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The	
  Large	
  Synop-c	
  Survey	
  Telescope	
  (LSST)	
  

Construction start: 2014  First light: 2020   Survey end: 2030 
8.4m telescope  18,000+ deg2   10 maarcsec astrometry  r<24.5 (<27.5@10yr) 

6 broad optical bands  0.5-1% photometry 
 
 
 

3.2Gpix camera  2x15sec exp/2sec read   15TB/night  20 B objects 
 

Imaging the visible sky, once every 3 days, for 10 years (825 revisits) 



LLNL-PRES-691561 
3	
  

Science	
  use	
  case:	
  Weak	
  gravita-onal	
  lensing	
  of	
  galaxies	
  

Unknown & 
dominates 
signal 

Want this 

Marginalize 
 
 
 
 
Constrained by 
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Unlike	
  in	
  the	
  past,	
  we	
  will	
  have	
  many	
  observa-ons	
  of	
  the	
  same	
  sources	
  that	
  
must	
  be	
  combined,	
  while	
  marginalizing	
  dis-nct	
  systema-c	
  errors	
  	
  

	
  –	
  A	
  new	
  processing	
  paradigm	
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The	
  data	
  management	
  &	
  analysis	
  pipeline	
  components	
  for	
  
gravita-onal	
  weak	
  lensing	
  and	
  galaxy	
  clustering	
  with	
  LSST	
  

Multi-epoch 
imaging 

Identify 
sources 

Image cutout Fit parameters / 
extract 

summary stats. 
Source 
Catalog 

(2) Correlate 
sources 

Derived 
cosmology 
statistics 

(3) 
Cosmology 
inference 

Image cutout 

Image cutout 
Fit parameters / 
extract summary 

stats. 

Fit parameters / 
extract summary 

stats. 

(1) Image modeling 

Infer source properties 
independently for each ‘cutout’ 
of the sky 
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Source	
  characteriza-on	
  via	
  probabilis-c	
  image	
  modeling	
  

Infer image model parameters via MCMC, then 
marginalize as part of a hierarchical model for 
the distributions of galaxy and systematics 
parameters 
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The	
  complete	
  sta-s-cal	
  model	
  for	
  cosmic	
  shear	
   arXiv:1411.2608 
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The	
  complete	
  sta-s-cal	
  model	
  for	
  cosmic	
  shear	
   arXiv:1411.2608 

2) Galaxies 

1) PSFs 3) Cosmology 
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Naïve	
  approach	
  is	
  intractable	
  

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

Ground:(Subaru(Suprime0Cam(

Space:(Hubble(ACS(
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Naïve	
  approach	
  is	
  intractable	
  

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

2.  PSF	
  models	
  must	
  be	
  joint	
  fiJed	
  to	
  all	
  
galaxies	
  in	
  an	
  exposure	
  ns 
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Naïve	
  approach	
  is	
  intractable	
  

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

2.  PSF	
  models	
  must	
  be	
  joint	
  fiJed	
  to	
  all	
  
galaxies	
  in	
  an	
  exposure	
  ns	
  

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

The principled inference requires fitting all 
pixels of all surveys simultaneously 
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Importance	
  sampling	
  to	
  separate	
  the	
  sampling	
  of	
  individual	
  
galaxies:	
  The	
  pseudo-­‐marginal	
  likelihood	
  

Want: 

Have samples from: 

Importance sampling: 

Pr (!n|dn, I0)

Pr(d|↵) /
ngalY

n=1

Z
d!n Pr(!n|↵)Pr(dn,i|!n)

Pr(dn|↵) ⇡
Zn

K

X

k

Pr(!nk|↵)
Pr(!nk|I0)

,

Pr(d|↵) =
ngalY

n=1

Pr(dn|↵).
Credit: J. Meyers 

Likelihood Galaxy dist. 

‘Interim prior’ 
specification 
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How	
  do	
  we	
  combine	
  mul-ple	
  observa-ons	
  of	
  the	
  same	
  galaxy?	
  
Naïvely	
  we	
  must	
  joint	
  fit	
  all	
  epochs	
  simultaneously	
  

arXiv:1511.03095 
Generalized Multiple Importance Sampling 
Elvira, Martino, Luengo, & Bugallo 

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

Pr(dn|↵, {⇧i}) =
Z

d!n Pr(!n|↵)
n
epochsY

i=1

Pr(dn,i|!n,⇧i)

q(!n) =
1

n
epochs

n
epochsX

i=1

Pr(!n|dn,i,⇧i, I0)

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

Generalized	
  mul-ple	
  importance	
  sampling	
  (MIS)	
  weights	
  

q(!n) =
1

n
epochs

n
epochsX

i=1

Pr(!n|dn,i,⇧i, I0)

wi =
Pr(dn,i|!n,⇧i)Pr(!n|↵)Pn

epochs

i=1 Pr(dn,i|!n,⇧i)Pr(!n|I0)

MIS sampling distribution: sample from the conditional posterior for each epoch individually 

MIS weights: Evaluate the ratio of the conditional posterior for each epoch i to that of the 
MIS sampling distribution 

Pr(dn,i|!(j)
n ⇧i)
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Example:	
  1	
  galaxy,	
  3	
  epochs	
  –	
  fit	
  the	
  galaxy	
  model	
  parameters	
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Each	
  epoch	
  has	
  highly	
  ellip-cal	
  PSFs	
  (|e|	
  =	
  0.1)	
  of	
  same	
  size,	
  but	
  
different	
  orienta-ons	
  

The PSF FWHM also matches the galaxy HLR making the single-epoch inferences noticeably different from each other. 
There is therefore a large gain of information in combining epochs. 
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Interim	
  posterior	
  samples	
  at	
  each	
  stage	
  of	
  the	
  PSF	
  hierarchical	
  
model	
  

1) Fit stars 2) Constrain 
PSF model 

3) Fit galaxies & PSFs 4) Calculate MIS 
weights to combine 
epochs 
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Comparison	
  of	
  single-­‐epoch	
  and	
  combined	
  epochs	
  marginal	
  
posteriors	
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Data	
  management	
  and	
  analysis	
  pipeline:	
  MIS-­‐enabled	
  	
  

Multi-epoch 
imaging 

Identify 
sources 

Fit stars to get 
PSF 

Constrain PSF 
model 

Fit galaxy cutouts MIS to combine 
epochs 

Source 
Catalog 

(2) Correlate 
sources 

Image cutout 

Image cutout 
Fit galaxy 
cutouts 

Fit galaxy 
cutouts 

(1) Image modeling in small sky ‘cutouts’ 

Infer star and galaxy properties 
independently for each ‘cutout’ 
of the sky 
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§  Cosmic	
  shear	
  is	
  systemaPcs	
  limited	
  &	
  signal	
  is	
  dominated	
  by	
  PSF	
  and	
  astrophysics	
  
—  A	
  probabilisPc	
  approach	
  is	
  warranted	
  to	
  infer	
  a	
  small	
  signal	
  and	
  miPgate	
  biases	
  

§  Importance	
  sampling	
  methods	
  allow	
  tractable	
  approaches	
  to	
  a	
  probabilisPc	
  forward	
  
model	
  of	
  LSST	
  imaging	
  
—  With	
  billions	
  of	
  galaxies	
  and	
  hundreds	
  of	
  epochs	
  per	
  galaxy	
  modeling	
  LSST	
  imaging	
  requires	
  

an	
  approach	
  to	
  separaPng	
  analyses	
  of	
  data	
  subsets,	
  even	
  though	
  staPsPcally	
  correlated	
  

§  We	
  are	
  able	
  to	
  sample	
  from	
  a	
  probabilisPc	
  model	
  with	
  mulPple	
  hierarchies	
  to	
  
marginalize	
  both	
  correlated	
  image	
  systemaPcs	
  and	
  astrophysical	
  properPes	
  of	
  
galaxies	
  

Conclusions	
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§  The	
  science:	
  cosmic	
  shear	
  in	
  LSST	
  

§  ProbabilisPc	
  pipeline	
  introducPon	
  

§  The	
  problem	
  of	
  mulPple	
  epochs	
  and	
  MIS	
  soluPon	
  

§  MIS	
  example	
  

§  Pipeline	
  redux	
  in	
  light	
  of	
  MIS	
  

§  Conclusions	
  

Outline	
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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	
  ∏n,i	
  in	
  every	
  

epoch	
  
—  The	
  marginalizaPon	
  is	
  constrained	
  by:	
  

•  Consistency	
  of	
  PSF	
  realizaPons	
  over	
  the	
  focal	
  
plane	
  for	
  each	
  epoch	
  

•  Consistency	
  of	
  the	
  underlying	
  source	
  model	
  
across	
  epochs	
  

§  Simplest	
  approach	
  (staPsPcally,	
  not	
  
computaPonally):	
  Infer	
  galaxy	
  models	
  
given	
  all	
  epoch	
  imaging	
  simultaneously	
  
—  “Interim”	
  samples	
  are	
  of	
  size:	
  ~10	
  galaxy	
  

params	
  +	
  200	
  *	
  ~4	
  PSF	
  params	
  =	
  ~1k	
  
parameters!	
  


