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Science driver: The expansion of the universe is accelerating, but
we know almost nothing about the mechanism - “Dark Energy”

What causes cosmic acceleration?

‘Three possibilities:

Universe Mass
Composition

. 1. The universe is filled with a negative-
pressure component that gives rise to

stars ‘gravitational repulsion’: Dark Energy

0.5%

i 2. Thetheory of General Relativity (gravity) is
ree Hydrogen

and Helium wrong on cosmic distance scales
4%

3. The universe is inhomogeneous and only

- Dark Matter apparently accelerating, due to large-scale
2% structure (unlikely given current data)

NASA Figure

Dark Energy

Path to the greatest prize in physics:
Reconciliation of gravity and quantum mechanics.
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Gravitational lensing traces mass structure vs cosmic time
— A promising dark energy probe that is sensitive to both
structure growth and geometry o

7 billion lyr ;



The Large Synoptic Survey Telescope (LSST) will be a primary

dark energy instrument in the next decade
The LSST gravitational lensing measurement of dark energy is systematics limited

i { LSST weak lensing
Hyper Suprime-Cam ]l
= ® WFIRST-AFTA
ol
s E
i = 'é sl —
g . . . = 7,
DOE/NSF project 7l s 0.6
= 3.2Gpix camera -
. ut
= 21 steradians ol L ]
- i 22 24 26 28 almosphere + oplics (15 )
= 10 sq. deg. FOV i e Depth (A8 mog) P arowew ey (59
4 10 E
= 30 sec visits every night for — 5
10 years T e Ima. - 5
o 90 . 1050 ge Systematlcs 3 cesitunt PSF {15 8)
= 15Tb / night must be controlled £ [
. at this level
= Commissioning start: FY20 —
= 15-years of LLNL e i T e
contributions 4 billion galaxy images N
‘ tfm{gsg;lgi\;gmore National Laboratory mzwseﬁ 4



Weak lensing of galaxies: the forward model

Galaxies: Intrinsic galaxy shapes to measured image: Image credit: GREATO8, Bridle et al.

Atmosphere and telescope  Detectors measure Image also
(shape unknown) causes a shear (g) cause a convolution a pixelated image contains noise

Want this
Stars: Point sources to star images:

Constrained by

Intrinsic galaxy Gravitational lensing

Marginalize

Intrinsic star Atmosphere and telescope  Detectors measure Image also
{point source) cause a convolution a pixelated image contains noise
. . 7
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Our solution: Hierarchical Bayesian forward models of the image data

The forward model of our galaxy image data A simplified probabilistic graphical

model for galaxy image data with
Atm. Optics Detector cosmic Shear’ g
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The complete statistical model for cosmic shear
Precision control of systematics via forward modeling and marginalization

Parameter Description
7 Cosmological parameters
wIC Initial conditons for the 3D gravitational potential
LT Late-time 3D gravitational potential
s 2D lens potential (given source photo-z bin s)
Ag Parameters for the line-of-sight source distribution
I, 6 PSF for galaxy ns observed in epoch 3
Q; Observing conditions in epoch %
{wn,} Galaxy model parameters; ns = 1,...,Ngal s
{an_} Parameters for the distribution of {wn_ }
{én.} Scaling parameters for {wn, }
m, T Hyperprior parameters for {£,,,}
A Hyperparameter for {a,,_} classifications
{dn.,i} Pixel data for galaxies ns = 1,...,ngal,s in epoch %
Golan Prior specification for {a,_}
s Source sample (e.g., photo-z bin)
W Survey window function
danc,s Ancillary data for PSF in epoch i
P Prior params. for observing conditions
a Prior params. for A
Opix,i Pixel noise r.m.s. in epoch 4
I Model selection assumptions

T

Q

Go|a,,

arxiv:1411.2608

3) Cosmology

Qip

©

galaxies n,

galaxy samples s

epochs i
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Naive approach is intractable

1. be joint fitted to all
available epochs i e @ @' !
=% ) 67
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K |
Ground: Subaru Suprime-Cam -—@-

galaxies n,

galaxy samples s ’

O O

epochs i
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Naive approach is intractable

1. Galaxy models be joint fitted to all
available epochs i

must be joint fitted to all
galaxies in an exposure ng
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Naive approach is intractable

1. Galaxy models be joint fitted to all
available epochs i

2. PSF models must be joint fitted to all
galaxies in an exposure ng

3. Cosmology must be joint fitted to all
galaxy samples & epochs

The principled inference requires fitting all
pixels of all surveys simultaneously

epochs i

‘ Lawrence Livermore National Laboratory

LLNL-PRES-733055

NUYSE 10

Matona Nuckess Secueity Admniimanon



We have developed a tractable ‘divide & conquer’ computational approach
for the complete statistical model for multiple imaging surveys

Step 3: Hierarchical inference
(Determine lensing shear, galaxy, populations,
and systematics via hierarchical inferences)

Step 2: Multi-epoch image combination
(Combine images from different times/
telescope through importance sampling)

Prob.

f}f

Step 4: Cosmelogy inference
(Constrain the cosmology with galaxy
distances and lensing information)

cC.— “— Mod. Grav.

Step 1: Image forward modeling
(Analyze images via Baysian forward models)

S

|
|
|
Proposed |
|
|

Probability density

Nominal

Dark energy eg. of state
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Importance Sampling allows tractable divide & compute :

The pseudo-marginal likelihood

Want:
Galaxy dist. Likelihood
Pr(d|a) dwy) Pr(wy, |a) [P " z|wn
‘Interim prior’
Have samples from: specification

[Pr (wWn|dn, Io

Importance sampling:

Zn Pr(wpk|a)
P dn ~ )
r(dala) > — Pr(wni|To)

Ngal

Pr(d|a) = H Pr(d,|a).

Ongoing research question:

How many interim samples are needed?

1.2

interim prior

1.0

desired prior

0.8}
likelihood
(and interim posterior)

0.6}

analytic posterior
0.4}

0.2

0.0

Credit: J. Meyers
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®)

Our hierarchical Bayesian forward models can meet LSST systematics
tolerances for galaxy shear when the model is accurate enough

The forward model of our galaxy image data Our approach works:
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Presenter
Presentation Notes
GREAT3 CGC-like setup
200 ’fields’ with constant shear per field
10k galaxies per field
Marginalize 7 parameters per galaxy:
e1, e2, HLR, flux, dx, dy, n 
Notable: Sersic index marginalized
Have NOT marginalized PSF (yet!)



Accurate modeling in an MCMC framework is more computationally
demanding than traditional approaches — but still tractable

Every data point on the right is inferred from thousands of galaxy image model
posterior inferences such as these: Our approach works:

~30s to run MCMC
Opt Model chain per galaxy

I| - [

Model + Noi:

1 i-‘.:';l.‘- T % %ﬁ @ @
» ERS =5 I:i_:j._; - v
I Gan  dE® e

- S s seeeiste seg 2150301 Sensitivity analyses with (simplified)
galaxy simulation suites show biases

well below LSST tolerances

LSST data volume: 4 billion galaxies, each seen 1000 times

‘ Lawrence Livermore National Laboratory N“% 14

LLNL-PRES-733055



Summary

Cosmic shear is systematics limited & signal is dominated by PSF and .
astrophysics s

: \/ aride

— A probabilistic approach is warranted to infer a small signal and mitigate biases 08

likelinood
[and interim posterior)

= A hierarchical probabilistic model for cosmic shear can trade bias for
variance, but also can increase precision by learning latent structure in the
galaxy distribution.

LN

= Importance sampling methods allow tractable approaches to a probabilistic

forward model of LSST & WFIRST imaging

Mod. Grav.

—  With billions of galaxies and hundreds of epochs per galaxy modeling LSST or
WFIRST imaging requires an approach to separating analyses of data subsets,

even though statistically correlated Probabilistic

I

I

I

I

= We are able to sample from a probabilistic model with multiple hierarchies |
to marginalize both correlated image systematics and astrophysical

properties of galaxies.

Probability density

Nominal

Dark energy eq. of state

Lawrence Livermore National Laboratory N ;"&‘i&‘i 15

LLNL-PRES-733055 Nationat W Securiy Adminimrsnen



B Lawrence Livermore
National Laboratory

Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States government. Neither
the United States government nor Lawrence Livermore National Security, LLC, nor any of their employees makes any
warranty, expressed or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States government or Lawrence Livermore National Security, LLC. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United States government or Lawrence
Livermore National Security, LLC, and shall not be used for advertising or product endorsement purposes.



The probabilistic weak lensing workflow plan for LSST

Probabilistic pipeline

Dark energy
constraints

_ Selection &
Calibration
y Tomographic binning

Cosmo/lmage -
Sims Two-point estimators
Photo-z Covariances & r
pipeline parameter estimation

LSST DESC
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How do we combine multiple observations of the same galaxy?
Naively we must joint fit all epochs simultaneously

Problem: Imagine we have fit pixel data from LSST year 1.
How do we incorporate year 2 observations without redoing (expensive) calculations?

Solution: Consider single-epoch samples as draws
from a multi-modal importance sampling
distribution:

arXiv:1511.03095

Generalized Multiple Importance Sampling
Elvira, Martino, Luengo, & Bugallo
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Multiple importance sampling (MIS) via weighted pseudo-marginals

1. Sample from the conditional posterior for each epoch individually

2. Evaluate the ratio of the conditional posterior for each epoch i to that
of the MIS sampling distribution

‘cross-pollination’ needed:

Evaluate the likelihood of epoch i given model parameter samples

from epoch j, for all combinations of i, j.

A standard scatter / gather operation
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Multiple importance sampling enables streaming data analysis
Efficiency is significantly enhanced by using old data as a sampling ‘prior’

= Draw parameter samples from first N
epoch under a nominal interim prior
= Draw samples from subsequent epochs
with a prior informed by previous |
epoch samples I

)
10°F 1040 10%% 104 1040  10°° 10°° 107  19°% 1070  10°°
weight

= Simulation studies show:

10

— ~10% of samples have significant weight
when combining 200 epochs in :
streaming fashion

0.8
k=]

02

00
o
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Probabilistic cosmological mass mapping

arXiv:1610.06673

Interpolate the unobserved lensing
potential with GP

ws ~ GP(O? E)a

K, 7Y1, Y2 arethe second (spatial) derivatives of Vs

COV(’ZZJ,;;j(:I_}"), d’,kf(@) = ZJ?-;.TJ?JL-.W (i. 3:") .

GP kernels of k,71,72 are linear combinations of the
4th (spatial) derivatives of the kernel of ’l,bg

Zero E/B mode mixing by construction

galaxy sub-samples s

t Lawrence Livermore National Laboratory

LLNL-PRES-733055

NYSE 211

uscheur Sacurity.



Hierarchical inference of cosmological lensing mass distributions

Validation with simulations A real merging qalaxv cluster New:

posterior.mean truth

Linear and
nonlinear scales
reconstructed in
one framework
No E/B mode
mixing by
construction

20
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Marginalizing PSFs: MIS makes this tractable

= LSST will have ~200 epochs per object per
filter

— We aim to marginalize the PSF [, ; in every
epoch

— The marginalization is constrained by:

» Consistency of PSF realizations over the focal
plane for each epoch

» Consistency of the underlying source model
across epochs

= Simplest approach (statistically, not
computationally): Infer galaxy models
given all epoch imaging simultaneously

“Interim” samples are of size: ~10 galaxy
params + 200 * ~4 PSF params = ~1k
parameters!

galaxies n
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