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Higgs	
  boson	
  and	
  EWSB	
  
q  mH	
  natural	
  or	
  fine-­‐tuned	
  ?	
  
	
  à	
  if	
  natural:	
  what	
  new	
  physics/symmetry?	
  
q  does	
  it	
  regularize	
  the	
  divergent	
  VLVL	
  cross-­‐secEon	
  
	
  	
  	
  	
  	
  	
  at	
  high	
  M(VLVL)	
  ?	
  Or	
  is	
  there	
  a	
  new	
  dynamics	
  ?	
  
q  elementary	
  or	
  composite	
  Higgs	
  ?	
  
q  is	
  it	
  alone	
  or	
  are	
  there	
  other	
  Higgs	
  bosons	
  ?	
  
q  origin	
  of	
  couplings	
  to	
  fermions	
  	
  	
  
q  coupling	
  to	
  dark	
  maKer	
  ?	
  	
  
q  does	
  it	
  violate	
  CP	
  ?	
  
q  cosmological	
  EW	
  phase	
  transiEon	
  	
  

Neutrinos:	
  
q  ν	
  masses	
  and	
  and	
  their	
  origin	
  
q  what	
  is	
  the	
  role	
  of	
  H(125)	
  ?	
  	
  	
  
q  Majorana	
  or	
  Dirac	
  ?	
  
q  CP	
  violaEon	
  	
  
q  addiEonal	
  species	
  à	
  sterile	
  ν	
  ?	
  

Dark	
  maKer:	
  
q  composiEon:	
  WIMP,	
  sterile	
  neutrinos,	
  	
  
	
  	
  	
  	
  	
  axions,	
  other	
  hidden	
  sector	
  parEcles,	
  ..	
  
q  one	
  type	
  or	
  more	
  ?	
  	
  
q  only	
  gravitaEonal	
  or	
  other	
  interacEons	
  ?	
  

The	
  two	
  epochs	
  of	
  Universe’s	
  accelerated	
  expansion:	
  
q  primordial:	
  is	
  inflaEon	
  correct	
  ?	
  	
  
	
  	
  	
  	
  	
  which	
  (scalar)	
  fields?	
  role	
  of	
  quantum	
  gravity?	
  	
  	
  
q  today:	
  dark	
  energy	
  (why	
  is	
  Λ	
  so	
  small?)	
  or	
  
	
  	
  	
  	
  	
  is	
  GR	
  wrong	
  on	
  large	
  scales?	
  

Quarks	
  and	
  leptons:	
  
q  why	
  3	
  families	
  ?	
  
q  masses	
  and	
  mixing	
  
q  CP	
  violaEon	
  in	
  the	
  lepton	
  sector	
  
q  maKer	
  and	
  anEmaKer	
  asymmetry	
  
q  baryon	
  and	
  charged	
  lepton	
  	
  
	
  	
  	
  	
  	
  number	
  violaEon	
  	
  

Outstanding	
  	
  quesEons	
  in	
  parEcle	
  physics	
  	
  circa	
  2014	
  

Physics	
  at	
  the	
  highest	
  E-­‐scales:	
  
q  how	
  is	
  gravity	
  connected	
  with	
  the	
  other	
  forces	
  ?	
  
q  do	
  forces	
  unify	
  at	
  high	
  energy	
  ?	
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LSST in Context: 
Progress in Optical Astronomy 

•  Bigger Telescopes:  Keck to E-ELT 
 
•  Angular resolution: Hubble to JWST 
 
•  All Sky Survey: SDSS to LSST 
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LSST	
  in	
  a	
  nutshell	
   Synoptic = 
Big Picture LSST:	
  8	
  meter,	
  wide-­‐field	
  ground-­‐based	
  

telescope	
  providing	
  Eme-­‐lapse	
  digital	
  imaging	
  
of	
  faint	
  astronomical	
  objects	
  across	
  the	
  enEre	
  
visible	
  sky	
  every	
  few	
  nights	
  for	
  10	
  years	
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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  

LSST 

Keck Telescope 
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Wide  
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Comparison of LSST To Keck 
Primary mirror  
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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 

I. Shipsey  
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Image sizes LSST, Moon, HST 
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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 
(Survey power for a telescope is akin to instantaneous 
luminosity for an accelerator) 

I. Shipsey  
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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 

WIDE FAST DEEP  

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

I. Shipsey  15 

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 37 billion objects in space and time 
 30 trillion measurements 



LSST	
  4	
  Science	
  Missions	
  	
  

MulEple	
  invesEgaEons	
  
into	
  	
  the	
  nature	
  of	
  the	
  
dominant	
  components	
  
of	
  the	
  universe	
  

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

Find	
  90%	
  of	
  
hazardous	
  NEOs	
  

down	
  to	
  140	
  m	
  	
  over	
  
10	
  yrs	
  &	
  test	
  theories	
  

of	
  solar	
  system	
  
formaEon	
  

“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	
  	
  
Eme	
  scales	
  days	
  
to	
  years	
  

All	
  	
  missions	
  	
  conducted	
  in	
  parallel	
  
(similar	
  to	
  a	
  general	
  purpose	
  expt	
  @	
  LHC)	
  16	
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The	
  Science	
  OpportuniEes	
  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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• measure growth of structure as  
function of redshift 
 
• Galaxy Cluster surveys & Weak  
 Lensing (WL) Surveys  
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Probing Dark Energy with LSST 
 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,…'
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Weak Lensing & Cosmic Shear 
•  Weak lensing: the 

distortion of the 
appearance of 
background galaxies due 
to the clustering of dark 
matter in the intervening 
universe.  

•  A given galaxy image is  
sheared. 

•   The shearing of 
neighbouring galaxies is 
correlated, because their 
light follows similar paths 
on the way to earth. This 
is cosmic shear 

•  The effect is detectable 
only statistically 

 

•  Massively exaggerated 

Ty
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2 

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

I. Shipsey  



 
•  Simplest  measure of cosmic 

shear is the 2-pt correlation 
function measured with respect 
to angular scale. 

•  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  

provides the constraints on dark 
energy. 
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LSST and Cosmic Shear 
20°              2°              10’              1’ 

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

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 

LSST  
4 billion galaxies 
18,000 sq. degrees 
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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

w0

�1.6

�0.8

0.0

0.8

1.6

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 
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H. Zhan, 2006 

Ellipses 95%  CL 
For ΛCDM 

for ΛCDM 
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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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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 6 filters u g r z i y : 0.3 – 1 µm  
  

I. Shipsey  



Unique Monolithic M1 / M3 mirror 
polishing nearly complete -  June 2014 
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February 2014 

Secondary Mirror Substrate 
ready for optical polishing 

March 2008 
Sept 2008 



LSST Will be Located in Central Chile 
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LSST is 
located in 
an NSF 
compound 
near SOAR 
& Gemini  
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  LSST	
  DESC	
  MeeEng,	
  Philadelphia,	
  PA,	
  June	
  17-­‐19,	
  2014 	
  30	
  

Telescope	
  and	
  Site	
  System	
  has	
  Major	
  Focus	
  on	
  
Infrastructure:	
  ready	
  to	
  begin	
  construc=on	
  in	
  September	
  

1,380m2 Service and  
Maintenance Facility 

Control Room 

Camera Clean Room 

1.2-m Atmospheric Telescope 

30-m Dome 

350-ton Telescope 

Base Facility 
     Operations Support 
     Data Access Center 

The	
  Site	
  today	
  –	
  ready	
  for	
  construcEon	
  



3.2 Gigapixel Camera 

L3 and Filter Preliminary Design Preparation Review – June 19-20 2014 31 

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 



21 “rafts” 
 
9 CCDs per raft 
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  3  Gpix  
multiport CCDs 
 
Record image in 
15 seconds 
 
Readout image 
In 2 seconds 
 
 
 



	
  LSST	
  DESC	
  MeeEng,	
  Philadelphia,	
  PA,	
  June	
  17-­‐19,	
  2014 	
  33	
  

Sensor	
  Status:	
  	
  Procurements	
  now	
  issued	
  

•  Sensor	
  prototypes	
  from	
  2	
  vendors	
  meet	
  specifica=ons	
  
•  LSST	
  team	
  has	
  tested	
  to	
  confirm	
  performance.	
  
•  Successful	
  DOE	
  review	
  (CD-­‐3a)	
  held	
  May	
  6-­‐8,	
  2014,	
  

approval	
  followed	
  mid-­‐june.	
  
•  Sensor	
  Procurements	
  now	
  issued.	
  

–  Includes	
  first	
  ar=cles	
  
–  Op=ons	
  for	
  first	
  lots	
  

•  Every 15 sec:  6GB 
•  Nightly data generation rate: 15 TBytes 
•  Yearly data generation rate: 6.8 Pbytes 
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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) 
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Ultimate LSST Deliverable: 
Reduced Data Products 

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. 



DM Team has Designed and Prototyped Critical 
Algorithms and Technologies at Scale 

Petascale Database Design 
•  Conducted parallel database tests up to 300 

nodes, 100 TB of data, 100% of scale for 
operations year 1 

Petascale Computing 
Design 
•  Executed in parallel on up to 10k cores 

(TeraGrid/XSEDE and NCSA Blue Waters 
hardware) with scalable results 

 

Algorithm Design 
•  Approximately 60% of the software 

functional capability has been prototyped 
•  Have released three terabyte-scale 

datasets, including single frame 
measurements, point source and galaxy 
photometry 

•  Pre-cursors leveraged 
•  Pan-STARRS, SDSS, HSC 

Gigascale Network Design 
•  Currently testing at up to 1 Gbps 
•  Agreements in principle are in hand with key 

infrastructure providers (NCSA, FIU/
AmPath, REUNA, IN2P3) 
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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
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Image Simulation: Implementing a simulated sky 
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New physics!
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  LSST	
  CD-­‐1	
  Review	
  •	
  SLAC,	
  Menlo	
  Park,	
  CA	
  •	
  November	
  1	
  -­‐	
  3,	
  2011 	
  41	
  

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 

41	
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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 Didcot can discover an island universe 

I. Shipsey  
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LSST is a private/public interagency project 
NSF: Telescope/DM/EPO  DOE: Camera  
Private: Mirrors. Site prep. early sensor studies 
 
Conception 1996, in current form since 2001 
 
National Science Board approved the project at their meeting on May 6, the 
construction start I in July. 
 
For NSF, expect to receive the full amount requested for construction in 
FY14, and the FY15 President’s Budget Request lays out a funding profile 
consistent with our current plans, with a MREFC total project cost of $473M.  
 
The DOE budget provided in FY14 for the LSST Camera is also consistent 
with planned funding profile: estimated camera project cost  $165M.  
 

The Green light 

I. Shipsey  



Integrated Project Schedule with Key Milestones 

Construction start 7/14 
1st light mid-2020 
1st science October 2022 

I. Shipsey  
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LSST UK  
The UK could contribute and grow its ‘Big Data’ expertise, 
and a risk of not participating is that the UK would be at a 
disadvantage in being unable easily to exploit ESO 
facilities to follow up the findings that LSST generates. 
Planning should be made to support such involvement, 
subject to peer review and at an affordable level.   
----  UK Programmatic Review 
 LSST is the missing piece in the UK’s future ground-
based astronomy programme 
  
184 Astrophysicists at 33 UK institutions have 
recently formed LSST:UK and are seeking to join 
LSST as a national consortium   
 
A proposal was submitted to PPRP yesterday 
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Part of the LSST Collaboration  8/2012  
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A partnership of astrophysicists, particle 
physicists & computer scientists   
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LSST:UK  and possible PP involvement  
The PP community has a long tradition of building complex detectors and 
computational systems, designed to perform systematics limited measurements.  
These skills are in high demand in the LSST 
 
In the US about one third of the members of the LSST collaboration are particle  
Physicists & about ¼ of the construction funds will come from DOE particle physics 
 
Areas where PP expertise is valuable include: camera, DAQ, database development,  
simulations, algorithm devlopment, dark energy science, annual data release  
processing, support  for UK Data Access Center 
 
UK PP can add add complementary value to the UK AST contributions to LSST  
and help secure UK leadership in the science 
 
From the LSST:UK PPRP proposal: 
"In the US, LSST is seen as part of both the astronomy and particle physics  programmes,  
as prominent in the recent P5 report as it was in the Astro2010 Decadal Survey. Two particle  
physicists (Clarke, Shipsey) are included in the LSST:UK Consortium membership listed above, 
while others from Cambridge, Edinburgh, Oxford and UCL have expressed a strong scientific  
interest in LSST as a probe of the dark sector and indicated a long-term interest in contributing to  
a variety of data acquisition, data management and algorithm development tasks….  
Physicists from RAL PPD are also interested in the project and would be eager to support the  
other groups if requested” 
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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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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 particle physicists to become involved now or in 
the next few years to optimize the anticipated science and then 
perform the science that will come from this marvelous facility. I. Shipsey  
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 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 the amount of Dark Energy as a function of 
time to the systematic limit via multiple techniqiues 
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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 
within reach reconciliation of the two great edifices 

General Relativity Quantum Mechanics 
55 I. Shipsey  
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