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Abstract: Large optical surveys have traditionally constrained dark energy by comparing two-point statis-
tics of galaxy catalogs calculated from independent measurements of positions, shears, and photometric
redshifts to those computed analytically from potential values of cosmological parameters. While this ap-
proach has been successful for current surveys, it is lacking in a number of areas. We highlight some of
the limitations of this approach. First, the measurement methods employed are chosen without sound theo-
retical motivation, ignoring implicit knowledge of inherent uncertainties and making it difficult to properly
characterize galaxies at low signal-to-noise. Second, combining information at the catalog level can lead to
subtle selection biases where some measurement algorithms will fail on a subset of galaxies while others
succeed. Third, the current approach is not able to propagate uncertainties from pixels through to cosmo-
logical constraints. To maximize the scientific gain from the flood of new data from upcoming surveys,
it is critical that we develop algorithms that tightly control systematic errors. We recommend support for
infrastructure enabling a unified Bayesian analysis at the pixel level that overcomes the limitations of stan-
dard methodologies. Such an approach will circumvent the need to match independent catalogs by instead
propagating varied sources of uncertainty through the entire analysis pipeline. By properly accounting for
correlations between shear, flux, and position, this paradigm shift will increase sensitivity to cosmology by
leveraging, rather than neglecting, the large fraction of low signal-to-noise galaxies traditionally omitted
from cosmological analyses.
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Background: Two decades after the discovery of the accelerating expansion of the universe, the HEP
community still seeks a better understanding of how dark energy fits into the standard cosmological model.
Many experiments point towards dark energy being a cosmological constant1–4, but current data is not able
to distinguish between alternative dark energy models or modified gravity5;6.

The HEP community is currently preparing for the imminent onset of several large scale surveys (Ru-
bin7, Euclid8, Roman9) aiming to provide insight into the nature of dark energy. These data sets will cover
significant fractions of the sky measuring billions of galaxies to an unprecedented depth. The vastly ex-
panded volumes of data, particularly data with a low signal-to-noise ratio (S/N), in upcoming surveys, com-
bined with increased precision requirements, merit a new approach to survey analysis that has the potential
to be ground-breaking. In anticipation of the deluge of new data, we must examine our analyses ensuring
they have sufficient precision for our needs and allow a comprehensive understanding of systematic errors.

One of the most powerful techniques to constrain dark energy is to combine measurements of weak
lensing with galaxy clustering. These probes are sensitive to both the expansion history of the universe and
the growth of cosmological structure. Several ongoing experiments have combined these measurements to
constrain cosmological parameters (DES10, HSC11, KiDS12). The typical approach in these analyses is
to compress information from catalogs of galaxy position, shear, and redshift into a small number of two-
point functions. As two-point functions can be readily computed analytically, they provide a fast method to
constrain cosmology. Also, the correlation of different two-point functions employs inherent redundancy to
asses and mitigate systematic errors.

Extent of applicability of current methods: Though the tried-and-true analysis approach has enabled the
breakthroughs of previous data sets, many aspects of the standard approach merit re-examination prior to
application to anticipated data sets, which will be more strongly affected by systematic errors.

• Next-generation cosmological inference must be robust to violations of the assumption of sup-
portive prior information assumed for calibration of derived quantities, such as photometric
redshifts. For example, model uncertainty in photometric redshift estimation may take the form of a
nonrepresentative spectroscopic training set for a machine learning algorithm or an unrealistic tem-
plate library for a model fitting technique, and such assumptions are not currently taken into account
in ongoing analyses.

• Advancement of the constraints on the cosmological parameters necessitates the effective uti-
lization of noise-dominated data as a replacement for traditional cutting procedures. Applying
the cuts, e.g. S/N .2013, of modern surveys, enforced to circumvent the difficulties of shear calibra-
tion and photometric redshift estimation, to the deep catalogs of the future, populated predominantly
by low S/N galaxies, would negate the statistical advantages of the larger data sets and introduce
systematic biases.

• Valid constraints on the cosmological parameters will require precise quantification of unavoid-
able methodological systematics that will dominate over systematic errors. While current surveys
have mechanisms that attempt to alleviate selection biases resulting from inconsistencies between
which galaxies are subject to measurement failures under diverse algorithms, it remains a significant
problem that could be avoided by a unified approach that does not reject galaxies on the basis of
intermediate measurements.

• Characterization of the uncertainty landscape mandates a self-consistent error propagation pro-
cedure that does not wash out error properties closer to the data at each step. To meet external
requirements in the absence of mutual coverage with calibration data, we must marginalize over arbi-
trary uncertainties, such as the novel systematics virtually guaranteed by any new instrument, which
may only be accomplished by propagating pixel-level uncertainties self-consistently throughout an
analysis that leverages the natural covariances of the data.
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• Using derived data products can complicate the analysis procedure and largely ignores corre-
lations between products A catalog-based approach can introduce extra steps in the pipeline. For
example, the metacalibration shear14 method requires that any measurement used in galaxy selec-
tion, including object detection, be run multiple times on sheared versions of the image. The omitted
correlations of galaxy properties can lead to an improved parameter inference15;16.

To neglect these hazards would go beyond mere nullification of upcoming data sets according to a sub-
optimal balance of the bias-variance trade-off; the inaccurate characterization and propagation of systematic
errors that would result from application of traditional methodologies to next-generation data would render
the derived constraints on the cosmological parameters meaningless.

Recommendation for Snowmass 2021: To address the shortcomings of traditional methodologies and
maximize the constraining power of the data sets of the immediate future, we recommend adoption of
a pixel-level framework that unifies traditionally separate measurements into a single inference pipeline.
The pixel-level framework would operate directly on survey images and hierarchically infer interim mea-
surements such as shear and redshift. The requisite analysis approach employs a Bayesian forward model to
utilize interim galaxy properties to determine probabilstically, the lens potential, galaxy density and intrinsic
galaxy distributions. One can then produce robust constraints by simply feeding these derived quantities into
a standard cosmology pipeline, but such a Bayesian hierarchical model can also facilitate the extension of
the inference to encompass the cosmological parameters, enabling a fully coherent marginalization over the
systematic uncertainties that would otherwise preclude the illumination of dark energy with next-generation
photometric data sets.

In addition to putting cosmological inference on a statistically rigorous foundation, we provide the
following motivations for the proposed paradigm shift:

• A unified framework eliminates the need for separate measurement methods reliant on independent
and possibly contradictory assumptions, thereby avoiding the subtle selection biases that arise from
matching the outputs of independent analysis stages.

• The hierarchical method maximizes the statistical constraining power by using all the data gathered,
rendering cuts entirely unnecessary and preventing their otherwise unavoidable information loss.

• Model uncertainty, for example, in the point spread function, that cannot be accounted for in tradi-
tional approaches is instead coherently propagated from pixels to the cosmological parameters via a
forward model, not only reducing biases in, say, shear measurement, but also ensuring an accurate
assessment of the errors at all stages.17.

• The fully probabilistic approach exploits inherent per-object and population-level correlations be-
tween galaxy size, shape, and redshift to model diverse sources of uncertainty.

• A pixel-level analysis ensures a statistically sound combination of distinct data sets and instruments
in a single inference, a known need identified in the context of Rubin, Euclid and WFIRST18–20.

Though early efforts toward this goal21–25 have been restricted to a subset of measurements, recent
advances in computing now bring within reach an end-to-end pipeline. For these emerging technologies
to realize a principled inference that deepens our understanding of dark energy, however, we must devote
resources to developing, implementing, and validating such methods.

Inference of the cosmological parameters in the low-signal-to-noise regime necessitates a robust,
self-consistent analysis framework unlike those that have long sufficed for the smaller, higher fidelity
data sets of the past. A unified Bayesian approach will open the door to significant improvements over
current methods that constrain cosmology, delivering optimal measurements on more galaxies while
minimizing the impact of systematic errors, a prerequisite for distinguishing between dark energy
mechanisms and modified gravity.
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GAMA: constraints on horndeski gravity from combined large-scale structure probes, 490 (2019)
2155 [1901.03686].

[6] M. Ishak, T. Baker, P. Bull, E.M. Pedersen, J. Blazek, P.G. Ferreira et al., Modified Gravity and Dark
Energy models Beyond w(z)CDM Testable by LSST, arXiv e-prints (2019) arXiv:1905.09687
[1905.09687].

[7] LSST Science Collaboration, P.A. Abell, J. Allison, S.F. Anderson, J.R. Andrew, J.R.P. Angel et al.,
LSST Science Book, Version 2.0, ArXiv e-prints (2009) [0912.0201].

[8] R. Laureijs, J. Amiaux, S. Arduini, J.. Auguères, J. Brinchmann, R. Cole et al., Euclid Definition
Study Report, ArXiv e-prints (2011) [1110.3193].

[9] D. Spergel, N. Gehrels, C. Baltay, D. Bennett, J. Breckinridge, M. Donahue et al., Wide-Field
InfrarRed Survey Telescope-Astrophysics Focused Telescope Assets WFIRST-AFTA 2015 Report,
ArXiv e-prints (2015) [1503.03757].

[10] T.M.C. Abbott, F.B. Abdalla, A. Alarcon, J. Aleksić, S. Allam, S. Allen et al., Dark Energy Survey
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