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Progress in Astronomy 
•  Bigger Telescopes:  Keck to E-ELT 
 
•  Angular resolution: Hubble to JWST 
 
•  All Sky Survey: Sloan Digital Sky Survey  
   to LSST 
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Enabled by Technology  

Sensors  
Computing 
Large Optics Fabrication  
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  I.	
  Shipsey	
  	
  

LSST	
  in	
  a	
  nutshell	
  LSST	
  :	
  an	
  integrated	
  survey	
  
system	
  designed	
  to	
  conduct	
  
a	
  decade-­‐long,	
  deep,	
  wide,	
  
fast	
  ?me-­‐domain	
  survey	
  of	
  
the	
  op?cal	
  sky.	
  	
  
	
  
*	
  8-­‐m	
  class	
  wide-­‐field	
  
ground	
  based	
  telescope,	
  	
  
	
  
*	
  3.2	
  Gpix	
  camera	
  	
  
	
  
*	
  automated	
  data	
  	
  
processing	
  system	
  

	
  

Synoptic = 
Big Picture 
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Comparison of LSST To Keck 
Primary mirror  

diameter 
Field of view 

(full moon is 0.5 degrees) 

0.2 degrees 

10 m  

3.5 degrees 

LSST 

Keck Telescope 
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Wide  
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100 billion 
over entire 
sky 

I. Shipsey  
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Image sizes LSST, Moon, HST 
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Survey Power  = aperture x field of view 

All facilities assumed operating100% in one survey 

LSST survey power  is an order of magnitude greater   
than any other proposed or operating telescope 

I. Shipsey  
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Survey Power  = aperture x field of view 

All facilities assumed operating100% in one survey 

LSST survey power  is an order of magnitude greater   
than any other proposed or operating telescope 
(Survey power for a telescope is akin to instantaneous 
luminosity for an accelerator) 

I. Shipsey  
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  3  Gpix  
multiport CCDs 
 
Record image in 
15 seconds 
 
Readout image 
In 2 seconds 
 
 
 

Fast  
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Maps of the World 

Kosmas  IV c. a.C. 

SDSS XXI c. a.C. 

1.6 billion yrs 

Saas Fee 2014" 2 

Maps of the World 

Kosmas  IV c. a.C. 
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DEEP  
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LSST  

 

 
 

•  LSST ~100 times fainter than the Sloan Digital Sky Survey  
•  a legacy dataset ~1000 times as large 

•  ~800 images of every field will open up the time domain for 
large-scale study for the first time 

DEEP  LSST Probes a Volume an Order of Magnitude Larger than 
Current or Near-Future Surveys 

I. Shipsey  15 
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SDDS 
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•  LSST ~100 times fainter than SDSS  
•  a legacy dataset ~1000 times as large 

•  ~800 images of every field will open up the time domain for 
large-scale study for the first time: a movie of the universe 

DEEP  

LSST Probes a Volume an Order of Magnitude 
Larger than Current or Near-Future Surveys 

I. Shipsey  16 

Universe 
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•  LSST ~100 times fainter than SDSS  
•  a legacy dataset ~1000 times as large 

•  ~800 images of every field will open up the time domain for 
large-scale study for the first time: a movie of the universe 

DEEP  

LSST Probes a Volume an Order of Magnitude 
Larger than Current or Near-Future Surveys 
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4 billion galaxies with redshifts 
Time domain:  
     5 million asteroids 
     10 million supernovae 
     1 million gravitational lenses 
     100 million variable stars 
      + new phenomena 

A survey of 40 billion objects in space and time 
 32 trillion measurements 
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•   4 billion galaxies with redshifts 
•   Time domain:  
     5 million asteroids 
     10 million supernovae 
     1 million gravitational lenses 
     100 million variable stars 
      + new phenomena 

LSST survey of 18,000 sq deg 
(half the sky) 

I. Shipsey  



LSST Wide-Fast-Deep survey  

 
A survey of 40 billion objects  

in space and time 
  

32 trillion measurements 
 

I. Shipsey  19 



Mul?ple	
  inves?ga?ons	
  
into	
  	
  the	
  nature	
  of	
  the	
  
dominant	
  components	
  
of	
  the	
  universe	
  

Dark	
  Energy-­‐Dark	
  Ma-er	
   	
  Inventory	
  of	
  the	
  	
  Solar	
  System	
  	
  

Find	
  82%	
  of	
  
hazardous	
  NEOs	
  

down	
  to	
  140	
  m	
  	
  over	
  
10	
  yrs	
  &	
  test	
  theories	
  

of	
  solar	
  system	
  
forma?on	
  

“Movie”	
  of	
  the	
  Universe:	
  =me	
  domain	
   Mapping	
  the	
  Milky	
  Way	
  

Map	
  the	
  rich	
  and	
  
complex	
  structure	
  
of	
  the	
  galaxy	
  in	
  	
  
unprecedented	
  
detail	
  and	
  extent	
  

Discovering	
  the	
  
transient	
  &	
  
unknown	
  on	
  	
  
?me	
  scales	
  days	
  
to	
  years	
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All	
  	
  missions	
  	
  conducted	
  in	
  parallel	
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All	
  	
  missions	
  	
  conducted	
  in	
  parallel	
  
(similar	
  to	
  a	
  general	
  purpose	
  expt	
  @	
  LHC)	
  



Summary of High Level Requirements 

Survey	
  Property	
   Performance	
  

Main	
  Survey	
  Area	
   18000	
  sq.	
  deg.	
  

Total	
  visits	
  per	
  sky	
  patch	
   825	
  

Filter	
  set	
   6	
  filters	
  (ugrizy)	
  from	
  320	
  to	
  1050nm	
  

Single	
  visit	
   2	
  x	
  15	
  second	
  exposures	
  

Single	
  Visit	
  Limi?ng	
  Magnitude	
   u	
  =	
  23.5;	
  g	
  =	
  24.8;	
  r	
  =	
  24.4;	
  I	
  =	
  23.9;	
  z	
  =	
  23.3;	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
y	
  =	
  22.1	
  

Photometric	
  calibra?on	
   	
  2%	
  absolute	
  

Median	
  delivered	
  image	
  quality	
   ~	
  0.7	
  arcsec.	
  FWHM	
  

Transient	
  processing	
  latency	
   	
  60	
  sec	
  aeer	
  last	
  visit	
  exposure	
  

Data	
  release	
   Full	
  reprocessing	
  of	
  survey	
  data	
  annually	
  



The	
  Science	
  Opportuni?es	
  are	
  summarized	
  in	
  	
  

http://www.lsst.org/lsst/scibook 
 
Written by 11 science  
collaborations 
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A living LSST document (arXiv:0805.2366); version 2.0.9 of June 4, 2011
Preprint typeset using LATEX style emulateapj v. 03/07/07

LSST: FROM SCIENCE DRIVERS TO REFERENCE DESIGN AND ANTICIPATED DATA PRODUCTS

Ž. Ivezić1, J.A. Tyson2, E. Acosta3, R. Allsman3, S.F. Anderson1, J. Andrew4, R. Angel5, T. Axelrod3, J.D.
Barr4, A.C. Becker1, J. Becla6, C. Beldica7, R.D. Blandford6, J.S. Bloom8, K. Borne9, W.N. Brandt10, M.E.
Brown11, J.S. Bullock12, D.L. Burke6, S. Chandrasekharan4, S. Chesley13, C.F. Claver4, A. Connolly1, K.H.

Cook14, A. Cooray12, K.R. Covey15, C. Cribbs7, R. Cutri16, G. Daues7, F. Delgado17, H. Ferguson18, E.
Gawiser19, J.C. Geary20, P. Gee2, M. Geha21, R.R. Gibson1, D.K. Gilmore6, W.J. Gressler4, C. Hogan22, M.E.
Huffer6, S.H. Jacoby3, B. Jain23, J.G. Jernigan24, R.L. Jones1, M. Jurić25, S.M. Kahn6, J.S. Kalirai18, J.P.

Kantor3, R. Kessler22, D. Kirkby9, L. Knox2, V.L. Krabbendam4, S. Krughoff1, S. Kulkarni26, R. Lambert17, D.
Levine16, M. Liang4, K-T. Lim6, R.H. Lupton27, P. Marshall28, S. Marshall6, M. May29, M. Miller4, D.J. Mills4,
D.G. Monet30, D.R. Neill4, M. Nordby6, P. O’Connor29, J. Oliver31, S.S. Olivier14, K. Olsen4, R.E. Owen1, J.R.
Peterson32, C.E. Petry5, F. Pierfederici18, S. Pietrowicz7, R. Pike33, P.A. Pinto5, R. Plante7, V. Radeka29, A.

Rasmussen6, S.T. Ridgway4, W. Rosing34, A. Saha4, T.L. Schalk35, R.H. Schindler6, D.P. Schneider10, G.
Schumacher17, J. Sebag4, L.G. Seppala14, I. Shipsey32, N. Silvestri1, J.A. Smith36, R.C. Smith17, M.A. Strauss27,
C.W. Stubbs31, D. Sweeney3, A. Szalay37, J.J. Thaler38, D. Vanden Berk39 L. Walkowicz8, M. Warner17, B.

Willman40, D. Wittman2, S.C. Wolff4, W.M. Wood-Vasey41, P. Yoachim1, and H. Zhan42, for the LSST
Collaboration

A living LSST document (arXiv:0805.2366); version 2.0.9 of June 4, 2011

ABSTRACT

Major advances in our understanding of the Universe frequently arise from dramatic improvements
in our ability to accurately measure astronomical quantities. Aided by rapid progress in information
technology, current sky surveys are changing the way we view and study the Universe. Next-generation
surveys will maintain this revolutionary progress. We describe here the most ambitious survey cur-
rently planned in the optical, the Large Synoptic Survey Telescope (LSST). LSST will have unique
survey capability in the faint time domain. The LSST design is driven by four main science themes:
probing dark energy and dark matter, taking an inventory of the Solar System, exploring the tran-
sient optical sky, and mapping the Milky Way. LSST will be a large, wide-field ground-based system
designed to obtain multiple images covering the sky that is visible from Cerro Pachón in Northern
Chile. The current baseline design, with an 8.4m (6.7m effective) primary mirror, a 9.6 deg2 field of
view, and a 3.2 Gigapixel camera, will allow about 10,000 square degrees of sky to be covered using
pairs of 15-second exposures twice per night every three nights on average, with typical 5σ depth
for point sources of r ∼ 24.5 (AB). The system is designed to yield high image quality as well as
superb astrometric and photometric accuracy. The total survey area will include 30,000 deg2 with
δ < +34.5◦, and will be imaged multiple times in six bands, ugrizy, covering the wavelength range
320–1050 nm. The project is scheduled to begin the regular survey operations before the end of this
decade. About 90% of the observing time will be devoted to a deep-wide-fast survey mode which
will uniformly observe a 18,000 deg2 region about 1000 times (summed over all six bands) during the
anticipated 10 years of operations, and yield a coadded map to r ∼ 27.5. These data will result in
databases including 10 billion galaxies and a similar number of stars, and will serve the majority of
the primary science programs. The remaining 10% of the observing time will be allocated to special
projects such as a Very Deep and Fast time domain survey. We illustrate how the LSST science
drivers led to these choices of system parameters, and describe the expected data products and their
characteristics. The goal is to make LSST data products available to the public and scientists around
the world – everyone will be able to view and study a high-definition color movie of the deep Universe.

Subject headings: astronomical data bases: atlases, catalogs, surveys — Solar System — stars — the
Galaxy — galaxies — cosmology

1 University of Washington, Dept. of Astronomy, Box 351580,
Seattle, WA 98195

2 Physics Department, University of California, One Shields Av-
enue, Davis, CA 95616

3 LSST Corporation, 933 N. Cherry Avenue, Tucson, AZ 85721
4 National Optical Astronomy Observatory, 950 N. Cherry Ave,

Tucson, AZ 85719
5 Steward Observatory, The University of Arizona, 933 N Cherry

Ave., Tucson, AZ 85721
6 Kavli Institute for Particle Astrophysics and Cosmology, Stan-

ford Linear Accelerator Center, Stanford University, Stanford, CA
94025

7 NCSA, University of Illinois at Urbana-Champaign, 1205 W.
Clark St., Urbana, IL 61801

8 Astronomy Department, University of California, 601 Camp-
bell Hall, Berkeley, CA 94720

9 Dept of Computational & Data Sciences, George Mason Uni-
versity, 4400 University Drive, Fairfax, VA 22030

10 Department of Astronomy and Astrophysics, The Pennsylva-
nia State University, 525 Davey Lab, University Park, PA 16802

11 Division of Geological and Planetary Sciences, California In-
stitute of Technology, Pasadena, CA 91125

12 Center for Cosmology, University of California, Irvine, CA
92697

13 Jet Propulsion Laboratory, California Institute of Technology,
Pasadena, CA 91109

14 Lawrence Livermore National Laboratory, 7000 East Avenue,
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The idea: 1996 

The need for a facility to survey the 
sky Wide, Fast and Deep, has been 
recognized for many years. 
 
1996-2000 “Dark Matter Telescope” 
Emphasized mapping dark matter 
 
2000-    “LSST” 
Emphasized a broad range of 
science from the same multi-
wavelength survey data 
 
LSST has been highly ranked by 
numerous US Astronomy and 
Particle Physics Review committees 
Including NRC Astronomy Decadal  
Survey: Astro2010 

We have been going through the 
approval process @ DOE and NSF 

NSF $473M Telescope & Data Management 
DOE $168M Camera 
Private $40M (already received) 
NSF $270M operations (10 years) 
Non-US $100M operations (10 years) 
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National Science Board of NSF authorised project construction Aug. 1 2014 
 
For NSF, funding profile consistent with LSST proposed schedule.  
Total NSF (telescope and data management) project cost of $473M.  
 
The DOE budget for the LSST Camera is also consistent with planned 
funding profile.: Estimated camera project cost  $168M.  
 
Commissioning  start 2020 
 
Science  October,  2022 
 
US will provide 270M$ for operations  
non-US partners provide 100M$ in return for data rights   

Good Timing: The Green light 

I. Shipsey  



Integrated Project Schedule with Key Milestones 

Construction start 8/14 
1st light mid-2020 
1st science October 2022 

I. Shipsey  
26 



LSST in the UK  
 A next generation wide field optical survey is well-
justified by the cartography, cinematography and 
photometry it will perform and the huge range of 
astrophysics and physics at the boundary between 
particle physics and astrophysics it will address.  

LSST is the missing piece in the UK’s future ground-
based astronomy programme 
  
Astrophysicists at 33 UK institutions have recently 
formed LSST:UK and are seeking to join LSST as a 
national consortium   

I. Shipsey  27 
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The  LSST  :  UK  Consortium

UK  Involvement  in  the
Large  Synoptic  Survey  Telescope

Presented 
to  STFC  
PPRP 
October 27  
Panel 
follow-up 
questions 
and  
site visit 
Jan 9 
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Dark Energy “the essence of space” 
Dark Matter “most of the matter”  
Together they govern the evolution &  
fate of the universe.  

Flat universe 
Ωtotal= 1.02+/-0.02 

WMAP+Planck 

LSST Science Drivers 1 The Fate of the Universe 

Their nature ranks as one of the greatest questions in the physical sciences 
I. Shipsey March 2014 
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ρ∝a-4

ρ∝a-3

ρ=const.

NOW

Equation of state: ρ∝a-3(1+w)

w= 0

w= +1/3

w= -1

radiation 

matter  

dark energy 

Evolution of the energy density  
of the universe 



 Dark Energy: An unprecedented opportunity  

Either:  
two thirds of the energy in the Universe is of unknown origin,  
Or: 
General Relativity is wrong at large scales 
 
Challenge:  determine origin of Dark Energy or disprove GR 
 
Approach: measure DE equation of state, w and its evolution, 
to the systematic limit with multiple probes 
 
 

31 I. Shipsey  
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NOW

w = -1 ?
Does DE density evolve?
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Dark energy equation of state parameters:

wa = +0.5

wa = -0.5

NOW

w(a) = w0 + wa(1-a)
now evolution 
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Cosmological
constant

Are DE observations
self-consistent within

general relativity?

New form
of energy

New theory
of gravity

YES NO

Does DE density evolve?



Studying Dark Energy is one of the ways we may bring 
one of the greatest prizes in Physics within reach:  
reconciliation of the two great edifices 

General Relativity Quantum Mechanics 
35 I. Shipsey  
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Probing Dark Energy 
•  The observable probing the properties of dark energy is the expansion 

history of the universe, and parameterized  by the Hubble parameter H(z) 
 

•  Cosmic distances are proportional to integrals of H(z)-1 over redshift. 
   
•  H(z) can be constrained by measuring  
       
 

H (z) =
a
a

 luminosity distances  
of standard candles  
(Type 1a SNe)  
      
      

angular diameter  
distances of 
 standard rulers  
baryon acoustic  
oscillations (BAO) 
 

I. Shipsey  



• measure growth of structure as  
function of redshift 
 
• Galaxy Cluster surveys & Weak  
 Lensing (WL) Surveys  
 
 

I. Shipsey  37 

Probing Dark Energy  

 luminosity distances  
of standard candles  
(Type 1a SNe)  
      
      

angular diameter  
distances of 
 standard rulers  
baryon acoustic  
oscillations (BAO) 
 

Neutrino mass from galaxy surveys 

Cosmic'Probes:''
galaxy'LSS,'SN,'lensing,'CMB,…'

Measure the expansion history of the universe 
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• Second approach: measure growth of structure as function of redshift 

• Stars, galaxies, clusters of galaxies grow by  
gravitational instability as the universe cools.   

• Acceleration: The stretching of space – shuts off  
growth by keeping galaxies apart 

•  A cosmic “clock” 
 
 
Measuring growth history, i.e. - the redshift at which structures of a given mass 
start to form is sensitive to the level of acceleration i.e. amount  of dark energy 
 
•  Galaxy Cluster surveys & Weak Lensing (WL) Surveys  
probe growth of structure as well as angular  
diameter distances  

Probing Dark Energy 

I. Shipsey  

Cosmic'Probes:''
galaxy'LSS,'SN,'lensing,'CMB,…'

Neutrino mass from galaxy surveys 



Gravitational Lensing 

  α= 4 G M / (c2 b) 

M 

b 
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Bending of star light (point-like) by the Sun  
- star appears displaced Newton 1704 
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Red galaxy on axis strongly lensed. other 
galaxies  weakly lensed: sheared images 

Weak 
Lensing  
shear 
pattern  
less obvious  
but  
detectable  
statistically 

Extended objects are sheared 

variable shape 
 bkgd galaxies 

Circular bkgd 
 galaxies what is  

observed 

Dark matter replaces the sun & distant galaxies replace the stars 
 
Strong lensing  requires alignment, rare, readily visible 
Weak lensing, does not require alignment, common, detectable only statistically 

I. Shipsey  
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Cosmic Shear 
•  Cosmic Shear is the 

systematic and correlated 
distortion of the 
appearance of 
background galaxies due 
to weak gravitational 
lensing by the clustering 
of dark matter in the 
intervening universe.  

•  A given galaxy image is 
both displaced and 
sheared. 

•  The effect is detectable 
only statistically.  The 
shearing of neighboring 
galaxies is correlated, 
because their light follows 
similar paths on the way 
to earth. 

 

•  Massively exaggerated 

Ty
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n 
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2 

Cosmic shear:  ~ 0.01 
e.g. circular galaxy → ellipse with a/b ~ 1.01 

I. Shipsey  
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1st Detections of Cosmic Shear  (2000-2003) 

Log ellipticity 
correlation 

10                      100 

No dark energy 
Means more structure 
& more shear 

Whitman 2000 
145,000 galaxies 
~1 degree 

Ω(DE) =0.67 

The simplest measure  of cosmic shear is the  
2-pt correlation function of the ellipticities 
measured with respect to  
angular scale. 

< e(r) • e(r +θ ) >

arcminutesθ
More recent surveys 
CFHT (2006) 
1.6 million galaxies 
~20 sq degree 

I. Shipsey  

SDSS  (2011) 
4.7million galaxies 
~275 sq degree 

 Universe at ½ 
critical density 
 
Green dash  
galaxies 
are x2 closer   

More recent surveys 
CFHTLens (2013) 
4.2 million galaxies 
~154 sq degree 



Lensing tomography 

Galaxies at z2  will experience more shear than z1 

z1 
z2 

 lensing mass 
(intervening dark matter) 

As statistics grow measurement of comic shear as a function of  redshift 
becomes possible 

Earth 

44 

CFHTLenS: Tomographic weak lensing 11

tion ij and each statistic (+/�). We then define a free parameter
↵ij
± which allows the overall amplitude of the model to vary, but

keeps the angular dependence fixed. The best-fitting amplitude ↵ij
±

is then found from a �2 minimization of ↵ij
±⇠ij

fid

(✓) to the shear
correlation functions measured at 5 angular scales in each ij bin
and each statistic. A best-fitting value of ↵ij

± = 1 implies the data
in bin ij are well-fit by a WMAP7 GG-only cosmology. Following
Schrabback et al. (2010), each bin is then assigned a single value
of ↵ij

ˆ⇠ij
fid

(✓ = 1

0
) which can be interpreted as the amplitude of

the two-point shear correlation function measured in bin ij at an
angular scale of ✓ = 1 arcmin.

To compress the information in the redshift bin combination,
we calculate the lensing efficiency function qi(w) (equation 7) for
each redshift bin i, and then determine the peak redshift z

peak

of
the combined lensing sensitivity qi(w)qj(w) for each redshift bin
ij combination. This peak redshift locates the epoch that is the
most efficient at lensing the two galaxy samples in the redshift
bin combination ij, but we note that these distributions are very
broad, particularly for the redshift bins with a significant fraction
of catastrophic outliers in the photometric redshift distribution (see
Figure 1).

Figure 3 shows the resulting compressed 21 data points for
each statistic, ⇠

+

(circles) and ⇠� (crosses), plotting ↵ij
ˆ⇠ij
fid

(✓ =

1

0
) against z

peak

. This can be compared to the fiducial cosmology
prediction (shown dotted, by setting ↵ = 1). Note that the rela-
tively high fraction of catastrophic redshift outliers in the lowest
redshift bin impacts on the expected signal measured from redshift
bin combinations that include this bin. The expected increase in
signal, as z

peak

increases, is therefore not smooth. This can be seen
in the theoretical curve in Figure 3 which displays a slight kink at
z
peak

= 0.22. To recover ↵ij from this figure, one simply divides
the value of each data point by the value of the fiducial model,
shown dotted, at that z

peak

. Consistent values for ↵ij are measured
from both the ⇠

+

and ⇠� statistic. We find a signal that rises as
the peak redshift of the lensing efficiency function increases; the
more large scale structure the light from our background galaxies
propagates through, the stronger the lensing effect. In general, the
data are well-fit by the WMAP7 GG-only fiducial model, but we
do see an indication of an excess signal at low redshifts where,
for a fixed angular scale, the smaller physical scales probed are
more likely to be contaminated by the intrinsic galaxy alignment
signal. This is however also the regime where the analysis is most
affected by catastrophic outliers in our photometric redshift distri-
bution. Based on the cross-correlation analysis of Benjamin et al.
(2013) we expect these errors to be accounted for by our use of
photometric redshift distributions P (z). In Heymans et al. (2012),
we also show that the catalogues used in this analysis present no
significant redshift-dependent systematic bias when tested with a
cosmology-insensitive galaxy-galaxy lensing analysis. This gives
us confidence in the robustness of our results at all redshifts. We
note that in order to make this visualization of the data, the differ-
ent redshift bin combinations and the ⇠

+

and ⇠� statistics are con-
sidered to be uncorrelated. The plotted 1� errors on ↵ are therefore
underestimated but we re-iterate at this point that this data com-
pression is purely for visualization purposes and it is not used in
any of the cosmological parameter constraints that follow.

Figure 3. Compressed CFHTLenS tomographic data where each point rep-
resents a different tomographic bin combination ij as indicated by z

peak

,
the peak redshift of the lensing efficiency for that bin combination. The
best-fitting amplitude ↵ij of the data relative to a fixed fiducial GG-only
cosmology model is shown, multiplied by the fiducial model at ✓ = 1
arcmin for ⇠

+

(circles) and ⇠� (crosses, offset along the z
peak

axis for
clarity). The error bars show the 1� constraints on the fit. The data can be
compared to the fiducial GG-only model, shown dotted. Note that the colour
of the points follow the same colour-scheme as Figure 1, and indicates the
lower redshift bin that is used for each point.

4.2 Comparison of parameter constraints from weak lensing
in a flat ⇤CDM cosmology

The measurement of cosmological weak lensing alone is most sen-
sitive to the overall amplitude of the matter power spectrum. This
depends on a degenerate combination of the clustering amplitude
�
8

and the matter density parameter ⌦
m

, and it is therefore in this
parameter space that we choose to compare the constraints we find
from weak lensing alone using different analysis techniques. We
limit this comparison to flat ⇤CDM cosmologies. Figure 4 com-
pares three cases. In blue we show the 68 per cent Bayesian confi-
dence limits from a 2D weak lensing analysis of CFHTLenS, lim-
ited to the same angular scales as our tomography analysis with
✓ < 35 arcmin. This can be compared to the 68 per cent con-
straints from our 6-bin ⇠± tomographic lensing measurement when
intrinsic alignments are assumed to be zero (pale blue) and when
the amplitude of the intrinsic alignment model is allowed to be a
free parameter and is marginalised over (pink). All three measure-
ments are consistent and can be compared to the best-fit WMAP7
results shown as a black cross for reference.

Table 2 lists the parameter constraints, for the three cases
shown in Figure 4, on the combination �

8

(⌦

m

/0.27)↵. The param-
eter ↵ is derived from a fit to the likelihood surface to determine the
direction that is orthogonal to the �

8

� ⌦

m

degeneracy direction.
These results can be compared to the 2D CFHTLenS constraints
from Kilbinger et al. (2013), where large angular scales were in-
cluded in the analysis, and a 2-bin tomography analysis from Ben-
jamin et al. (2013), limited to the same angular scales considered in
this analysis. We find excellent agreement between the cosmolog-
ical results from the different analyses, indicating that ignoring in-
trinsic alignment contamination in Kilbinger et al. (2013) and Ben-
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LSST and Cosmic Shear 

 
•  Same 2-pt correlation function 

•  Fourier transform  power 
spectrum as a function of  

     multi-pole moment (similar to  
CMB temperature maps). 

 
•  The growth in the shear power 

spectrum with the red shift of  
     the background galaxies is 

provides the constraints  
     on dark energy. 
 

20°              2°              10’              1’ LSST  
4 billion galaxies 
18,000 sq. degrees 

The SDSS Coadd: Cosmic Shear 13

Fig. 14.— Estimates of the EE (left) and BB (right) power spectra for the SDSS Stripe 82 data with |e1|, |e2| < 1.4. The top panels show
the case with σz < 0.15, and the middle panels show the case with σz < 0.2. The bottom panels show the case with no σz cut. The first
two cases have quite high shape noise contributions. To decrease the number of degrees of freedom, we derive band powers while fixing the
shape noise to be the measured rms fluctuations in shear: σ2

γ = 0.262 and 0.275, respectively. The solid lines show the best-fit cosmologies
for these two cases. The red dotted lines show the level of the shape noise contribution to the error on the band power. As a comparison,
the bottom panels for the no σz cut case show the band power derived while the shape noise is allowed to vary. While the EE band power
is derived with a higher significance, the uncertainty in the redshift distribution of the source galaxies make this case difficult to interpret.

SDSS  (2011) 
4.7E6 galaxies 
~275 sq degree 
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Baryon Acoustic Oscillations 
•  Prior to the formation of atoms baryons 

are tightly coupled to the radiation in the 
universe. 

•  An overdensity perturbation gives rise 
to an acoustic wave in this tightly 
coupled fluid, which propagates 
outward at the sound speed,           . 

•  After recombination, the matter and 
radiation decouple.  The sound speed 
drops to zero, and the propagating 
acoustic wave stops. 

•  This gives rise to a characteristic scale 
in the universe:  150 Mpc the distance 
the sound waves have traveled at the 
time of recombination.   These acoustic waves are 

visible as the peaks in the CMB 
power spectrum. 
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Baryon Acoustic Oscillations 
•  Following recombination, gravitational instability causes  the 

birth of stars and galaxies.  

•  Gravitational coupling between  dark matter and  baryons creates 
an imprint of the acoustic oscillations in the galaxy distribution. 

•  This persists as the universe expands, although it gets weaker 
with time.  

I. Shipsey  

Baryon Acoustic Oscillations

rs ~150 Mpc

movies @ http://darkmatter.ps.uci.edu/baoviz/

1.6°
at z=2
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Baryon Acoustic Oscillations 
Baryon Acoustic Oscillations

rs ~150 Mpc

movies @ http://darkmatter.ps.uci.edu/baoviz/

1.6°
at z=2

0.5°
moon

Baryon Acoustic Oscillations

rs ~150 Mpc
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Same physics as CMB (Z~1100) 
but at a time when Dark 
Energy is becoming important (z<3) 
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Baryon Acoustic Oscillations SDSS 

1st observation 
SDSS 
Eisenstein 
et al (2005) 
40,000 galaxies 
0.16<z<0.47 

I. Shipsey  



SDSS-II 

BOSS 

D=2.1 
Gpc 

153 Mpc 

θ 

Θ= 

D=1.4 Gpc 

Measure angle θ, trigonometry to get distance  
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12/7/12 

153 
Mpc 

θ ≈
153 Mpc

D

1st observation 
SDSS Eisenstein 
et al (2005) 
40,000 galaxies 
0.16<z<0.47 

BOSS (2013) 
1 million galaxies 
8,500 deg^2  13 Gpc3  
 largest survey to date 
z=0.32 & z=0.57 

Galaxy angular separation        
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9 COSMOLOGICAL PARAMETERS

9.1 Data Sets and Methodology

We next consider the cosmological implications of our distance
scale measurements. From BOSS, we consider several different
measurements. First, we have the DV (0.57) measurement from
CMASS galaxy clustering in each of DR9, DR10, and DR11. Sec-
ond, we have the DV (0.32) measurement from LOWZ clustering
in DR10 and DR11. Finally, we have the DA(0.57) and H(0.57)
joint measurement from CMASS in DR11. In all cases, we use the
post-reconstruction consensus values. When not stated, we refer to
the DR11 measurement. We adopt the CMASS anisotropic values
as our best cosmological data set, labeling this as “CMASS”, but
also show results for the isotropic fit, labeling this as “CMASS-
iso”.

At points, we combine our CMASS and LOWZ measurements
with two other BAO detections at different redshifts: the measure-
ment of DV at z = 0.10 from the 6dFGS (Beutler et al. 2011) and
the measurement of DA and H at z = 2.3 in the Lyman ↵ forest in
BOSS (Busca et al., 2013; Slosar et al. 2013; Kirkby et al. 2013).
These will be labeled as “6dF” and “Ly↵F”, and the union the BAO
data sets will be labelled in plots as “BAO.”

As discussed in the previous section, our BOSS galaxy BAO
measurements are consistent with those from the WiggleZ survey
(Blake et al. 2011) at z = 0.6 and with earlier SDSS-II LRG analy-
ses (Percival et al. 2010; Padmanabhan et al. 2012; Xu et al. 2012a;
Mehta et al. 2012). We do not include these in our data compila-
tions because of the overlap in survey volume and redshift.

The anisotropies of the cosmic microwave background are
an important part of our BAO analysis. We consider three differ-
ent CMB data sets. The first is the Planck temperature anisotropy
data set, excluding lensing information from the 4-point correla-
tions in the CMB (Planck Collaboration 2013a), supplemented by
Wilkinson Microwave Anisotropy Probe (WMAP) 9-year polariza-
tion data (Bennett et al. 2013) to control the optical depth to last
scattering. This is the so-called “Planck+WP” data set in Planck
Collaboration (2013b); we will abbreviate it as “Planck”. This is
our primary CMB data set.

Our second CMB data set is the WMAP 9-year temperature
and polarization data set (Bennett et al. 2013). We abbreviate this
as “WMAP”. We also consider a third option, in which we com-
bine WMAP 9-year data with the temperature power spectra from
the finer scale and deeper data from the South Pole Telescope (SPT;
Story et al. 2013) and Atacama Cosmology Telescope (ACT; Das
et al. 2013). We abbreviate this as “WMAP+SPT/ACT” or more
briefly as “eWMAP”. The likelihood code used is the publicly
available ACTLITE (Dunkley et al. 2013; Calabrese et al., 2013).

As has been widely discussed (e.g., Planck Collaboration
2013b), the cosmological fits to these CMB data sets mildly dis-
agree. This issue can be easily characterized by comparing the fit-
ted ranges for ⌦mh2 in the vanilla flat ⇤CDM model. The values
range from ⌦mh2

= 0.1427 ± 0.0024 for Planck (Planck Col-
laboration 2013b), to 0.1371 ± 0.0044 for WMAP, and then to
0.1353± 0.0035 for WMAP+SPT/ACT. Note these numbers shift
slightly from others in the literature because, following the Planck
collaboration, we include a total of 0.06 eV in neutrino masses in all
our chains. The 5 per cent shift in ⌦mh2 is 2� between the central
values of Planck and WMAP+SPT/ACT and hence can produce no-
ticeable variations in parameters when combining our BAO results
with those from the CMB.

We include cosmological distance measurements from Type
Ia supernovae by using the “Union 2” compilation by the Super-

Figure 21. The distance-redshift relation from the BAO method on galaxy
surveys. This plot shows DV (z)(rs,fid/rd) versus z from the DR11
CMASS and LOWZ consensus values from this paper, along with those
from the acoustic peak detection from the 6dFGS (Beutler et al. 2011) and
WiggleZ survey (Blake et al. 2011). The grey region shows the 1� predic-
tion for DV (z) from the Planck 2013 results, assuming flat ⇤CDM and
using the Planck data without lensing combined with smaller-scale CMB
observations and WMAP polarization (Planck Collaboration 2013b). One
can see the superb agreement in these cosmological measurements.

nova Cosmology Project from Suzuki et al. (2012). Supernova data
are an important complement to our BAO data because they offer a
precise measurement of the relative distance scale at low redshifts.
We refer to this data set as “SN”. However, we note that the re-
cent recalibration of the SDSS-II and Supernova Legacy Survey
photometric zeropoints (Betoule et al. 2013) will imply a minor
adjustment, not yet available, to the SNe distance constraints.

We use CosmoMC (Lewis & Bridle 2002) Markov Chain
Monte Carlo sampler to map the posterior distributions of these
parameters. In most cases, we opt to compute chains using the
CMASS DR9 data and then reweight those chains by the ratio of
the DR10 or DR11 BAO likelihood to the CMASS DR9 likelihood.
For each choice of cosmological model, CMB data set, and inclu-
sion of SNe, we ran a new chain. Using these chains, the variations
over choices of the BAO results could be produced quickly. This
approach is feasible because the new BAO distance measurements
are well contained within the allowed regions of the DR9 CMASS
measurements.

We explore a variety of cosmological models, starting from
the minimal ⇤CDM model. We considered dark energy models
of constant w and varying w = w

0

+ (1 � a)wa, which we no-
tate as “wCDM” and “w

0

waCDM”, respectively. In each case,
we consider variations in spatial curvature, labeled as “oCDM”,
“owCDM”, and “ow

0

waCDM”. Following Planck Collaboration
(2013b), we assume a minimal-mass normal hierarchy approxi-
mated as a single massive eigenstate with m⌫ = 0.06 eV. This
is consistent with recent oscillation data (Forero, Tórtola, & Valle
2012). We note this since even in this minimal neutrino mass case,
the contribution to the expansion history is becoming noticeable in
cosmological analyses.

9.2 Comparison of BAO and CMB Distance Scales in ⇤CDM

Results from the BAO method have improved substantially in the
last decade and we have now achieved measurements at a wide
range of redshifts. In Fig. 21 we plot the distance-redshift rela-

c� 2014 RAS, MNRAS 000, 2–38

 
•  How the length scale evolves with redshift is sensitive to the 

expansion history of the universe and therefore to dark energy 
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Baryon Acoustic Oscillations and LSST 

Simulations of LSST measured galaxy power spectrum 
divided by a featureless reference power spectrum, 

shifted vertically for clarity 

LSST  
3 billion galaxies 

Large  
scales 

Small  
scales 

BOSS (2013) 
1 million galaxies 

Compilation of data this time as a power 
spectrum 

Small  
scales 

Large  
scales 
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SDSS-II 

BOSS 

D=2.1 
Gpc 

153 Mpc 

θ 

Θ= 

D=1.4 Gpc 
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3. Supernovae 
•  Roughly 103 supernovae have been discovered to date 

•  LSST will find > 107 over its ten-year duration, spanning a broad 
redshift range, with precise, uniform calibration. 

•  This will revolutionize the field, allowing large samples for studies of 
systematic effects and additional parametric dependences. 

•  ~ 105 SNe Ia will be found in the “deep drilling fields” with well-
measured lightcurves in all six colors.  This will be an excellent sample 
for precision cosmology.  

•  The large sample size will also allow for the first time to conduct SN Ia 
cosmology experiments as a function of direction in the sky, providing 
stringent tests of the fundamental cosmological assumptions of 
homogeneity and isotropy.  

I. Shipsey  

HST image of type Ia SN in NGC 4526 
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Current constraints on Dark Energy 
from multiple techniques 

Ellipses 95%  CL 
For ΛCDM 

0 1a
zw w w
z

⎛ ⎞= + ⎜ ⎟+⎝ ⎠
now evolution 

/w P ρ=

I. Shipsey  

Planck 
arXiv:1303.5076v2 
December, 2013 
 
Combined: 
SN + BAO + CMB 
 
 
 
 
 

Planck Collaboration: Cosmological parameters
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Fig. 35. 2D marginalized posterior distribution for w0 and wa
for Planck+WP+BAO data. The contours are 68% and 95%,
and the samples are colour-coded according to the value of H0.
Independent flat priors of �3 < w0 < �0.3 and �2 < wa < 2
are assumed. Dashed grey lines show the cosmological constant
solution w0 = �1 and wa = 0.

evolution of w(a) can lead to distinctive imprints in the CMB
(Caldwell et al. 1998) which would show up in the Planck data.

Figure 35 shows contours of the joint posterior distribution in
the w0–wa plane using Planck+WP+BAO data (colour-coded ac-
cording to the value of H0). The points are coloured by the value
of H0, which shows a clear variation with w0 and wa reveal-
ing the three-dimensional nature of the geometric degeneracy in
such models. The cosmological constant point (w0,wa) = (�1, 0)
lies within the 68% contour and the marginalized posteriors for
w0 and wa are

w0 = �1.04+0.72
�0.69 (95%; Planck+WP+BAO), (94a)

wa < 1.32 (95%; Planck+WP+BAO). (94b)

Including the H0 measurement in place of the BAO data moves
(w0,wa) away from the cosmological constant solution towards
negative wa at just under the 2� level.

Figure 36 shows likelihood contours for (w0,wa), now
adding SNe data to Planck. As discussed in detail in Sect. 5,
there is a dependence of the base ⇤CDM parameters on the
choice of SNe data set, and this is reflected in Fig. 36. The re-
sults from the Planck+WP+Union2.1 data combination are in
better agreement with a cosmological constant than those from
the Planck+WP+SNLS combination. For the latter data combi-
nation, the cosmological constant solution lies on the 2� bound-
ary of the (w0,wa) distribution.

Dynamical dark energy models might also give a non-
negligible contribution to the energy density of the Universe
at early times. Such early dark energy (EDE; Wetterich 2004)
models may be very close to ⇤CDM recently, but have a non-
zero dark energy density fraction, ⌦e, at early times. Such mod-
els complement the (w0,wa) analysis by investigating how much
dark energy can be present at high redshifts. EDE has two main
e↵ects: it reduces structure growth in the period after last scat-
tering; and it changes the position and height of the peaks in the
CMB spectrum.

�2.0 �1.6 �1.2 �0.8 �0.4
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�0.8
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0.8
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w
a

Planck+WP+BAO

Planck+WP+Union2.1

Planck+WP+SNLS

Fig. 36. 2D marginalized posterior distributions for w0 and
wa, for the data combinations Planck+WP+BAO (grey),
Planck+WP+Union2.1 (red) and Planck+WP+SNLS (blue).
The contours are 68% and 95%, and dashed grey lines show the
cosmological constant solution.

The model we adopt here is that of Doran & Robbers (2006):

⌦de(a) =
⌦0

de �⌦e(1 � a�3w0 )
⌦0

de +⌦
0
ma3w0

+⌦e(1 � a�3w0 ) . (95)

It requires two additional parameters to those of the base⇤CDM
model: ⌦e, the dark energy density relative to the critical den-
sity at early times (assumed constant in this treatment); and the
present-day dark energy equation of state parameter w0. Here⌦0

m
is the present matter density and⌦0

de = 1�⌦0
m is the present dark

energy abundance (for a flat Universe). Note that the model of
Eq. (95) has dark energy present over a large range of redshifts;
the bounds on ⌦e can be substantially weaker if dark energy is
only present over a limited range of redshifts (Pettorino et al.
2013). The presence or absence of dark energy at the epoch of
last scattering is the dominant e↵ect on the CMB anisotropies
and hence the constraints are insensitive to the addition of low
redshift supplementary data such as BAO.

The most precise bounds on EDE arise from the analysis
of CMB anisotropies (Doran et al. 2001; Caldwell et al. 2003;
Calabrese et al. 2011; Reichardt et al. 2012; Sievers et al.
2013; Hou et al. 2012; Pettorino et al. 2013). Using
Planck+WP+highL, we find

⌦e < 0.009 (95%; Planck+WP+highL). (96)

(The limit for Planck+WP is very similar: ⌦e < 0.010.) These
bounds are consistent with and improve the recent ones of
Hou et al. (2012), who give ⌦e < 0.013 at 95% CL, and
Sievers et al. (2013), who find ⌦e < 0.025 at 95% CL.

In summary, the results on dynamical dark energy (except for
those on early dark energy discussed above) are dependent on
exactly what supplementary data are used in conjunction with
the CMB data. (Planck lensing does not significantly improve
the constraints on the models discussed here.) Using the direct
measurement of H0, or the SNLS SNe sample, together with
Planck we see preferences for dynamical dark energy at about
the 2� level reflecting the tensions between these data sets and
Planck in the⇤CDM model. In contrast, the BAO measurements
together with Planck give tight constraints which are consistent
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Predicted LSST Constraints on Dark Energy 
from multiple techniques 

H. Zhan, 2006 

Ellipses 95%  CL 
For ΛCDM 

for ΛCDM 

0 1a
zw w w
z

⎛ ⎞= + ⎜ ⎟+⎝ ⎠
now evolution 

/w P ρ=

I. Shipsey  
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H. Zhan, 2006 

Ellipses 95%  CL 
For ΛCDM 

for ΛCDM 

I. Shipsey  

WL: weak lensing 
BAO: Baryon Acoustic Oscillations 
SNe:Supernovae 
 
 
 

Planck Collaboration: Cosmological parameters
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Fig. 35. 2D marginalized posterior distribution for w0 and wa
for Planck+WP+BAO data. The contours are 68% and 95%,
and the samples are colour-coded according to the value of H0.
Independent flat priors of �3 < w0 < �0.3 and �2 < wa < 2
are assumed. Dashed grey lines show the cosmological constant
solution w0 = �1 and wa = 0.

evolution of w(a) can lead to distinctive imprints in the CMB
(Caldwell et al. 1998) which would show up in the Planck data.

Figure 35 shows contours of the joint posterior distribution in
the w0–wa plane using Planck+WP+BAO data (colour-coded ac-
cording to the value of H0). The points are coloured by the value
of H0, which shows a clear variation with w0 and wa reveal-
ing the three-dimensional nature of the geometric degeneracy in
such models. The cosmological constant point (w0,wa) = (�1, 0)
lies within the 68% contour and the marginalized posteriors for
w0 and wa are

w0 = �1.04+0.72
�0.69 (95%; Planck+WP+BAO), (94a)

wa < 1.32 (95%; Planck+WP+BAO). (94b)

Including the H0 measurement in place of the BAO data moves
(w0,wa) away from the cosmological constant solution towards
negative wa at just under the 2� level.

Figure 36 shows likelihood contours for (w0,wa), now
adding SNe data to Planck. As discussed in detail in Sect. 5,
there is a dependence of the base ⇤CDM parameters on the
choice of SNe data set, and this is reflected in Fig. 36. The re-
sults from the Planck+WP+Union2.1 data combination are in
better agreement with a cosmological constant than those from
the Planck+WP+SNLS combination. For the latter data combi-
nation, the cosmological constant solution lies on the 2� bound-
ary of the (w0,wa) distribution.

Dynamical dark energy models might also give a non-
negligible contribution to the energy density of the Universe
at early times. Such early dark energy (EDE; Wetterich 2004)
models may be very close to ⇤CDM recently, but have a non-
zero dark energy density fraction, ⌦e, at early times. Such mod-
els complement the (w0,wa) analysis by investigating how much
dark energy can be present at high redshifts. EDE has two main
e↵ects: it reduces structure growth in the period after last scat-
tering; and it changes the position and height of the peaks in the
CMB spectrum.
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Fig. 36. 2D marginalized posterior distributions for w0 and
wa, for the data combinations Planck+WP+BAO (grey),
Planck+WP+Union2.1 (red) and Planck+WP+SNLS (blue).
The contours are 68% and 95%, and dashed grey lines show the
cosmological constant solution.

The model we adopt here is that of Doran & Robbers (2006):

⌦de(a) =
⌦0

de �⌦e(1 � a�3w0 )
⌦0

de +⌦
0
ma3w0

+⌦e(1 � a�3w0 ) . (95)

It requires two additional parameters to those of the base⇤CDM
model: ⌦e, the dark energy density relative to the critical den-
sity at early times (assumed constant in this treatment); and the
present-day dark energy equation of state parameter w0. Here⌦0

m
is the present matter density and⌦0

de = 1�⌦0
m is the present dark

energy abundance (for a flat Universe). Note that the model of
Eq. (95) has dark energy present over a large range of redshifts;
the bounds on ⌦e can be substantially weaker if dark energy is
only present over a limited range of redshifts (Pettorino et al.
2013). The presence or absence of dark energy at the epoch of
last scattering is the dominant e↵ect on the CMB anisotropies
and hence the constraints are insensitive to the addition of low
redshift supplementary data such as BAO.

The most precise bounds on EDE arise from the analysis
of CMB anisotropies (Doran et al. 2001; Caldwell et al. 2003;
Calabrese et al. 2011; Reichardt et al. 2012; Sievers et al.
2013; Hou et al. 2012; Pettorino et al. 2013). Using
Planck+WP+highL, we find

⌦e < 0.009 (95%; Planck+WP+highL). (96)

(The limit for Planck+WP is very similar: ⌦e < 0.010.) These
bounds are consistent with and improve the recent ones of
Hou et al. (2012), who give ⌦e < 0.013 at 95% CL, and
Sievers et al. (2013), who find ⌦e < 0.025 at 95% CL.

In summary, the results on dynamical dark energy (except for
those on early dark energy discussed above) are dependent on
exactly what supplementary data are used in conjunction with
the CMB data. (Planck lensing does not significantly improve
the constraints on the models discussed here.) Using the direct
measurement of H0, or the SNLS SNe sample, together with
Planck we see preferences for dynamical dark energy at about
the 2� level reflecting the tensions between these data sets and
Planck in the⇤CDM model. In contrast, the BAO measurements
together with Planck give tight constraints which are consistent
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Science Driver 2:  Mapping the Milky Way 

An SDSS image of the Cygnus Region 

With LSST: 
About 200 images, each 2 mag deeper  
The co-added images will be 5 mag. deeper 
Precise proper motion & parallax measurements  
will be available for r<24 (4 magnitudes deeper  
than the Gaia survey)  

I. Shipsey  
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Stellar Populations 

•  LSST will individually resolve and detect billions of stars in the 
Milky Way and neighboring Local Group galaxies,  

•  Studies of field stars and stellar associations can address a 
multitude of astrophysical issues associated with star 
formation and evolution, the assembly of the MW galaxy, and 
the origin of the chemical elements. 

•  Key techniques for these investigations include: 
–  Construction of color magnitude diagrams 
–  Trigonometric parallaxes to establish absolute distances 
–  Stellar proper motions to separate associations from background 

stars and from one another 
–  Using RR Lyrae and other variables as “standard candles” 
–  Using eclipsing binaries to measure stellar masses 
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The standard  model of cosmology 
predicts that the Milky Way  
should have accreted and destroyed  
hundreds of small dwarf galaxies  
in the past 10 Gyr. The residue survives  
as structure  (star over-densities) 
in the outer halo.  
Image: Star density stellar halo simulations 
 

RR Lyrae stars are luminous 
enough and copious enough 
to map the outer galaxy 
 
Overdensities found in  
SDSS star count studies   
to 100 kpc   
 
LSST RR Lyrae to 400 kpc,  
extending SDSS mapping  
volume by a factor of 50.  
 
An important  test of the  
small-scale accretion  
history of the Galaxy  
and a test of  standard  
Model of cosmology 

Example: structure of outer milky way 

I. Shipsey  Bullock and Johnston (2005) 

~10%   
of  
inner  
circle 
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Science Driver 3 Inventory of 
the Solar System 

Example: Near Earth Objects 
•  Inventory of solar system is incomplete 
    Estimate 17,000 undetected 
 
•  LSST would determine  orbits of nearly all 

NEOs larger than 150m 
 
•  Demanding project: requires mapping the 

sky down to 24th magnitude every few days, 
individual exposures not to exceed 15 sec 

   
I. Shipsey  



The Sky is Falling 
•  Meteroids/Fireballs that are golf-ball sized and up 

–  Each day, ~ 100 tons of rock burns up in our 
atmosphere. 

 

" This  fireball 
witnessed by 
thousands of people 
on October 9, 1992 
in… guess where? 
–  streaked across sky 

at 50,000 km/h 
–  1st meteor ever 

filmed and then 
recovered 

 
 

I. Shipsey  65 
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 are  Killer Meteorites? 

67 I. Shipsey  
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Potentially Hazardous Asteroids 
 
            4000  estimated 
             
                  600 charted 

Tunguska 
(1908) 
40 m asteroid 

I. Shipsey  



Recent Close Calls 

" March 18, 2004 

–  100 m asteroid came within 43,000 km of Earth 
–  discovered 1 day in advance 

" Similar events happen roughly every 2 years 

–  500 m diameter asteroid flew by in July 2006 within 430,000 
km of Earth 

 69 I. Shipsey  

October 27 2014 2014 UF56 0.4  x lunar distance    
June 3 2014   2014 LY21  0.02  x lunar distance 
Feb 8  2015  2013 CL 4.3 x lunar distance 
http://neo.jpl.nasa.gov/ca/ 

Many near misses are discovered only  
after the object has missed Earth. 
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Percentage of Potentally Hazardous Asteroids Found
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George E. Brown, Jr. NEO Survey Act  
(Public Law No. 109-155)  
NASA should find 90% of 140m  
or larger NEOs. Requires large 
telescope, with large field of view  
searching entire sky frequently 
è LSST well matched to the task 

I. Shipsey  
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Understanding the formation and  
evolution of the Solar System 

•  LSST will detect and determine orbits for millions of small bodies in the Solar System. 

•  Classes include: 
–  Near Earth Asteroids (NEAs), and their subclass, Potentially Hazardous Asteroids (PHAs), 

whose orbits can potentially impact the Earth. 
–  Main Belt Asteroids (MBAs), lying between the orbits of Mars and Jupiter. 
–  Trojans, which are asteroids in 1:1 mean motion resonance with a planet. 
–  Trans-Neptunian Objects (TNOs), and their subclass, Classical Kuiper Belt Objects (cKBOs).  

These occupy a large area of stable orbital space. 
–  Jupiter-Family Comets (JFCs), whose orbits are strongly perturbed by Jupiter. 
–  Long Period Comets (LPCs), which originate in the Oort Cloud at 10,000 AU. 
–  Halley Family Comets (HFCs), which also come from the Oort Cloud, but have shorter 

periods. 
–  Damoclids, a group of asteroids with similar dynamical properties to the HFCs.  

•  Understanding the origin and behavior of these various systems is crucial for 
modelling the formation and evolution of the Solar System. 

I. Shipsey  
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Science Driver 4: Transients & variable objects 

Optical  
flashes 

Becker, A.C., et al. 2004, Astrophysical Journal, 611, 418 

(t=0) (t’>t=0) Difference 

Optical  
flashes 

Deep Lens Survey 

I. Shipsey  
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Science	
  Driver	
  4:	
  Transients	
  and	
  Variable	
  Objects	
  

Recent surveys have shown the power of measuring variability for studying gravitational 
lensing, searching for supernovae, determining the physical properties of gamma-ray 
burst sources, probing the structure of active galactic nuclei, studying variable stars, and 
many other subjects at the forefront of astrophysics .  

I. Shipsey  

Wide-area, dense temporal coverage to deep limiting magnitudes enables the discovery 
and analysis of rare and exotic objects such as neutron star and black hole binaries, 
novae and stellar flares, gamma-ray bursts and X-ray flashes, active galactic nuclei 
(AGNs), stellar disruptions by black holes, and possibly new classes of transients, such 
as binary mergers of black holes  

LSST: ~10 million cosmic explosions over most of the observable Universe, extending  
the volume of the parameter space for discovery by  x1,000   reaching  unprecedented 
sensitivity. A movie of the universe 
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 Massively Parallel Astrophysics 
 

–   Dark matter/dark energy via weak lensing 
–   Dark energy via baryon acoustic oscillations  
–   Dark energy via supernovae 
–   Galactic Structure encompassing local group 
–   Dense astrometry over 18000 sq.deg:  rare moving objects 
–   Gamma Ray Bursts and transients to high redshift 
–   Gravitational micro-lensing 
–   Strong galaxy & cluster lensing: physics of dark matter 
–   Multi-image lensed SN time delays: separate test of cosmology 
–   Variable stars/galaxies: black hole accretion 
–   Optical bursters to 25 mag: the unknown 
–   5-band 27 mag photometric survey: unprecedented volume 
–   Solar System Probes: Earth-crossing asteroids, Comets, TNOs 
–   Planetary transits 

I. Shipsey  

All science programs conducted in parallel 



LSST  
Optical  
Design 

75 
I. Shipsey  
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LSST Optical Design 
•  f/1.23  Very short focal length gives wide field of view for 

given image size 
•  3.5 ° FOV over a 64 cm focal plane,  Etendue = 319 m2deg2 

•  < 0.20 arcsec FWHM images in six filter bands: 0.3 – 1 µm  
  

I. Shipsey  



Cross section through telescope and camera  

LSST Ver 3.3_Baseline_Design.zmx
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Stewart Observatory Mirror  
Lab Tucson, AZ  

The primary/tertiary mirror is a long lead time item… 

High Fire, March 29 2008 
1165ºC (2125ºF).  Then anneal & cool  
gradually  to room temp.   
 
Mirror has been ground, 
and polished 
 
Completion :2015 

2 September 2008 

I. Shipsey  
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2013 

I. Shipsey  
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Secondary Mirror Substrate 
ready for optical polishing 

March 2008 
Sept 2008 



I.	
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M2 final polishing  started 
October 2014 



LSST Will be Sited in Central Chile 

LSST 
Base Facility 

50 km paved highway 

AURA 
property 
(Totoral) 
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LSST is 
located in  
a NSF 
compound 
near SOAR 
& Gemini  

I. Shipsey  
85 



Cerro Pachón, as 
seen from Tololo, 	


April 9, 2011	


(During first ever 
LSST Board 
meeting in Chile)  	
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Site	
  and	
  observatory	
  

After ~4,000 kg of explosives and ~12,500 
m3  of rock removal, Stage I of the El 
Peñón summit leveling is completed. 

I. Shipsey  
87 

facility designed to minimalize 
atmospheric turbulence  
in the vicinity of the dome 
Formal “laying of the 1st stone”  
for the observatory April 14, 2015 
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LSST Observing Cadence Set by 
Science  Goals 

Pairs of 15 second exposures (to 24.5 mag) per visit to a given 
position in the sky. 

Visit the same position again within the hour with another pair 
of exposures. 

Number of 9.6 sq.deg field-of-view visits per night: 900 

 

Detection of transients announced worldwide within  
60 seconds. 
Expect 1-2 million alerts per night! 

I. Shipsey  



Telescope System Designed to Slew and 
Settle within 5 seconds 
•  The high curvature mirrors allow a short, light, stiff , stable 

and agile telescope employing an alt-azimuth mount 
•  Points to new positions in the sky every 39 seconds 

•  Tracks during exposures and slews 3.5° to adjacent  
      fields in ~ 4 seconds  

–  Moving Structure 350 tons (60 tons optical  

      systems). 
–  Pier design structured to  
      maximize stiffness. 

  
FEA model is loaded 

structure on bearings, pier, 
and summit rock 

Telescope model with system 
design details included 
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Optical Quality at the LSST site 

SDSS Apache Point NM, 1.3 arc sec seeing 
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What a telescope sees in Chile , 
very close to the LSST site  
0.67 arcsec seeing 

 x2 better seeing x5 fainter per image 
 
(1,000 images at each sky location 
will be obtained over 10 years, the 
Coaddition is x75 fainter than SDSS) 

Optical Quality at the LSST site 
These two images are of 
the same patch of sky 

SDSS Apache Point NM, 1.3 arc sec seeing 



….and	
  for	
  a	
  single	
  galaxy	
  

redshift 

Gawiser et al 
MUSYC is x4 mag shallower than LSST 

I. Shipsey  92 



….and	
  for	
  a	
  single	
  galaxy	
  

redshift 

Gawiser et al 

MUSYC is x25  fainter than SDSS but still x 
X3 less faint than LSST 

These two images are of 
the same galaxy 

I. Shipsey  93 
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Filter 

L1 Lens 

Utility Trunk—
houses support 
electronics and 
utilities 

Cryostat—contains focal 
plane & its electronics 

Focal plane 
Behind L3 Lens 

L2 Lens 

L3 Lens 

Camera ¾ Section 

1.65 m 
(5’-5”) 

Camera on 
Telescope 
top end 
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Transmission- atmosphere,  telescope, & detector QE 

à Photometric determination of galaxy redshifts 

LSST’s Six Optical Filter Bands 
Determine color and redshift 

I. Shipsey  
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Photometric Redshifts 
•  Galaxies have distinct spectra, 

with characteristic features at 
known rest wavelengths. 

•  Accurate redshifts can be obtained 
by taking spectra of each galaxy.  
But this is impractical for the 
billions of galaxies in LSST cosmic 
shear and BAO studies. 

•  Instead, the colors of the galaxies 
are obtained from the images 
themselves.  This requires 
accurate calibration of both the 
photometry and of the intrinsic 
galaxy spectra as a function of 
redshift.  

I. Shipsey  



21 “rafts” 
 
9 CCDs per raft 
 
 

I. Shipsey  97 

LSST prototype sensors meet  
project requirements.  
 

1st article  sensor procurement under 
way with two vendors e2v and ITL 
  
Sensor delivery rate is the critical  
path pacing item for the LSST  
camera.  

•  Every 15 sec exposure, 2 sec readout, repeat 
•  5 second slew to new sky location 
•  Nightly data generation rate: 15 Tbytes 
•  SDSS Data Release 7  was 16TB 



21 “rafts” 
 
9 CCDs per raft 
 
 

I. Shipsey  98 



Science Raft Comprises 9 CCDs and associated 
electronics. 

Raft Tower Module (RTM) 

Raft Sensor Assembly (RSA) 

T = -100C 

T = -40C 

Individual sensor includes mechanical mount and flex cable 
Each raft is a standalone 144 Mpix camera 
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Quantum Efficiency 

Vendor  Data t=100 µm         

LSST  
spec. 

LSST (BNL) DATA 

Focal Plane Sensors Quantum Efficiency   

I. Shipsey  



The LSST sensors  have been tested on-the sky 

*also known as Calypso  
at Kitt Peak 

101 I. Shipsey  

 

 

Two telescope test campaigns have also been carried out using single pre-prototype sensors and conventional readout 
electronics. A variety of astronomical targets were observed. Figure 5 shows an RGB image of the nearby galaxy NGC 
891 obtained with these devices. 

 
Figure 5. NGC 891, VRI composite image, obtained with a prototype LSST sensor. 

4. RAFT TOWERS 
The functions of the science raft tower are to provide: 

� precise mechanical location and support for the CCD array; 

� front end electronic support functions to control and read out the CCDs; 

� thermal management of the CCDs and front end electronics. 

Mechanical requirements are extremely stringent and include locating the CCD imaging surfaces to within a 6.5 µm 
flatness envelope with gaps of 0.25 mm between adjacent CCDs. As a result of the fine segmentation of the CCDs, the 
science raft tower has to implement all electronic functions of a 144-channel CCD controller in a volume contained 
within the footprint of the raft. Although low-power ASICs are used, their total power dissipation is significant and must 
be removed from the cryostat through adequate thermal paths. Finally, the imaging surfaces of the CCDs must be 
protected from contamination by condensable materials in the electronics enclosures. 

Figure 6 illustrates the components of the science raft tower (SRT). The SRT is the modular building block of the 
camera focal plane and consists of three major assemblies: 

� The raft-sensor assembly (RSA) is a 3 x 3 mosaic of science CCDs in precision packages mounted on a silicon 
carbide baseplate. The RSA also includes temperature sensors, make-up heaters, and flexible electrical and 
thermal connections. 

� The front end cage (FEC) houses circuit boards with custom video processing and clock/bias buffering 
electronics and contains copper planes providing the thermal path for cooling the CCDs and electronics. 

� The raft control crate (RCC) contains electronics for video digitizing, clock sequencing, bias generation, 
temperature sensing, and interfacing to the control and data acquisition systems. 

The SRT is an autonomous, fully testable and serviceable camera capable of acquiring 144-Mpixel images in 2 seconds. 
It occupies a volume of about 13 x 13 x 28 cm3 and dissipates over 25 W of power during readout. 

All components of the SRT are contained within the camera cryostat vacuum space. The RSA and FEC are maintained at 
an operating temperature of around -100�C. This temperature is chosen as a compromise between sensor dark current 

!"#$%&#'&(!)*&+#,%&--./&&--./012/

Downloaded from SPIE Digital Library on 23 Jan 2012 to 128.211.160.42. Terms of Use:  http://spiedl.org/terms

Vendor 2  buttable package 

Vendor 1 4K x 4K device in test 
Dewar 



Sensors meet Requirements, Procurement is Under Way  
LSST prototype sensors meet project requirements.  
 

1st article  sensor procurement is now under way with two vendors e2v and ITL 
  
Sensor delivery rate is the critical path pacing item for the LSST camera.  
 
 

prototype, vendor 1 

prototype, vendor 2 

compliance matrix 

Sensors meet Requirements, Procurement is Under Way  
We have shown that we have LSST prototype sensors that meet project requirements.  
 

The LSST sensors passed Final Design Review (FDR) in May 2013, second across this 
finish line after the primary mirror.  
 
Sensor procurement is now under way, as these are long lead items.  
 
Sensor delivery rate is the critical path pacing item for the LSST camera.  
 
 prototype, vendor 1 

prototype, vendor 2 

compliance matrix 

•  Every 15 sec exposure, 2 sec readout, repeat 
•  5 second slew to new sky location 
•  Nightly data generation rate: 15 Tbytes 
•  SDSS Data Release 7  was 16TB 
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Archive Site 
Archive Center 

Alert Production 
Data Release Production 

Calibration Products Production 
EPO Infrastructure 

 Long-term Storage (copy 2) 
Data Access Center 

Data Access and User Services 

HQ Site 
Science Operations 
Observatory Management 
Education and Public Outreach 

Summit and Base 
Sites 

Telescope and Camera 
Data Acquisition 

Crosstalk Correction 
Long-term storage (copy 1) 
Chilean Data Access Center 

Dedicated Long Haul 
Networks 

 
Two redundant 40 Gbit links from La 

Serena to Champaign, IL (existing fiber) 

LSST	
  Operations	
  Sites	
  and	
  Data	
  Flows	
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Data volumes & rates are unprecedented 
in astronomy 

0
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15000

20000

GB

Raw Catalog

Estimated Nightly Data Volume

LSST Pan-STARRS 4 SDSS

I. Shipsey  
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A petascale 
supercomputing system 
at the LSST Archive (at 
NCSA) will process the 

raw data, generating 
reduced image products, 

time-domain alerts, and 
catalogs.  

Data Access Centers in the U.S. 
and Chile will provide end-user 
analysis capabilities and serve 

the data products to LSST users. 



¡  Images	
  
¡  A	
  stream	
  of	
  ~10	
  million	
  time-­‐domain	
  events	
  per	
  night,	
  detected	
  and	
  

transmitted	
  to	
  event	
  distribution	
  networks	
  within	
  60	
  seconds	
  of	
  
observation.	
  

¡  A	
  catalog	
  of	
  orbits	
  for	
  ~6	
  million	
  bodies	
  in	
  the	
  Solar	
  System.	
  

	
  
¡  A	
  catalog	
  of	
  ~40	
  billion	
  objects	
  (20B	
  galaxies,	
  20B	
  stars),	
  produced	
  

annually,	
  accessible	
  through	
  online	
  databases.	
  
¡  Deep	
  co-­‐added	
  images.	
  

¡  Services	
  and	
  computing	
  resources	
  at	
  the	
  Data	
  Access	
  Centers	
  to	
  enable	
  
user-­‐specified	
  custom	
  processing	
  and	
  analysis.	
  

¡  Software	
  and	
  Applications	
  Programming	
  Interfaces	
  enabling	
  
development	
  of	
  analysis	
  codes.	
  

Level 3 
Level1 1 
N

ightly  
Level 2 
A

nnual 
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Adaptive Optics and Active Optics 

Active Optics ( LSST) 
 
* Measure perturbed wavefront  to correct 
   distortions in telescope and camera optics 
* BUT Long-exposure sampling of wavefront  
   to average atmospheric turbulence  
* Telescope optical surfaces are adjustable between exposures to  
   correct for distortions but remain static during each exposure 

I. Shipsey  

iE Ae φ=

iE Ae φ−=

Adaptive Optics (Rapid 50-300Hz) 
Limited to a small field of view   
(LSST has a big field of view) 
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Engineering mode: 
•  Uses the science sensors in camera as wavefront sensors 
•  Used with laser tracker to build look-up tables 

5/6/13 Bo Xin    Wavefront Sensing Status 3 

 
4 split sensors 
provide  
wavefront 
information 

Purdue/NOAO 
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Wavefront Sensing Corner Rafts of LSST Camera 

Focal plane2d

40 mm

Sci CCD

CCD Curvature Sensor 

Purdue/NOAO 
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Figure 3. Corner Raft/Tower steady-state thermal and structural analysis results.

Figure 4. Purdue corner raft test station.

in the Corner Raft Towers, minimizing the risk of early failures and the need for disassembly during subsequent
camera integration and commissioning. Sensors and electronic sub-assemblies are modular and self-contained,
allowing them to be installed, removed, and serviced with minimal disturbance of neighboring components.

Examples of finite element thermal and structural analysis results by Purdue of a simplified Corner Raft/Tower
model (with heat, spring, and gravity loads and a fixed �130�C temperature at the cryoplate) are shown in Fig-
ure 3. Future engineering studies will include thermal and structural FEA of detailed models and transient
loads.

Preliminary design and engineering studies are complete and the emphasis in 2011 has been to prepare
documentation for the NSF Preliminary Design and DOE CD-1 Reviews, and to construct a full-scale physical
model using rapid prototype and mechanical components. Development of wavefront sensor packaging, interface
control documents, the assembly process and tooling using prototypes, and final design and analysis are the
primary engineering tasks in 2012-2013.

2.2 CORNER RAFT SENSOR TESTING

We have built a sensor test facility. The purpose of Corner Raft sensor tests is to ensure that both wavefront and
guider sensors meet LSST corner raft sensor requirements under operating conditions. Since the baseline for both
wavefront and guide sensors is CCDs, the characterization tests of sensors are common, while the functionality
tests for guiding and wavefront sensing are separate.

The Purdue Corner Raft test station is shown in Figure 4. The test station apparatus includes a cryostat
Dewar (liquid nitrogen cooling + vacuum system including turbo and ion pumps), CCD controllers, x-ray source

4

Corner Raft mechanical & 
thermal design work 

•  Design for accurate and stable 
mount for sensors and 
electronics in the Camera 

•  Assembly sequence & 
insertion tooling 

•  Mechanical & Thermal analysis 
(FEA & prototype tests)  

•  risk & cost analysis 
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Wavefront Reconstruction  and Sensor Evaluation Station 
at Purdue 
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Figure 9. (Top) ZEMAX and mechanical modeling of the optical wavefront test bench at Purdue. (Center) The actual
laboratory setup. (Bottom) Preliminary test results when the input aberration is 2µm RMS of astigmatism-x.
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laboratory setup. (Bottom) Preliminary test results when the input aberration is 2µm RMS of astigmatism-x.
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3.3 Image Simulator

Figure 3.6: A schematic of the key steps leading to the production of a simulated image. First, a cosmological
simulation is used to produce a three-dimensional dark matter map of a limited region of sky (upper left). This
is then decorated with galaxies, which, along with a set of stars generated from an associated Milky Way model,
are collected into a catalog of objects in the field (upper middle). This catalog is sampled to generate Monte Carlo
photons in angle and color, which are propagated through a set of turbulent atmospheric screens (upper right) that
move as a function of time according to input wind velocity vectors. Photons are then reflected and refracted through
the mirrors and lenses of the LSST optics with an assumed set of displacements and distortions (lower right), and
propagated into the detector (lower middle) where they convert to photoelectrons detected in a pixel. Background
sky counts are added to produce the final simulated image of a single 15-second exposure at the lower left.

profiles, including high-frequency spatial structure such as H II regions and spiral arms, can be
simulated using FITS images as input into the Image Simulator. The use of more detailed galaxy
morphological profiles in the Image Simulator will allow LSST to study how galaxy morphology
varies with environment and redshift.

Currently, stars are included in the Image Simulator with full SEDs, spatial velocities, and po-
sitions. The SEDs for stars are derived from Kurucz models. The model used to generate main
sequence stars is based on work done by Mario Jurić and collaborators. The model includes
user-specified amounts of thick-disk, thin-disk, and halo stars. Each version of a catalog contains
metadata on metallicity, temperature, luminosity-type, and surface gravity, allowing the user to
search for correlations between observed LSST photometry and physical information about stars
using the simulated data. The catalog will be updated to include dwarf and giant stars.

After the photons are selected from the astronomical source list, they are propagated through the
atmosphere and are refracted due to atmospheric turbulence. The model of the atmosphere is
constructed by generating roughly half a dozen atmospheric screens as illustrated in Figure 3.6.
These model screens incorporate density fluctuations following a Kolmogorov spectrum, truncated
both at an outer scale (typically known to be between 20 m and 200 m) and at an inner scale
(representing the viscous limit). In practice the inner scale does not a�ect the results. The
screens are moved during the exposure according to wind velocity vectors, but, consistent with the
well-established “frozen-screen approximation,” the nature of the turbulence is assumed to stay
approximately fixed during the relatively short time it takes for a turbulent cell to pass over the
aperture. With these screens, we start the photons at the top of the atmosphere and then alter
their trajectory according to the refractions of the screen at each layer. The part of the screen

61
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These model screens incorporate density fluctuations following a Kolmogorov spectrum, truncated
both at an outer scale (typically known to be between 20 m and 200 m) and at an inner scale
(representing the viscous limit). In practice the inner scale does not a�ect the results. The
screens are moved during the exposure according to wind velocity vectors, but, consistent with the
well-established “frozen-screen approximation,” the nature of the turbulence is assumed to stay
approximately fixed during the relatively short time it takes for a turbulent cell to pass over the
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https://dl.dropboxusercontent.com/u/24655052/movie_peterson.mpeg 
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LSST operations simulator 

LSST Operations are determined by 
a special simulation program 
including real weather data, seeing,  
twilight, sky background (lunar), 
time to slew, overall survey 
coverage + and depth already 
achieved  è ranking algorithm for 
next observation  
(constantly updated)  results in the 
visits per patch of sky (color coded 
at right) for each of the six filters 
for 10 year survey at right  

Figure :  Visits numbers per field for the 10 year simulated survey 

120 
I. Shipsey  



121	
  

H. Zhan, 2006 

Ellipses 95%  CL 
For ΛCDM 

for ΛCDM 

WL: weak lensing 
BAO: Baryon Acoustic Oscillations 
SNe:Supernovae 
 
 
 

Planck Collaboration: Cosmological parameters
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Fig. 35. 2D marginalized posterior distribution for w0 and wa
for Planck+WP+BAO data. The contours are 68% and 95%,
and the samples are colour-coded according to the value of H0.
Independent flat priors of �3 < w0 < �0.3 and �2 < wa < 2
are assumed. Dashed grey lines show the cosmological constant
solution w0 = �1 and wa = 0.

evolution of w(a) can lead to distinctive imprints in the CMB
(Caldwell et al. 1998) which would show up in the Planck data.

Figure 35 shows contours of the joint posterior distribution in
the w0–wa plane using Planck+WP+BAO data (colour-coded ac-
cording to the value of H0). The points are coloured by the value
of H0, which shows a clear variation with w0 and wa reveal-
ing the three-dimensional nature of the geometric degeneracy in
such models. The cosmological constant point (w0,wa) = (�1, 0)
lies within the 68% contour and the marginalized posteriors for
w0 and wa are

w0 = �1.04+0.72
�0.69 (95%; Planck+WP+BAO), (94a)

wa < 1.32 (95%; Planck+WP+BAO). (94b)

Including the H0 measurement in place of the BAO data moves
(w0,wa) away from the cosmological constant solution towards
negative wa at just under the 2� level.

Figure 36 shows likelihood contours for (w0,wa), now
adding SNe data to Planck. As discussed in detail in Sect. 5,
there is a dependence of the base ⇤CDM parameters on the
choice of SNe data set, and this is reflected in Fig. 36. The re-
sults from the Planck+WP+Union2.1 data combination are in
better agreement with a cosmological constant than those from
the Planck+WP+SNLS combination. For the latter data combi-
nation, the cosmological constant solution lies on the 2� bound-
ary of the (w0,wa) distribution.

Dynamical dark energy models might also give a non-
negligible contribution to the energy density of the Universe
at early times. Such early dark energy (EDE; Wetterich 2004)
models may be very close to ⇤CDM recently, but have a non-
zero dark energy density fraction, ⌦e, at early times. Such mod-
els complement the (w0,wa) analysis by investigating how much
dark energy can be present at high redshifts. EDE has two main
e↵ects: it reduces structure growth in the period after last scat-
tering; and it changes the position and height of the peaks in the
CMB spectrum.
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Fig. 36. 2D marginalized posterior distributions for w0 and
wa, for the data combinations Planck+WP+BAO (grey),
Planck+WP+Union2.1 (red) and Planck+WP+SNLS (blue).
The contours are 68% and 95%, and dashed grey lines show the
cosmological constant solution.

The model we adopt here is that of Doran & Robbers (2006):

⌦de(a) =
⌦0

de �⌦e(1 � a�3w0 )
⌦0

de +⌦
0
ma3w0

+⌦e(1 � a�3w0 ) . (95)

It requires two additional parameters to those of the base⇤CDM
model: ⌦e, the dark energy density relative to the critical den-
sity at early times (assumed constant in this treatment); and the
present-day dark energy equation of state parameter w0. Here⌦0

m
is the present matter density and⌦0

de = 1�⌦0
m is the present dark

energy abundance (for a flat Universe). Note that the model of
Eq. (95) has dark energy present over a large range of redshifts;
the bounds on ⌦e can be substantially weaker if dark energy is
only present over a limited range of redshifts (Pettorino et al.
2013). The presence or absence of dark energy at the epoch of
last scattering is the dominant e↵ect on the CMB anisotropies
and hence the constraints are insensitive to the addition of low
redshift supplementary data such as BAO.

The most precise bounds on EDE arise from the analysis
of CMB anisotropies (Doran et al. 2001; Caldwell et al. 2003;
Calabrese et al. 2011; Reichardt et al. 2012; Sievers et al.
2013; Hou et al. 2012; Pettorino et al. 2013). Using
Planck+WP+highL, we find

⌦e < 0.009 (95%; Planck+WP+highL). (96)

(The limit for Planck+WP is very similar: ⌦e < 0.010.) These
bounds are consistent with and improve the recent ones of
Hou et al. (2012), who give ⌦e < 0.013 at 95% CL, and
Sievers et al. (2013), who find ⌦e < 0.025 at 95% CL.

In summary, the results on dynamical dark energy (except for
those on early dark energy discussed above) are dependent on
exactly what supplementary data are used in conjunction with
the CMB data. (Planck lensing does not significantly improve
the constraints on the models discussed here.) Using the direct
measurement of H0, or the SNLS SNe sample, together with
Planck we see preferences for dynamical dark energy at about
the 2� level reflecting the tensions between these data sets and
Planck in the⇤CDM model. In contrast, the BAO measurements
together with Planck give tight constraints which are consistent
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Stage IV
Stage III

The dark energy facilities roadmap

2014 2016 2018 2020 2022 2024 2026 2028 2030 2032

BOSS

Dark Energy Survey
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Hyper-Suprime

D.E. Spectro. Instr.

EUCLID

Large Synoptic Survey Telescope

WFIRST-AFTA

eBOSS

Prime Focus Spectro.

spectroscopy

imaging

High degree of complementary between missions 



Stage IV
Stage III

New physics!
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LSST	
  Outreach	
  Data	
  will	
  be	
  used	
  in	
  classrooms,	
  
science	
  museums,	
  and	
  online	
  

Classroom Emphasis 
on: 

 
•  Data-enabled research 

experiences 

•  Citizen Science  

•  College classes 

•  Collaboration through 
Social Networking 

124 
I. Shipsey  
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LSST Education & Public Outreach 

LSST will discover 10  billion new 
galaxies– enough for everyone   

 
•  LSST is Telescope for Everyone 

A school child in South Africa, Chile, 
or Birmingham can discover an island universe 

I. Shipsey  



	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  LSST	
  CD-­‐1	
  Review	
  •	
  SLAC,	
  Menlo	
  Park,	
  CA	
  •	
  November	
  1	
  -­‐	
  3,	
  2011 	
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  LSST	
  Ins=tu=ons	
  	
  

	
  -­‐	
  The	
  University	
  of	
  Arizona 	
  	
  
	
  -­‐	
  University	
  of	
  Washington	
  
	
  -­‐	
  Na?onal	
  Op?cal	
  Astronomy	
  Observatory	
  
	
  -­‐	
  Research	
  Corpora?on	
  for	
  Science	
  
	
  Advancement	
  

	
  -­‐	
  Adler	
  Planetarium	
  
-­‐	
  Brookhaven	
  Na?onal	
  Laboratory	
  (BNL)	
  	
  
-­‐	
  California	
  Ins?tute	
  of	
  Technology	
  
-­‐	
  Carnegie	
  Mellon	
  University	
  
-­‐	
  Chile	
  
-­‐	
  Cornell	
  University	
  
-­‐	
  Drexel	
  University	
  
-­‐	
  Fermi	
  Na?onal	
  Accelerator	
  Laboratory	
  	
  
-­‐	
  George	
  Mason	
  University	
  
-­‐	
  Google,	
  Inc.	
  
-­‐	
  Harvard-­‐Smithsonian	
  Center	
  for	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  Astrophysics	
  
-­‐	
  Ins?tut	
  de	
  Physique	
  Nucléaire	
  et	
  de	
  	
  
	
  Physique	
  des	
  Par?cules	
  (IN2P3)	
  
-­‐	
  Johns	
  Hopkins	
  University	
  
-­‐	
  Kavli	
  Ins?tute	
  for	
  Par?cle	
  Astrophysics	
  
	
  and	
   	
  Cosmology	
  (KIPAC)	
  -­‐	
  Stanford	
  
	
  University	
  
-­‐	
  Las	
  Cumbres	
  Observatory	
  Global	
  
	
  Telescope	
  	
  Network,	
  Inc.	
  

	
  -­‐	
  Lawrence	
  Livermore	
  Na?onal	
  Laboratory	
  
	
  (LLNL)	
  
-­‐	
  Los	
  Alamos	
  Na?onal	
  Laboratory	
  (LANL)	
  
-­‐	
  Northwestern	
  University	
  

	
  	
  	
  	
  	
  	
  	
  -­‐	
  Princeton	
  University	
  
-­‐	
  Purdue	
  University	
  
-­‐	
  Rutgers	
  University	
  
-­‐	
  SLAC	
  Na?onal	
  Accelerator	
  Laboratory	
  
-­‐	
  Space	
  Telescope	
  Science	
  Ins?tute	
  
-­‐	
  Texas	
  A	
  &	
  M	
  University	
  
-­‐	
  The	
  Pennsylvania	
  State	
  University	
  
-­‐	
  University	
  of	
  California	
  at	
  Davis	
  
-­‐	
  University	
  of	
  California	
  at	
  Irvine	
  
-­‐	
  University	
  of	
  Illinois	
  at	
  Urbana-­‐	
  	
  
	
  Champaign	
  
-­‐	
  University	
  of	
  Michigan	
  
-­‐	
  University	
  of	
  Oxford	
  

	
  	
  	
  	
  	
  	
  	
  -­‐	
  	
  University	
  of	
  Pennsylvania	
  
-­‐	
  University	
  of	
  Pifsburgh	
  
-­‐	
  Vanderbilt	
  University	
  
	
  …LSST is growing other UK groups are in the process of joining 

as are many others from around the globe 



@LSST  @mjuric 



Part of the LSST Collaboration  8/2012  

 
 

I. Shipsey  
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A partnership of particle physicists, 
astrophysicists & computer scientists   



129 

Summary 

•  The Project Team is ready for a construction start in July 2014 
to build the system to survey, store, process and serve the data 
starting in 2022 

•  The LSST science opportunities are extremely rich - ranging 
from studies of the smallest objects in the solar system to the 
structure and dynamics of the Universe as a whole. 

•  Most of the requisite investigations can be performed using 
data from a single coherent survey program.  This is 
“massively parallel survey astrophysics” in its purest form. 

•  The analyses will be complex and will require significant 
attention to detailed systematics uncertainties.  There are many 
opportunities for scientists to become involved now in helping 
us to optimize the anticipated science that will come from this 
marvelous facility. I. Shipsey  
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¡  The	
  Project	
  Team	
  began	
  construction	
  in	
  August	
  2014.	
  We	
  are	
  building	
  the	
  
system	
  to	
  survey,	
  store,	
  process	
  and	
  serve	
  the	
  data	
  starting	
  in	
  2022.	
  

¡  The	
  LSST	
  science	
  opportunities	
  are	
  extremely	
  rich	
  -­‐	
  ranging	
  from	
  studies	
  
of	
  the	
  smallest	
  objects	
  in	
  the	
  solar	
  system	
  to	
  the	
  structure	
  and	
  dynamics	
  
of	
  the	
  Universe	
  as	
  a	
  whole.	
  

¡  Most	
  of	
  the	
  requisite	
  investigations	
  can	
  be	
  performed	
  using	
  data	
  from	
  a	
  
single	
  coherent	
  survey	
  program.	
  	
  This	
  is	
  “massively	
  parallel	
  survey	
  
astrophysics”	
  in	
  its	
  purest	
  form.	
  

¡  The	
  analyses	
  will	
  be	
  complex	
  and	
  will	
  require	
  significant	
  attention	
  to	
  
detailed	
  systematics	
  uncertainties.	
  	
  There	
  are	
  many	
  opportunities	
  for	
  
astronomers,	
  particle	
  physicists	
  and	
  computer	
  scientists	
  	
  to	
  become	
  
involved	
  now	
  in	
  helping	
  us	
  to	
  optimize	
  the	
  anticipated	
  science	
  that	
  will	
  
come	
  from	
  this	
  marvelous	
  facility.	
  

I. Shipsey  


