1: Observing timeline. Each row represents 7 days of observations, and is color-coded according to the observing program.
Note the microlensing seasons (magenta), supernova survey (blue: ⇠5-day cadence), and HLS (red+yellow). Blank areas are
not allocated. Labels on the left-hand side are shown every 16 weeks.

LSST survey scenario + Exposure Time 
Calculator (Hirata et al 2012) 

Creates realistic survey area, depth 
combination

CANDELS WFIRST catalog (Hemmati et al 2018) 
Extract “realistic” redshift distribution for lensing 
and clustering sample (also for galaxy clusters)

CosmoLike Multi-Probe Covariance  
Krause & Eifler (2017) 

CosmoLike Likelihood Analysis 
Eifler et al in prep 
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Also used in the LSST-DESC SRD and the 
DESC Observations Strategy TF:  
• DESC, Mandelbaum, Eifler et al 2019 
• Lochner et al 2019



WFIRST High Latitude Survey (HLS)

04/25/2018 9Simulated Skies (23rd-25th April 2018)

• Nominally 1.5yr over  ~2,000 deg2 in southern sky (c.f. Euclid: 15,000 deg2 over 6yr)
• Cosmological probes:  (i) near-IR spectroscopic galaxy clustering (BAO+RSD)

f>1x10-16 ergs/s/cm2 (c.f. Euclid: 2x10-16 ergs/s/cm2)
(ii) gravitational weak lensing shear measurements

Y, J, H, (F184) to AB ~26.5 (5σ point src) (c.f. Euclid VIS AB~24.5)

Spergel et al. (2015)

HLS
SN

Microlensing

Nominal HLS Footprint
Survey strategy will be re-optimized 
when DESI/Euclid/LSST data available.
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But  
W-band





Multi-Probe Forecasts WFIRST+LSST
3

FIG. 1: Observing timeline. Each row represents 7 days of observations, and is color-coded according to the observing program.
Note the microlensing seasons (magenta), supernova survey (blue: ⇠5-day cadence), and HLS (red+yellow). Blank areas are
not allocated. Labels on the left-hand side are shown every 16 weeks.

LSST survey scenario + Exposure Time 
Calculator (Hirata et al 2012) 

Creates realistic survey area, depth 
combination

CANDELS WFIRST catalog (Hemmati et al 2018) 
Extract “realistic” redshift distribution for lensing 
and clustering sample (also for galaxy clusters)

CosmoLike Multi-Probe Covariance  
Krause & Eifler (2017) 

CosmoLike Likelihood Analysis 
Eifler et al in prep 
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Also used in the LSST-DESC SRD and the 
DESC Observations Strategy TF:  
• DESC, Mandelbaum, Eifler et al 2019 
• Lochner et al 2019



Explore WFIRST W-band Wide 
Survey, 18000 deg^2

Simulating WFIRST observations
We use the WFIRST exposure time calculator (ETC) in weak lensing mode (Hirata et al., 2012)
to compute the results of Figs. 2 and 3. We fix the time per exposure and vary the number of
exposures covering the sky area; total survey time for a given number of exposures includes a
simple prescription for overheads and is correct to approximately 10%.

We closely follow Hemmati et al. (2018) in applying the ETC results to the CANDELS data
set (Grogin et al., 2011). For LSST, our catalog cuts are based on the galaxy magnitudes and
uncertainties in the LSST i-band, in particular the LSST weak lensing galaxy sample will be limited
to the “gold” sample with i < 25.3 (LSST science book, §3.7.2), corresponding to a 20� point
detection. After applying this cut to the CANDELS galaxies we determine the H- and W-band
magnitude distributions. In order to compensate for the fact that the ETC reports a 5� limit, not a
20� limit, we subtract 1.5 magnitudes from the output of the ETC.

In addition, the ETC has a built-in option to obtain a weak lensing catalogue based on an input
catalogue. We apply this feature to the CANDELS catalogue as input and look up the distribution
of magnitudes in the LSST bands from the detected WFIRST galaxies. For the clustering sample
we select CANDELS galaxies with S/N>10 and again look at the LSST columns to determine
whether a detected galaxy in WFIRST satisfies the LSST photo-z requirement.
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Figure 2: Left: Limiting magnitude of a 18,000 deg2 WFIRST W-band survey as a function of
survey time. We also show the LSST weak lensing samples 95% and 95% completeness thresholds
as dashed lines. Right: The number density of a weak lensing galaxy sample for a 18,000 deg2

WFIRST survey when conducted in W or H-band, respectively, again as a function of survey time.

Combining LSST and WFIRST - Example for a joint weak lens-
ing and galaxy clustering analysis
The ETC calculations of the past section enable us to define galaxy samples for a joint LSST and
WFIRST cosmology analysis. We first note that a ⇠ 5 month WFIRST W-band survey can obtain

3

Based on exposure time calculator, Hirata et al 2012



Multi-probe LSST+WFIRST

high-resolution space imaging for ⇠95% of the LSST weak lensing sample (limiting i-mag=25.3).
If blending poses a systematics limitation to LSST weak lensing cosmology, a dedicated 5 month
WFIRST survey would identify almost all LSST blends and enable modeling of shapes and photo-z
for said blends.

A 1.3 year WFIRST W-band survey will provide corresponding information for ⇠99% of the
LSST weak lensing sample and of course also substantially increase the depth of the WFIRST
imaging, which opens up the idea to use the WFIRST wide imaging for shape measurements and
combine these with the ground based LSST photometry. Figure 2 (right) shows the number density
of galaxies suitable for shape measurements from a WFIRST 18,000 deg2 as a function of survey
time and Fig. 3 (left) shows the corresponding fraction of LSST galaxies for which good photo-z
information (5� detection in all LSST bands) can be obtained.

For the simulated likelihood analysis depicted in Fig. 3 (right) we assume a 1.5 year WFIRST
wide survey in the W-band and the nominal LSST Y10 survey as detailed in The LSST Dark En-
ergy Science Collaboration et al. (2018). We derive the lensing and clustering galaxy sample for
WFIRST based on ETC calculations and cuts in the CANDELS catalog and obtain redshift distri-
butions with 45 galaxies/arcmin2 for the lensing and 68 galaxies/arcmin2 for the clustering sample.
We reduce these numbers based on the LSST photometry requirement to be 43 galaxies/arcmin2

for the joint lensing and 50 galaxies/arcmin2 for the joint clustering sample.
Based on these galaxy samples we conduct a joint weak lensing, galaxy-galaxy lensing, and

galaxy clustering analysis (a so-called 3x2pt analysis). We employ the CosmoLike framework
(Krause & Eifler, 2017), which is being used in the WFIRST HLS Science Investigation Team and
was used to compute the “static probe” scenarios of LSST (joint weak lensing, galaxy clustering,
and galaxy clusters in the DESC Science Requirement Document (The LSST Dark Energy Science
Collaboration et al., 2018) and DESC Observing Strategy Task Force (Lochner et al., 2018).
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Figure 3: Left: Fraction of LSST galaxies with acceptable multi-band photometry as a function of
number density of a WFIRST weak lensing sample, based on the CANDELS catalog. Right: Po-
tential gain in constraining power on dark energy parameters wp and wa, marginalized over 5 other
cosmological parameters (no systematics), for a joint data set of LSST multi-band photometry and
deep W-band WFIRST imaging over the whole LSST area.

4

Lensing+Clustering 
No clusters… yet.

Based on CosmoLike, Krause & Eifler 2017
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Partnering space and ground observatories - Synergies
in cosmology from LSST and WFIRST

Thematic areas: 7. Cosmology and Fundamental Physics

Authors: Tim Eifler1 (U. of Arizona), Melanie Simet (UC Riverside), Chris Hirata (OSU), Chen
Heinrich (JPL/Caltech), Shoubaneh Hemmati (IPAC/Caltech), Rachel Mandelbaum (CMU), Mike
Jarvis (UPenn), Elisabeth Krause (U. of Arizona), O. Doré (JPL/Caltech), Hironao Miyatake (U.
of Nagoya), Bhuvnesh Jain (UPenn), David Spergel (Princeton), Vivian Miranda (U. of Arizona),
Xiao Fang (U. of Arizona), Anja von der Linden (Stony Brook), Masahiro Takada (Kavli IPMU),
Naoki Yoshida (U. of Tokyo/Kavli IPMU), Masato Shirasaki (NAOJ), Catherine Heymans (U. of
Edinburgh), Robert Schuhmann (U. of Edinburgh), Joe Zuntz (U. of Edinburgh)

Abstract: We recommend to explore joint survey strategies that combine the two top-ranked sur-
vey endeavors of the 2010 Decadal, the ground-based Large Synoptic Survey Telescope (LSST)
and the space-based Wide Field Infrared Survey Telescope (WFIRST). By the time WFIRST
launches, LSST will have been in survey mode for several years already and will have built up
substantial survey depth and area. The science collaborations of LSST will know what limits
the precision of their core science cases and what type of space observations are most valuable.
WFIRST with its broad range of capabilities will be an ideal partner observatory to LSST at exactly
the right time.

In this white paper we outline two joint survey scenarios: The first is a 5-month, wide WFIRST
survey in one band that would cover the full LSST Year 10 survey area. This 5-month endeavor
would provide high-resolution imaging for >95% of the LSST Year 10 weak lensing galaxy sam-
ple. The second scenario is a 1.5 year wide WFIRST survey in one band that would cover the
full LSST Year 10 survey area. For this second scenario we explore the joint LSST+WFIRST
science return on cosmic acceleration from a joint weak lensing and galaxy clustering analysis as
an example science case.

The combination of space-based resolution, color information from the ground, infrared cover-
age from space over 18,000 deg2 would enable a new level of precision for the existing core science
cases of both experiments. It is now timely for the WFIRST and LSST survey collaborations to set
up a joint survey optimization and systematics mitigation e↵ort that maximizes the science return
for the community from next decade’s flagship experiments in survey cosmology.

1email:timeifler@email.arizona.edu, phone: (520) 621-5448
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• Decadal 2020 survey coming up 
• Several WFIRST WPs 
• HLS survey (Dore et al)



Summary
• WFIRST is on track for launch in 2025 

• High Latitude Survey (2000 deg^2) is designed for 
exquisite systematics control 

• Wide WFIRST covering LSST area to LSST Y10 WL 
depth can be done in 5 months - interesting. 

• Multi-data and multi-probe analysis are the future 
(CMB, space+ground optical, NIR, UV, radio…) for 
systematics control and maximum information content


