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Overview
● Complementary observations that constrain dark 

energy and dark matter
● Weak gravitational lensing background

■ Formalism
■ Measurements
■ Link to theory

● Brief history of cosmic shear
● Recent Dark Energy Survey results
● The path forward to Rubin, Euclid, Roman
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Complementary clues to an overarching theme (ΛCDM?)
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Clues From Weak Gravitational Lensing
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Weak Lensing Formalism

Bartelmann & Schneider 2001

β = unlensed source position
θ = observed source position
   = deflection angle that causes observed 
source position to be at angle θ
⍺ = reduced deflection angle

All angles are very small, all distances are angular diameter 
distances

for point 
mass lens



Weak Lensing Formalism

Bartelmann & Schneider 2001

Using Born and thin lens approximations, 
sum deflection angles from a bunch of point 
masses along undeflected path and in plane 
of the lens.

For circularly symmetric lens (origin as axis 
of symmetry)



Weak Lensing Formalism
Dimensionless surface mass density

Critical surface mass density sets a scale between “weak” and “strong”

Recall that θ is a vector indicating observed source position

Deflection angle can be written as gradient of the deflection potential 
(2-D analog of Newtonian gravitational potential):

  ⍺=∇𝛹



Weak Lensing Formalism
Lensing Jacobian matrix tells us how to transform between unlensed 
and lensed coordinates

ɸ is the angle between 𝜶 and the x-axis

Convergence term magnifies image Shear term stretches image tangentially w.r.t. lens



Weak Lensing Formalism

Ɣ1 is real part, and Ɣ2 is imaginary part of 
complex |Ɣ|e2iɸ

We observe reduced shear

A =



Weak Lensing Measurements

~0.3 very small

0, but sometimes not good assumption

Two-point correlations between properties of two 
galaxies:
Tangential shear = component perpendicular to the 
line connecting the positions of the galaxies.
Cross shear = component rotated at 45 degrees.
Galaxy-galaxy lensing = foreground galaxy ‘lens’ 
positions cross-correlated with background galaxy 
‘source’ shears.
Cosmic shear = auto-correlations of galaxy shears.



Weak Lensing Measurements

Figure 1 from Mandelbaum, Rowe+2013,2015

...are complicated by the atmosphere and instrumental effects



Weak Lensing Point Spread Function Measurements

Bridle+2008

● Artificial distortion of image from atmospheric turbulence, telescope optics, and detector 
effects:  can be both isotropic and anisotropic

● Blurring due to atmosphere typically larger than that due to optics, varies relatively 
rapidly compared to typical exposure times

● Point Spread Function (PSF) due to optics varies slowly with time, often described as 
combo of diffraction and aberration

● In practice we 1) select stars, 2) measure shapes and sizes with, e.g., PSFEx (Bertin 
2011) or Piff (Jarvis+2020), and 3) run lots of validation tests



Weak Lensing Galaxy Shape Measurements
● Model fitting methods use a light profile with well characterized ellipticity 

and fit this to the measured galaxy, Bayesian or maximum likelihood or 
hybrid (e.g., lensfit described in Miller+2013 is used by the Kilo-Degree 
Survey) 

● Second moments methods, in real or Fourier space (e.g., method from 
Hirata & Seljak 2003, Mandelbaum+2005 is used by the Hyper-Suprime 
Cam Survey)

● Decomposition into basis methods use orthogonal basis functions
● Machine learning methods use various training methods like neural 

networks
● Calibration is very important!  Some methods self-calibrate, but ultimately, 

you should demand to see how the method performs on image simulations!



Weak Lensing Galaxy Shape Measurements
● Example:  metacalibration for Dark Energy Survey shape catalogs
● Apply artificial shears to images and calculate the response of an estimator to the 

shear (Huff & Mandelbaum 2017; Sheldon & Huff 2017)
● Actual ellipticity model is single Gaussian; not a good galaxy model on its own

Taylor expansion for small shears

Shear response matrix, 
applied shear normally 
0.01



Weak Lensing Galaxy Shape Calibration
● Multiplicative errors (m) could come from model 

errors, noise, blended galaxies, misestimation of 
PSF size

● Additive errors (c) could come from 
misestimation of PSF ellipticity or variation 
across sky

● Use image sims to characterize the errors to 
inform a prior

Figure: Chris Hirata



Weak Lensing by Large-Scale Structure (Cosmic Shear)
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Weak Lensing by Large-Scale Structure (Cosmic Shear)
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Weak Lensing by Large-Scale Structure (Cosmic Shear)
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Consider two other large-scale structure correlations
Background galaxy shapes align with 
foreground positions (galaxy-galaxy 
lensing)

Foreground galaxies are clustered 
(clustering)

galaxy bias



20 Years of Cosmic Shear





Cosmic Shear Today
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Adapted from Catherine Heymans
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A Guide to a Weak Lenser’s Systematics Worries
☆ Theoretical uncertainties in matter clustering 

(un-modeled baryon physics, …)
☆ Intrinsic alignments

☆ Photometric redshift errors
☆ Crowding/blending

☆ Imperfections in shape measurement algorithms
☆ Shape measurement performance at finite S/N, 

finite training sample size, …

☆ PSF model uncertainties (involving field, time, λ 
dependence)

☆ Pixel response function non-uniformity
☆ Detector system non-linearities
☆ Photometric & astrometric calibration
☆ Correlated noise, sky subtraction artifacts, …



The Dark Energy SurveyRed = Science 
Verification

Green = Y1

Blue = Y3

•

•
•

•
•
•
•



Credit: Alex Amon, Alex Alarcon, Matt Becker, Gary Bernstein, Andresa Campos, Ami Choi, Juan Pablo Cordero, Joe DeRose, Scott 
Dodelson, Cyrille Doux, Spencer Everett, Marco Gatti, Giulia Giannini, Daniel Gruen, Ian Harrison, Will Hartley, Mike Jarvis, Niall 
MacCrann, Jamie McCullough, Justin Myles, Andres Navarro, Richard Rollins, Carles Sanchez, Erin Sheldon, Michael Troxel, 
Boyan Yin, ...
Figure: Marco Gatti / Andres Navarro / Alex Amon





The Nancy G. Roman Space Telescope
• Roman will investigate the origin of cosmic acceleration, with lensing!  Launch in 2025.

• Hubble-sized telescope, power, and resolution, 100x field of view (0.28 sq. deg.)

• Unprecedented power requires careful assessment of uncertainties:  Roman will fly 18 
H4RG-10 infrared detectors, Goddard’s Detector Characterization Lab provides 
laboratory flats and darks for prototypes and candidate flight detectors 



Credit: NASA/GSFC 35
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…
•

•

Rubin/LSST + Roman + Euclid + …




