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1. Slide #1 – Onscreen before presentation begins and during 
introduction

• These slides are available for you to customize for your presentation
• In this notes pane area you will find key points that coordinate with each 

slide, as well as links to additional resources.

q Image credit: NASA
Illustration

q Here are some general resource sites:
Library of Roman visuals
https://outerspace.stsci.edu/display/SRO/Library+of+Roman+Visuals

Roman information for the science community 
https://stsci.edu/roman

Roman Partner institution information 
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3. The namesake: Nancy Grace Roman
The image on this slide shows Dr. Roman at work and provides an opportunity 
to discuss her contributions to science. 

q Key points to discuss:

• NASA’s First Chief of Astronomy
• Joined NASA in 1959 when the agency was only 6 months old
• Championed space-based astronomy, which eventually led to the 

Roman Space Telescope
• Nancy Grace Roman advanced space-based astronomy and general 

astrophysics knowledge, and the telescope bearing her name will 
take up that legacy by addressing big questions crucial to the future 
of the field. 

q More in-depth messaging:
Nancy Grace Roman was born in 1925 in Nashville, Tennessee and received 
her PhD from the University of Chicago in 1949. As a woman in astronomy, 
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Image credit: NASA



• Same resolution as HST 
• 200x the area per pointing



Observatory and Instruments  

Credit: Roman Project
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Roman Core Community Survey White Papers

Optimizing the Roman HLWAS

Roman Core Community Survey: High Latitude Wide Area Survey (Imaging)

Scientific Categories: Large scale structure of the universe

Submitting Authors: Tim Eifler (UArizona, timeifler@arizona.edu), Christopher Hirata (Ohio State Univer-
sity, hirata.10@osu.edu)

Co-authors/Endorsers: Rachel Bean (Cornell University), Jayashree Behera (Kansas State University),
Karim Benabed (Institut d’astrophysique de Paris), Jonathan Blazek (Northeastern University), Jamie Bock
(Caltech/JPL), Ami Choi (NASA GSFC), Brendan Crill (JPL), Olivier Doré (JPL/Caltech), Cyrille Doux
(CNRS/IN2P3), Eric Gawiser (Rutgers University), Sven Heydenreich (UC Santa Cruz), Eric Huff (JPL),
Shirley Ho (CCA, Flatiron Institute), Bhuvnesh Jain (UPenn), Buell T. Jannuzi (UArizona), Arun Kannawadi
(Princeton University), Elisabeth Krause (UArizona), Anja von der Linden (Stony Brook University), Jia Liu
(Kavli IPMU), Vivian Miranda (Stony Brook University), Hironao Miyatake (Nagoya University), Satoshi
Miyazaki (Subaru, NAOJ), Paulo Montero-Camacho (Tsinghua U/PCL), Catalina Morales-Gutierrez (Univer-
sity of Costa Rica), Andrés A. Plazas Malagón (SLAC/ KIPAC), Anna Porredon (University of Edinburgh),
Brant Robertson (UC Santa Cruz), Lado Samushia (Kansas State University), Robyn E Sanderson (UPenn),
Tomomi Sunayama (UArizona), Masahiro Takada (Kavli IPMU), Ting Tan (LPNHE/CNRS), David Weinberg
(Ohio State University)

Abstract:

We outline possible survey strategies for the imaging component of the Nancy Grace Roman Space Telescope
(Roman) High Latitude Wide Area Survey (HLWAS) that consider synergies with ground-based experiments,
most prominently Rubin Observatory’s Legacy Survey of Space and Time (LSST).

The reference design for the Roman HLWAS ensures excellent systematics control by covering 2000 deg2

in 4 bands (and the grism). Alternatively, Roman could cover the LSST area of 18,000 deg2 in the W-band (i.e.
the F146 filter spanning 0.93-2.00µm). While the latter strategy significantly boosts the statistical constraining
power of Roman, it is also more susceptible to systematic effects, e.g., shear calibration and photo-z estimation.

The most promising way to increase statistical constraining power while retaining systematics control is a
two-tier HLWAS: to split the time between a “medium” tier, which resembles the reference survey but with a
reduced area, and a “wide” tier in a single filter. We outline several options for the wide tier option that cover
the trade space of systematics control vs statistical information content.
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NANCY:
Next-generation All-sky Near-infrared Community surveY
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How do we optimize the Roman survey? 

How do we explore synergies with other 
surveys, e.g. LSST?

We need simulated likelihood analyses… 
many of them…



Multi-Probe Forecasts Roman+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 ++ 2012) 
Creates realistic survey area, depth combination

CANDELS Roman 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 

+

Same code used in the LSST-
DESC SRD: 
DESC, Mandelbaum, Eifler et 
al 2019

Cosmology with WFIRST - Synergies with LSST 11

Eq. (20) in H19)

���(pppco) =

2
6666666664

BBB1 �MMM . . . BBB5 �MMM

3
7777777775
Ndata⇥Nsim

(28)

We weigh this di↵erence matrix with respect to the statistical un-
certainty described in our covariance matrix C, i.e. we perform a
Cholesky decomposition C = LLt and compute

���ch = L�1��� = Uch ⌃⌃⌃ch Vt
ch , (29)

where in the last step we perform a singular value decomposition on
the weighted di↵erence matrix to extract the Principal Components
(PCs) that span the range of uncertainty in baryonic physics. The
first 5 columns of the Uch matrix form a complete description of
baryonic uncertainties given our 5 input hydrodynamical scenarios
BBBi.

L�1(BBBi �MMM) =
5X

n=1
Qn PCn . (30)

[fixed “}” in LaTex code, please check] By reorganizing Eq. (30),
we can generate model vectors that include dark matter and bary-
onic physics as

MMM(pppco,Q) = MMM(pppco)+L
mX

n=1
Qn PCn , (31)

where m 5 5. We include baryons in our analysis by replacing MMM
in Eq. (7) with Eq. (31). We note that the cosmology dependence
only enters through the dark matter part of the model vector, while
the amplitudes of PCs are used as higher order correction for bary-
onic e↵ects. We include the first 3 PCs in our likelihood analysis
and consequently marginalize over 3 PC amplitudes (Q1⇠3) as ad-
ditional degrees of freedom to model baryonic physics.

The priors for the Q are highly conservative and chosen such
that the 1� region of the Gaussian prior corresponds to twice the
amplitude of Q’s needed to capture the Illustris (not TNG) simu-
lation. The original Illustris simulation has a very strong feedback
scenario which is already highly unlikely given present observa-
tions.

4.3 Simulated likelihood analysis

Using the data vectors defined in Sect. 4.1 and the analysis choices
defined in Table 2, we simulate likelihood analyses for the LSST
Year 10, WFIRST HLS, and WFIRST wide scenarios. We point
out that the latter two assume that LSST data exists over the cor-
responding area. Our likelihood analyses span 56 dimensions, 7 of
which relate to cosmological parameters and the remaining 49 de-
scribe uncertainties in modeling observational (shear calibration,
lens and source photo-z uncertainties) and astrophysical systemat-
ics (galaxy bias, intrinsic alignment, baryonic physics).

We use the fast CosmoLike forecasting modules and the emcee
parallel sampling algorithm to generate chains with 1120 walkers,
8000 steps each. Altogether our chains comprise 8.96M steps. We
compare constraining power of the di↵erent scenarios through con-
tour plots in the dark energy equation of state parameters (see Fig.
6) and by computing the Dark Energy Task Force Figure of Merit,
FoM = |C�1

w0,wa
|1/2. In words, we obtain the FoM for a given sce-

nario from the MCMC chains by computing the parameter covari-
ance matrix, extracting the w0,wa submatrix, inverting it, and com-
puting the square root of its determinant.

To test sampling convergence, we compare sub-chains of

Figure 6. [RM: The ‘Gain in. . . ’ implies a quantitative comparison, but I
think really you are simply showing the constraining power (one can only
guesstimate by eye the gain by estimating the areas of the ellipses)?] Gain
in constraining power on dark energy parameters wp (where p is a pivot
redshift, chosen such that the two parameters are somewhat de-correlated)
and wa, marginalized over 5 other cosmological parameters and 49 nui-
sance parameters describing observational and astrophysical systematics.
We show results for the 18,000 deg2 LSST Year 10 data set in red, for the
2000 deg2 WFIRST HLS survey in blue, and for the WFIRST wide sur-
vey (black). Both WFIRST scenarios assume LSST multi-band photometry
over the corresponding area. [RM: Are these 68% and 95% contours?]

140,000 steps starting at step 2.1M and find that our FoMs have
stabilized at 6M steps. We also vary the number of walkers and
starting points (including their variance) and found our results in-
dependent of reasonable choices in these settings.

Figure 6 shows the constraining power in the dark energy
equation of state parameters wa and wp. The latter corresponds
to w0 but computed at a di↵erent redshift, here zp = 0.4, to de-
correlate the two parameters and to enable the reader to better es-
timate 1D projected error bars. The contours shows a substantial
increase in the ability to constrain time-dependent dark energy for
the WFIRST wide scenario compared to the LSST Y10 scenario
and compared to the WFIRST HLS survey.

Regarding the WFIRST HLS versus vs WFIRST wide com-
parison (blue versus vs black contours in Fig. 6) the gain in con-
straining power (� FoM=5.5 [RM: To me � implies addition, but I
think that here and elsewhere in the section you mean a multiplica-
tive factor, as stated in the abstract? Perhaps indicate this di↵er-
ently?]) is mostly driven by the increased area 18,000 deg2 versus
vs 2,000 deg2. The larger number density of lens and source galax-
ies and the improved photo-z accuracy of the HLS cannot compen-
sate for this e↵ect. It is interesting to see that at the precision of
WFIRST HLS and WFIRST wide the results are not fully system-
atics dominated but that an increase in area has a substantial impact
on the contours.

[RM: I have a silly question: I may be misreading the figure,
but I see the (inner) black and red contours di↵ering by maybe 40%
in area, so how is the FoM di↵erent by a factor of 2.4? I thought
that if the area goes up by a factor of 1.4 then the determinant goes
up by a factor of 1.4 and the FoM goes like sqrt(determinant), so

MNRAS 000, 1–?? (2014)
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Simulated Multi-Probe Analysis

• 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…

• Cosmic shear 
• Galaxy-Galaxy Lensing 
• Galaxy Clustering 
• Cluster Number Counts 
• Cluster Weak Lensing 
• Galaxy Clustering (Spectro)  
• SN1a 



Simulated Multi-Probe Analysis
• Cosmic shear 
• Galaxy-Galaxy Lensing 
• Galaxy Clustering 
• Cluster Number Counts 
• Cluster Weak Lensing 
• Galaxy Clustering (Spectro)  
• SN1a 

• 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



Problem 1: Probes are correlated

1. Cosmic Shear

2. Galaxy-Galaxy Lensing

3. Galaxy Clustering

5. Cluster Lensing

4. Cluster Number Counts

6 Tim Eifler et al.

1.

2.

3.

4.

5.

5.

6.

7.

8.

9.

10.

Figure 4. The multi-probe covariance for the HLIS survey.

3.2 Galaxy Clusters

The expected cluster count in richness bin ↵, with �↵,min < � <
�↵,max, and redshift bin i with zi

�,min < z < zi
�,max is given by

N i(�↵) =⌦s

Z zi
�,max

zi
�,min

dz
d2V

dzd⌦

Z
dM

dn
dM

Z �↵,max

�↵,min

d ln� p(ln�|M,z) ,

(9)

where d2V/dzd⌦ is the comoving volume element, dn/dM the halo
mass function in comoving units (for which we omitted the redshift
dependence), p(�|M,z) is the probability distribution function that
a dark halo of mass M at redshift z hosts a cluster with richness
�. Throughout this paper we define halo properties using the over
density � = 200⇢̄, with ⇢̄ the mean matter density, and employ the
? fitting function for the halo mass function. We model the mean
mass-observable relation hln�i (M) as a power-law in halo mass
and redshift,

hln�i (M) = A+B ln
"

M
Mpivot

#
+C ln [1+ z] (10)

with normalization A, slope B, redshift dependence C, and the pivot
mass Mpivot = 3⇥1014 M�/h and further assume a log-normal dis-
tribution with mass- and redshift-dependent scatter �ln�|M ;

p(ln�|M,z) =
1p

2⇡�ln�|M,z
exp

2
6666664�

(ln��hln�i (M))2

2�2
ln�|M,z

3
7777775 , (11)

where

�ln�|M,z = �0 +qM ln
"

M
Mpivot

#
+qz ln [1+ z] . (12)

Note that this parameterization follows ? with the extension to red-
shift dependence.

3.3 Galaxy cluster weak lensing

Within the halo model, the cross power spectrum between cluster
centers and matter density contrast can be written as the usual sum
of two- and one-halo term,

P��↵m(k,z) ⇡ b�↵ (z)Plin(k,z)

+

R
dM dn

dM
M
⇢̄ ũm(k,M)

R �↵,max

�↵,min
d� p(M|�,z)

R
dM dn

dM

R �↵,max

�↵,min
d� p(M|�,z)

,(13)

with Plin(k,z) the linear matter power spectrum. The mean linear
bias of clusters in richness bin ↵ reads

b�↵ (z) =

R
dM dn

dM bh(M)
R �↵,max

�↵,min
d� p(M|�,z)

R
dM dn

dM

R �↵,max

�↵,min
d�p(M|�,z)

, (14)

where bh(M) the halo bias relation, for which we use the fitting
function of ?. The Fourier transform of the radial matter density
profile within a halo of mass M, ũm(k,M), is modeled assuming
?(NFW) profiles with the ? mass-concentration relation c(M,z),

ũm(k,M) =
h
ln(1+ c(M))� c(M)

1+c

i�1 ⇢
sin(x) [Si([1+ c(M)]x�Si(x)]

+cos(x) [Ci([1+ c(M)]x)�Ci(x)]� sin(c(M)x)
(1+c(M))x

�
. (15)

We dropped the redshift dependence of the mass-concentration re-
lation and ũm and define x = kR200(M)/c(M), where R200 is the
cluster radius, and Si(x) and Ci(x) are the sine and cosine integrals.

MNRAS 000, 1–?? (2014)



Problem 2: Probes have systematics
• Weak Lensing (cosmic shear)

• 10 tomography bins
• 25 l bins, 30 < l < 4000

• Galaxy clustering (photometric)
• 10 tomography bins (different from sources, higher number density)

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

• Clusters - number counts + shear profile
• so far, 5 richness, 4 z-bins 
• tomographic cluster lensing (500 < l < 15000)

• Galaxy clustering (spectroscopic)
• k_min=0.001, kmax=0.3, 100 bins
• 7 redshift, 10 \mu bins

• SN1a (see Hounsell et al 2018)

shear calibration,
photo-z (sources)

IA, Baryons

b1, photo-z (lenses)

N-M relation
c-M relation
off-centering

Shot-noise
Redshift

Peculiar velocity



Multi-probe results - Roman only4 Tim Eifler et al.

Figure 2. Left: Individual probes considered in this analysis, i.e. weak lensing, galaxy clustering, galaxy cluster number counts calibrated through cluster weak
lensing, redshift space distortions power spectra including the BAO scale, and SN1a. Right: Multi-probe analyses starting from weak lensing only, then adding
clustering and galaxy-galaxy lensing (3x2), then adding cluster number counts and cluster weak lensing, then adding RSD and BAO information, and lastly
adding in SN1a based on the findings of (Hounsell et al. 2018).

bins that start at 0.83 and range out to 3.7. This data vector cap-
tures both the BAO and RSD information.

The data vector, denoted as D, is computed at the fiducial pa-
rameters in cosmology and systematics see Table 2. The same pa-
rameters enter in the computation of the non-Gaussian covariance
matrix C. We show the corresponding correlation matrix in Fig. ??
and detail the calculation of the individual terms in Appendix ??.
We note that the computation and verification of this matrix was
the most time-consuming aspect of this paper. Since this covari-
ance matrix is calculated analytically and not estimated from either
simulations or data, it does not inherently limit the number of data
points that can enter our analysis (see e.g., Hetterscheidt et al. 2007;
Taylor et al. 2013; Dodelson & Schneider 2013, for details on these
constraints).

We sample the joint parameter space of cosmological pc and
nuisance parameters pn and parameterize the joint likelihood as a
multivariate Gaussian

L(D|pc,pn) = N ⇥ exp
✓
�1

2

h
(D�M)t C�1 (D�M)

i

|                        {z                        }
�2(pc,pn)

◆
. (1)

The model vector M is a function of cosmology and nuisance pa-
rameters, i.e. M =M(pc,pn) and the normalization constant N =
(2⇡)�

n
2 |C|� 1

2 can be ignored under the assumption that the covari-
ance is constant in parameter space. The assumption of a constant,
known covariance matrix C is an approximation to the correct ap-
proach of a cosmology dependent or estimated covariance (see Ei-
fler et al. 2009; ?, for further details).

Given the likelihood function we can compute the posterior
probability in parameter space from Bayes’ theorem

P(pc,pn|D) / Pr(pc,pn) L(D|pc,pn), (2)

where Pr(pc,pn) denotes the prior probability (non-informative pri-
ors for the case of this paper).

We consider di↵erent data vectors in this paper, all of which
are composed of summary statistics that are extracted from the fol-
lowing types of objects:

3 MODELING OBSERVABLES AND SYSTEMATICS

In this section we summarize the computation of angular (cross)
power spectra for the di↵erent probes and the computation of
galaxy cluster number counts. We use capital Roman subscripts
to denote observables, A,B 2

n
,�g,��↵

o
, where  references lens-

ing, �g the density contrast of (lens) galaxies, and ��↵ the density
contrast of galaxy clusters in richness bin ↵.

3.1 Cosmic Shear and 3x2pt

We calculate the angular power spectrum between redshift bin i
of observable A and redshift bin j of observables B at projected
Fourier mode l, Ci j

AB(l), using the Limber and flat sky approxima-
tions:

Ci j
AB(l) =

Z
d�

qi
A(�)q j

B(�)
�2 PAB(l/�,z(�)), (3)

where � is the comoving distance, qi
A(�) are weight functions of

the di↵erent observables given in Eqs. (4-6), and PAB(k,z) the
three dimensional, probe-specific power spectra detailed below.
The weight function for the projected galaxy density in redshift bin
i,qi
�g

(�), is given the normalized comoving distance probability of
galaxies in this redshift bin

qi
�g

(�) =
ni

lens(z(�))

n̄i
lens

dz
d�
, (4)

MNRAS 000, 1–?? (2014)

Single probe Analyses Multi-probe analyses

TE et al 2021



Let’s explore synergies 
of Roman and LSST…



Roman+LSST overlap in wavelength
HLIS Reference Survey Design

• Choose bands from Y band (Rubin 
coverage) to 2 µm (beyond which 
background would increase 
dramatically).
• Reference Survey did not plan to use the 

visible filters for the wide survey as 
Rubin/LSST is providing the necessary 
depth.

• This pre-dates the Ks filter.

• Shape measurement with J & H 
(primary) + F184.
• Y band is most challenging for shapes due 

to sampling & wavefront. We intend to do 
shapes in Y on a best-effort basis, 
requirements are set for J & longer l.

• F184 is 0.7 mag shallower than H.

• Depth vs. area trade depends on how 
you tile the sky.
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Continuing the Legacy of NASA’s Great Observatories
   The Nancy Grace Roman Space Telescope 

Roman Space Telescope Spectroscopic Capabilities

Field of View
(sq deg) Wavelength (µm) Resolution Sensitivity (AB mag) 

(10σ per pixel in 1hr)

Grism 0.28 sq deg 1.00-1.93 461 20.5 at 1.5 µm

Prism 0.28 sq deg 0.75-1.80 80-180 23.5 at 1.5 µm

Roman Space Telescope Coronagraphic Capabilities

Wavelength
(µm)

Inner Working Angle
(arcsec)

Outer Working Angle 
(arcsec)

Detection
Limit*

Spectral
Resolution

Imaging 0.5-0.8 0.15 (exoplanets)
0.48 (disks)

0.66 (exoplanets)
1.46 (disks)

10-9 contrast
(after post-
processing)

47-75
Spectroscopy 0.675-0.785

The Roman Space Telescope
The Nancy Grace Roman Space Telescope is a Hubble-sized 
2.4-meter aperture space observatory optimized for wide-field 
infrared astronomy (0.5–2.3 µm) and high-performance
coronagraphy. 

Potential Science Programs
Measure the history of dark energy in the Universe
Understand the fossil record of galaxy formation
Establish the census of “cold” exoplanets
Characterize the epoch of reionization
Directly image and characterize faint exoplanets and disks
Map the history of galaxy evolution over cosmic time
Survey for planets and small bodies in the Solar System 

The Nancy Grace Roman Space Telescope is NASA’s next great observatory, designed to complement the 
capabilities of the Hubble and James Webb Space Telescopes and the next generation of large ground-based 
facilities such as the Rubin Observatory. Formerly named the Wide Field Infrared Survey Telescope (WFIRST), the 
Roman Space Telescope is the first telescope to combine the strengths of NASA’s flagship missions (high 
throughput and high-resolution imaging) with the strengths of our most powerful ground-based surveys (wide field of 
view). Roman offers Hubble sensitivity and 0.1 arcsec resolution over a 0.28 sq deg field of view that is 100x the field of 
Hubble’s visible cameras. Roman is also equipped with a high-performance coronagraph capable of suppressing 
starlight by factors of up to a billion to 1, to directly discover and characterize exoplanets. The mission is designed to 
enable cutting edge astrophysics, with funding opportunities for new observations and archival research programs. The 
Roman Project is currently planning for observatory launch in late 2026.

Roman Space Telescope Imaging Capabilities

Telescope Aperture
(2.4 meter)

Field of View
(45′x23′; 0.28 sq deg)

Pixel Scale
(0.11 arcsec)

Wavelength Range
(0.5-2.3 µm)

Filters F062 F087 F106 F129 F158 F184 F213F146

Wavelength (µm) 0.48-0.76 0.76-0.98 0.93-1.19 1.13-1.45 1.38-1.77 1.68-2.00 1.95-2.300.93-2.00

Sensitivity 
(5σ AB mag in 1 hr) 28.5 28.2 28.1 28.0 28.0 27.5 26.228.3

*Based on current best estimates of performance.

https://roman.gsfc.nasa.gov/science/Roman_Reference_Information.html

November 2021



Roman reference design survey
Possible Placement
(from an integrated tiling simulation)

13

HLS Reference
Wide Area
(2000 deg2)

HLS Time Domain South

HLS Time Domain North

Galactic Bulge

Equatorial Coordinates; dashed lines show Ecliptic & Galactic Plane

Are there alternatives 
relying on ground 
based data? 

Let’s explore Roman 
strategies  based on 
synergies with LSST 

Can be improved 
further with 
Roman+Subaru (HSC/
PFS) synergies



Continuing the Legacy of NASA’s Great Observatories
   The Nancy Grace Roman Space Telescope 

Roman Space Telescope Spectroscopic Capabilities

Field of View
(sq deg) Wavelength (µm) Resolution Sensitivity (AB mag) 

(10σ per pixel in 1hr)

Grism 0.28 sq deg 1.00-1.93 461 20.5 at 1.5 µm

Prism 0.28 sq deg 0.75-1.80 80-180 23.5 at 1.5 µm

Roman Space Telescope Coronagraphic Capabilities
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Limit*
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Resolution
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The Roman Space Telescope
The Nancy Grace Roman Space Telescope is a Hubble-sized 
2.4-meter aperture space observatory optimized for wide-field 
infrared astronomy (0.5–2.3 µm) and high-performance
coronagraphy. 

Potential Science Programs
Measure the history of dark energy in the Universe
Understand the fossil record of galaxy formation
Establish the census of “cold” exoplanets
Characterize the epoch of reionization
Directly image and characterize faint exoplanets and disks
Map the history of galaxy evolution over cosmic time
Survey for planets and small bodies in the Solar System 

The Nancy Grace Roman Space Telescope is NASA’s next great observatory, designed to complement the 
capabilities of the Hubble and James Webb Space Telescopes and the next generation of large ground-based 
facilities such as the Rubin Observatory. Formerly named the Wide Field Infrared Survey Telescope (WFIRST), the 
Roman Space Telescope is the first telescope to combine the strengths of NASA’s flagship missions (high 
throughput and high-resolution imaging) with the strengths of our most powerful ground-based surveys (wide field of 
view). Roman offers Hubble sensitivity and 0.1 arcsec resolution over a 0.28 sq deg field of view that is 100x the field of 
Hubble’s visible cameras. Roman is also equipped with a high-performance coronagraph capable of suppressing 
starlight by factors of up to a billion to 1, to directly discover and characterize exoplanets. The mission is designed to 
enable cutting edge astrophysics, with funding opportunities for new observations and archival research programs. The 
Roman Project is currently planning for observatory launch in late 2026.

Roman Space Telescope Imaging Capabilities

Telescope Aperture
(2.4 meter)

Field of View
(45′x23′; 0.28 sq deg)

Pixel Scale
(0.11 arcsec)

Wavelength Range
(0.5-2.3 µm)

Filters F062 F087 F106 F129 F158 F184 F213F146

Wavelength (µm) 0.48-0.76 0.76-0.98 0.93-1.19 1.13-1.45 1.38-1.77 1.68-2.00 1.95-2.300.93-2.00
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(5σ AB mag in 1 hr) 28.5 28.2 28.1 28.0 28.0 27.5 26.228.3

*Based on current best estimates of performance.
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Roman “wide survey” idea - Synergies with Rubin

This concept combines the Roman W-band with the 6 LSST bands for photo-z

Rubin Observatory



Explore Roman W-band Wide Survey, 18000 deg^2
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Figure 3. 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 99% completeness thresholds as dashed lines. [RM: This implies
we use i < 25.3 for the WL source sample for LSST, which is not the case
(only the lens sample is magnitude-limited).]

3.3 WFIRST Survey Strategy Variations

After defining the LSST and the notional WFIRST HLS scenario in
the past sections we now explore and motivate possible variations
in the WFIRST survey strategy, in particular a WFIRST wide sce-
nario that covers the LSST footprint in the W-band (see Table 1).
We again use the CANDELS catalog when defining galaxy samples
for WFIRST and LSST below.

[describe ETC settings]
Figure 3 shows the results when using the ETC to compute the

depth of the W-band and of the H-band as a function of time under
the assumption that no other bands are used. We find that a ⇠5
month WFIRST W-band survey can obtain high-resolution space
imaging for ⇠95% of the LSST weak lensing sample (see Fig. 3.
We define “LSST weak lensing” sample as galaxies that have a 20�
point detection in the LSST i-band. This is completely di↵erent
from how it is defined in the DESC SRD, so it seems unclear to me
how one can compare these results with the DESC SRD ones in a
fair way.

As a first result of this paper we conclude that 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 improved modeling of shapes and photo-z for
said blends.

A 1.3 year WFIRST W-band survey will provide correspond-
ing information for ⇠99% of the LSST weak lensing sample and of
course also substantially increase the depth of the WFIRST imag-
ing. This opens up the idea to use the deeper WFIRST imaging
for shape measurements and combine these with the ground based
LSST photometry.

To explore this idea further we define a WFIRST wide sce-
nario, perform a full simulated likelihood analysis, and compare
the results to the constraining power of an LSST Year 10 survey
and the Reference WFIRST HLS survey. We assume a 1.5 year
WFIRST wide survey in the W-band and follow same procedure as
for the WFIRST HLS survey (Sect. 3.2) in deriving the lens and
source sample.

Figure 4 shows the number density of galaxies suitable for

shape measurements from a WFIRST 18,000 deg2 as a function of
survey time and Fig. 5 shows the corresponding fraction of LSST
galaxies for which good photo-z information (5� detection in the
LSST bands [RM: in all of them? We expect plenty of u- and g-band
drop-outs will have perfectly good photo-z, so requiring 5� in all
bands is excessively conservative.]) can be obtained. We also show
the corresponding results for the WFIRST H-band, which is useful
as an alternative to the W-band since wavelength-dependent Point-
Spread Function (PSF) modeling might prohibit shape measure-
ments from a band as broad as the W-band. WFIRST’s di↵raction-
limited PSF size ranges from 0.08500 to 0.17500 over the W-band,
which is about a 50% change, compared to only a 20% change
when using WFIRST’s H-band.

We note that the ESA/NASA Euclid satellite mission is devel-
oping mitigation techniques for a similar problem given that Eu-
clid’s di↵raction-limited PSF size ranges from 0.08500 to 0.15500

over the VIS band, i.e., the main band in which Euclid measures
shapes. Cypriano et al. (2010); Carlsten et al. (2018); Eriksen
& Hoekstra (2018) propose a variety of methods how to control
wavelength-dependent PSF uncertainties through a combination of
improved galaxy spectral energy templates or PSF measurements
based on stars that span the same color range as the galaxies. Ad-
ditional photometric information from the ground is the main av-
enue for Euclid to gain the relevant information to mitigate this
e↵ect, albeit this is of course limited by the di↵erence in resolu-
tion of space- and ground-based imaging (also see Meyers & Bur-
chat 2015, for additional wavelength-dependent PSF e↵ects from
the atmosphere).

WFIRST is in the unique position to collect narrow band,
space resolution imaging over a smaller, but representative area and
calibrate its wide W-band survey if this e↵ect becomes the domi-
nant systematic.

A 1.5 year WFIRST wide survey would yield 45
galaxies/arcmin2 for the source sample (cf. Fig. 4) and 68
galaxies/arcmin2 for the lens sample, which is again defined as a
S/N>10 cut based on the CANDELS catalog. Since we require
good LSST photometry for our WFIRST galaxy sample these
number densities are further reduced to 43 galaxies/arcmin2 (cf.
Fig. 5) for the joint source and 50 galaxies/arcmin2 for the joint
lens sample.

The calculation of the redshift distributions follow the same
procedure as for the WFIRST HLS survey (Sect. 3.2), the only
di↵erence being that we assume a slightly wider Gaussian kernel
�z = 0.02 compared to the HLS scenario.

Wondering if this section could be structured a little more
clearly. But since I am jetlagged in an airport right now, I won’t
dare restructuring it...

4 LIKELIHOOD ANALYSIS - WEAK LENSING AND
GALAXY CLUSTERING

In Sects. 2 and 3 we describe the basic setup of our analysis includ-
ing covariance computation, modeling of observables, inference
process, galaxy sample selection, and redshift distribution compu-
tation. In the following we detail the analysis choices for our likeli-
hood analysis including details on the systematics implementation.

4.1 Building a 3x2pt data vector

Source galaxies – cosmic shear Given the 10 tomographic bins
for the source sample we compute 55 cosmic shear auto-and cross

MNRAS 000, 1–?? (2014)
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Figure 4. 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.

Figure 5. Fraction of LSST galaxies with acceptable multi-band photom-
etry as a function of number density of a WFIRST weak lensing sample,
based on the CANDELS catalog.

scatter can be described by the simple redshift scaling �z,x(1+ z),
and we allow �z,x to vary around its fiducial value. Furthermore,
we implement one (constant) bias parameter �i

z,x per redshift bin
(cf. Eq. (14)) as a free parameter that is again allowed to vary with
Gaussian priors.

Since we have 10 tomographic bins for the lens and source
sample, we vary 20 photo-z bias parameters �i

z,x and two photo-z
scatter parameters�z,x(1+z). We note that the selection and charac-
terization of lens and source galaxy samples are some of the most
challenging choices in a multi-probe analysis and variations war-
rant future investigation. The trade space of photo-z accuracy ver-
sus vs number density, e.g., by using a "redmagic" sample (Rozo
et al. 2016) instead of the LSST Gold sample is interesting to ex-
plore further. [RM: Can you explain where the priors for WFIRST
wide came from? For LSST I see that you basically set them at
the Y10 requirement from the DESC SRD, but it is unclear to me
what is the basis for the quantitative value of the decrease in size
for WFIRST wide?]

Linear galaxy bias is described by one nuisance parameter per
lens galaxy redshift bin bi

g, which is marginalized over using con-
servative flat priors [0.8;3.0].

We note that the fiducial values of the galaxy bias parameters
have little impact on the results. However, a more stringent prior
would be highly beneficial. For example, the interplay of galaxy
bias and photo-z uncertainties limits the ability of galaxy-galaxy
lensing to self-calibrate intrinsic alignment models. Prior informa-
tion on linear galaxy bias parameters would also help implement
higher order bias models that require additional free parameters but
that would allow to push to smaller scales in clustering and galaxy-
galaxy lensing (Desjacques et al. 2018; Ivanov et al. 2019).

Shape measurement uncertainties are a primary concern for all
weak lensing based cosmology endeavors. Substantial progress has
been made in the past years to model and control shape measure-
ment uncertainties (Sheldon & Hu↵ 2017; Hu↵ & Mandelbaum
2017), but without necessarily understanding their physical origin.
[RM: I find this statement odd. In the past few years we have come
to understand the mathematical origin of most sources of bias in
shape measurement, and the proposal of metacal came about di-
rectly because we knew the origin of common sources of biases –
and that knowledge implied a way forward.] For LSST the atmo-
spheric PSF and blended objects remain a major obstacles given
the high level of required precision (Dawson et al. 2016; Melchior
et al. 2018). For space-based missions we already mentioned the
wavelength dependent PSF as a major uncertainty (see Sect. 3.3);
since WFIRST will use H4RG-10 infrared detectors, nonlinear Is
it really a nonlinear e↵ect? Maybe simply say "detector imperfec-
tions" detector e↵ects such as the brighter fatter e↵ect and nonlin-
ear inter-pixel capacitance will need to be fully characterized be-
fore launch (Plazas et al. 2018; Hirata & Choi 2019; Choi & Hirata
2019). Choi & Hirata (2019) measured these nonlinearities for a
prototype detector via a correlation analysis of flat field data, with a
statistical precision that meets WFIRST requirements. Further lab-
oratory studies of these nonlinear detector e↵ects are underway that
will bolster confidence in our ability to accurately calibrate galaxy
shapes.

In this paper we model residual shape measurement uncertain-
ties as multiplicative shear calibration, specifically, we use one pa-
rameter mi per redshift bin, which a↵ects cosmic shear and galaxy-
galaxy lensing power spectra as

Ci j
(l) �! (1+mi) (1+m j)Ci j

(l),

Ci j
�g

(l) �! (1+m j)Ci j
�g

(l), (17)

The fiducial value of each mi is zero and we marginalize over the
mi independently with Gaussian priors of di↵erent width for LSST
and WFIRST (LSST priors are twice as large as WFIRST priors).
Altogether shape uncertainties add 10 nuisance parameters to our
likelihood analyses.

Intrinsic alignment Intrinsic alignment (IA) of source galaxies
has been studied extensively as a systematic for weak lensing
through observations, simulations, and theory (e.g., Hirata & Sel-
jak 2004; Mandelbaum et al. 2006; Joachimi & Bridle 2010; Singh
et al. 2015; Troxel & Ishak 2014; Tenneti et al. 2015; Blazek et al.
2015; Chisari et al. 2015; Vlah et al. 2019)

The assumption that the shape and orientation of an elliptical
galaxy are determined by the shape of the halo in which it resides,
causes a correlation of intrinsic galaxy ellipticities with the gravita-
tional tidal field. We employ the so-called “tidal alignment” model

MNRAS 000, 1–?? (2014)
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In 5 months Roman can cover LSST area in 
the W-band with 95% LSST completeness

In 1.5 years Roman can reach similar 
depth with W-band as for the reference 
survey design across entire LSST area



Multi-probe Roman+LSST

Includes ~56 dims of systematics 
modeling: 
• Shear calibration 
• Galaxy bias 
• Photo-z 
• Intrinsic Alignment 
• Baryons

Analysis is 3x2pt only, (no 
clusters, spec-z, SN)

FoM (Roman wide + Rubin)=2.4 x FoM (LSST 
only)

FoM (Roman wide + Rubin) = 5.5 x FoM 
(Roman Reference survey)



Compromise between statistical 
power and systematics control?Multi-tiered surveys?

16

This example had an H band only survey (red, 5000 deg2) with 
Y/J/H/F184/grism coverage in a smaller region (yellow).

• Example: Consider 
hybrid 5000 deg^2 
survey in H-band 

• Less statistical power 
than Roman 18k survey 

• H-band is not affected by 
wavelength dependent 
PSF 

• Have 1000 deg^2 
calibration area in 4 
bands 

• Still exquisite 
systematics control



Summary
• Roman is on track for launch in Oct 2026 

• High Latitude Survey (2000 deg^2) is designed for exquisite systematics control, 
but should be considered an example, not a final strategy. 

• Wide Roman covering LSST area to LSST Y10 WL depth (95%) can be done in 
4-5 months with the W-Band  

• W-band all-sky survey takes ~1 year. Get an all-sky high-resolution map of the 
entire visible sky. 

• 1.5 year Roman W-band survey can cover LSST area with 50 galaxies/arcmin^2 
and increase FoM by a factor of 5.5 over reference survey (Disclaimer: increased 
risk for systematics compared to reference survey) 

• Goal: Find sweet spot of systematics control and statistical power before launch



Roman - 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

Talk focusses 
on 

Imaging 
Component



The Challenge
reduced data 
and catalogs

summary 
statistics
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- Multivariate Gaussian vs other parameterizations 
- Non-parametric forms 
- Approximate Bayesian Computation

   Enhanced modeling via
- Observations 
- Simulations 

- Theory
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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

3

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 WCMB(�) = 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:

Wgal,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

gigal,j

` ), galaxy-CMB
lensing (CgiCMB

` ), cosmic shear tomography (C
gal,igal,j

` ), CMB lensing power spectrum (CCMBCMB
` ) and CMB

lensing-galaxy lensing (C
CMBgal,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
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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
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` + 1/2

�
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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
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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) =
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�
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Thus the CMB lensing e�ciency is simply WCMB(�) = 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:

Wgal,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

gigal,j

` ), galaxy-CMB
lensing (CgiCMB

` ), cosmic shear tomography (C
gal,igal,j

` ), CMB lensing power spectrum (CCMBCMB
` ) and CMB

lensing-galaxy lensing (C
CMBgal,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
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