
Gary Bernstein!
(University of Pennsylvania)!
!
16 July 2015

Accurate Measurements 
for Accurate Cosmology

1

This work was done with Penn students/postdocs Bob Armstrong, Andres Plazas, 
Christina Krawiec, & Marisa March!
and many other DES collaborators.



❖ I hope substantial advances are imminent in 2 
techniques that are fundamental to many precision-
cosmology measurements:!

❖ Photometric calibration: how accurately can we 
obtain the same flux for a source in a survey regardless 
of the time or location at which it is observed?  Key 
for galaxy clustering, photo-z’s, SN cosmology.!

❖ Weak lensing measurement: how accurately can we 
infer the lensing distortion that has been applied to a 
scene observed on the sky?
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Photometric calibration: motivation

❖ w(θ)<0.01 for scales above ~1 degree, and evolving DE effect 
on SNe will be only a few mmag.!

❖ Amelioration techniques come at cost of information loss, 
especially for photo-z surveys.  !

❖ State of the art repeatability for large surveys: !
❖ 10-20 mmag for SDSS “ubercal” (Padmanabhan et al 2008),  !
❖ 8-12 mmag for PanStarrs 3pi survey (Magnier et al 2013)!
❖  3-4 mmag in SNLS fields (Betoule et al 2013).
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Calibration steps

1.Get the same flux for a source across the focal plane of a 
given exposure (“detrending”)!

2.Get the same flux for sources observed in different 
exposures across the full time/angle span of survey 
(“global calibration”)!

3.Extend 1 & 2 to include sources of arbitrary (but known) 
spectral shape (“color calibration”)!

4.Place flux scale into physical units (“absolute calibration”)
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Photometric detrending of DECam data

❖ Take a series of ~20 exposures of mid-latitude 
fields, moving telescope to move any given 
star all the way across the FOV.!

❖ Easy to obtain >10,000 high-S/N stellar mags 
per DECam exposure.!

❖ Apply corrections for various camera 
nonlinearities, careful treatment of QE 
variations vs pixel-size variations vs scattered 
light in flat fields.  Good local sky subtraction 
and large-aperture stellar photometry.!

❖ Then ask if we can attain internal consistency 
of each star’s mags across these exposures.
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❖ Here is the 2-point correlation function of magnitude 
disagreements for bright stars (S/N>300) after detrending.
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<1 mmag correlated errors!
on scales >10” in griz!

2-point correlation function of mag residuals for bright stars



What did it take to make photometric calibration variations 20x 
smaller than cosmic magnification variation?

❖ Correct detector nonlinearities!
❖ Realize that dome flats do not measure detector QE since!

❖ Spectral mismatch with stars/galaxies!
❖ Cannot distinguish focused light from scattered/stray light!
❖ Cannot distinguish pixel size variation from pixel QE variation.!

❖ Create better response maps using stellar flux data!
❖ Local sky annuli to minimize effect of sky subtraction!
❖ Large-aperture photometry to minimize effects of the photometry 

algorithm (comes at cost of more noise and sensitivity to sky errors)
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❖ Here is 2PCF for stars at 100<S/N/200. 
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Correlations from!
noise in overlapping!
sky annuli?



RMS photometric variation across the focal plane induced by 
atmosphere on a selection of cloudless nights
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Some “cloudless” nights have several-mmag patchy extinction variation! 

RASICAM video for 20140807

1 mmag

https://www.youtube.com/watch?feature=player_detailpage&v=YyNaeakGlKw


Global calibration
❖ The most powerful method to do so is to 

force internal agreement on overlapping 
exposures (“ubercal”).  In CMB lingo, DES 
has a highly crosslinked survey pattern in 
order to lift degeneracies between 
temporal drifts and spatial variation. !

❖ We combine ubercal with a prior that clear 
nights are (mostly) stable. !

❖ Excellent monitoring of variations in DES/
atmospheric spectral response as well 
(Darren DePoy’s talk).!

❖ Work on the global calibration continues, 
results TBD.
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SDSS

CFHLS, KIDS, DLS, Euclid?
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DES sky coverage is done with!
10 highly interlaced “tilings” of 

the hexagonal FOV.
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Shear measurement

❖ With!
❖ gmeas = (1+m)gtrue + c!
❖ LSST/Euclid-scale cosmic shear requires m~0.001, cRMS~10-3.5, 

to avoid degradation of statistical power (Huterer et al., 
Amara & Refregier)!

❖ Best current shear measurement methods mostly use blackened 
box methods: we know how they work inside, but they end 
up with biases that must be calibrated with simulated data. !

❖ CFHLS, DES, KiDS all rely upon ~5% correction(s) derived 
from simulated image analysis.
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Most shear measurement methods:
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What is the shape of this galaxy?



Bayesian Fourier domain moments (BFD) method
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What is P(D|g), the probability of seeing this galaxy vs shear on the line of sight?



BFD performance as of this week:
❖ Using simulated images* of exponential-disk galaxies.!
❖ PSF is Moffat with ellipticity ~0.05!
❖ Galaxies have intrinsic size 0.5-1.5 times PSF size, shape noise 0.2.!
❖ Galaxies’ flux range produces 5<S/N<25 for circular galaxy of typical size.!
❖ We make a selection cut of 10<S/N<22 on measured (noisy) fluxes.!
❖ Draw 180M galaxies, retain 110M for measurement after cut.!
❖ Input shear: gtrue=(+0.02, +0.00)
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*Test results given here actually draw the images and add noise directly in Fourier domain, 
saving the time of FT into real space and then back into Fourier domain.  Real-space postage 

stamp tests are under way.
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*Test results given here actually draw the images and add noise directly in Fourier domain, 
saving the time of FT into real space and then back into Fourier domain.  Real-space postage 

stamp tests are under way.
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Comparison to GREAT3 (Mandelbaum et al) results22 Mandelbaum, Rowe, et al.

Figure 17. Multiplicative and additive biases for constant-shear branches in the control (left) and realistic galaxy (right) experiments,
for ground (top) and space (bottom) branches. For each branch, we show the averaged (over components) multiplicative bias ⟨m⟩ vs.
c+, the additive bias term defined in the coordinate system defined by the PSF anisotropy. The axes are linear within the target region
(|m| < 2× 10−3 and |c| < 2× 10−4, shaded grey) and logarithmic outside that region.

Figure 16. Comparison between the Qv predicted from the
constant-shear branch results (CGC), and the actual Qv results
for variable shear (CGV).

sitive than Qv. The results for Amalgam@IAP and CEA-
EPFL are good in many branches, but exhibit significant
fluctuations due to partial cancellations of biases. The re-
sults for Fourier_Quad with a realistic weighting scheme
are quite good, but degraded compared to the results with
the unrealistic weighting schemes.

The errorbars in Fig. 15 show that for lower Q values,
the uncertainty in Q is very small. However, near the tar-
get Q values, small uncertainties in m and c become large
uncertainties in Q. These errorbars are quite non-Gaussian,
so for example the difference between Q = 500 and 1000 for
control space branches is significantly more than the 2σ sug-
gested by the plot. It is apparent that in many branches, 2–3
teams performed well enough that the differences between
their Q values (and between the target of ∼ 1000) are not
statistically significant.

One basic question is whether the results in the constant
and variable shear branches are consistent. We cannot di-
rectly compare Qc and Qv, because they respond to system-
atic errors in different ways. However, for a given constant-
shear submission, we can use the recovered m and c values
to predict Qv by simulating variable shear submissions with
those m and c, and then checking their Qv. Comparing the

c⃝ 0000 RAS, MNRAS 000, 000–000
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BFD 1-sigma box



How does it work?

❖ Combine all images of target to measure 6 Fourier-
domain moments (fast!)!

❖ Do the same thing for a sample G of low-noise images of 
unlensed galaxies (‘templates’).!

❖ Our answer is the (slower) sum over all templates
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Virtues & challenges
❖ Rigorous derivation of shear inference in the presence of noise - no “noise bias” to 

fix up.!
❖ No assumptions about morphology of galaxies, so no “model bias.”!
❖ Galaxies are automatically optimally combined, no weights to choose.!
❖ Fast computations (~10 targets per second per core) that will not slow down as 

number of exposures per galaxy increases.!
❖ BA14 now extended to give a prescription for setting a low-signal cutoff (selection 

function) and fixing selection bias.
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❖ Extensible to:!
❖ Multiple images, multiple filters!
❖ Magnification!
❖ Joint photo-z / tomographic lensing 

likelihoods!
❖ Interferometric data!
❖ Star-galaxy separation!

❖ Limitations:!
❖ Uncrowded galaxies!
❖ Stationary noise (background limited)!
❖ Formalism breaks for “plateau” or 

multi-peaked galaxies!
❖ Fixed weight, not optimal S/N for 

wide range of galaxies & seeing!



Summary

❖ DES can reduce correlated photometric errors to <1 
mmag for a few hours’ of clear-night data.  At work on 
extending this to a global calibration good to well below 
1%.  Survey is well well designed and equipped for this.!

❖ BFD method with latest fixes has perfect shear retrieval 
to 1 part in 1000, testing continues.  
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Thank you - and please contact me with questions.


