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 A catalog of 20 billion stars and 20 billion galaxies with   
exquisite photometry, astrometry and image quality!

   More information at 
www.lsst.org 

and arXiv:0805.2366

LSST in one sentence:                     
An optical/near-IR survey of half the sky 
in ugrizy bands to r~27.5 based on 
~1000 visits over a 10-year period:

  LSST: a digital color movie of the Universe...   

3.6x10-31 erg/s/cm2/Hz
36 nJy
100x fainter than SDSS



Outline

• Brief overview of LSST                                                                    
– science drivers                                                                      
– system design                                                                       
– progress report      

• Planning for LSST deployment: observing 
strategy optimization                                                                                                  
- SRD and optimization of observing strategy                                       
- optimal exposure time considerations                   
- cadence optimization principles                                                                                  
- characteristics of the baseline cadence                                                               
- ongoing cadence optimization efforts



LSST Science Themes
• Dark matter, dark energy, cosmology      

(spatial distribution of galaxies, gravitational 
lensing,  supernovae, quasars) 

• Time domain                                    
(cosmic explosions, variable stars) 

• The Solar System structure  (asteroids)  

• The Milky Way structure  (stars)  

LSST Science Book: arXiv:0912.0201  
Summarizes LSST hardware, software, and observing 
plans, science enabled by LSST, and educational and 
outreach opportunities
      245 authors, 15 chapters, 600 pages



Basic idea behind LSST: a uniform sky survey
• 90% of time will be spent on a uniform survey: every 3-4 nights, 

the whole observable sky will be scanned twice per night  

• after 10 years, half of the sky will be imaged about 1000 times (in 
6 bandpasses, ugrizy): a digital color movie of the sky

• ~100 PB of data: about a billion 16 Mpix images, enabling 
measurements for 40 billion objects!  

Left: a 10-year simulation of LSST survey: 
the number of visits in the r band (Aitoff 
projection of eq. coordinates) 

LSST in one sentence:                     
An optical/near-IR survey of half the 
sky in ugrizy bands to r~27.5 (36 
nJy) based on 825 visits over  a 10-
year period: deep wide fast.



SDSS vs. LSST comparison: LSST=d(SDSS)/dt, LSST=SuperSDSS

SDSS

Deep Lens Survey (r~26)

3x3 arcmin, gri

SDSS, seeing 1.5 arcsec

20x20 arcsec; lensed SDSS quasar                  
(SDSS J1332+0347, Morokuma et al. 2007)

20x20 arcsec

Subaru, seeing 0.8 arcsec

3 arcmin 
is 1/10 
of the full 
Moon’s 

diameter

(almost) 
like LSST 

depth (but 
tiny area)



New Cosmological Puzzles

The modern cosmological 
models can explain all 

observations, but need to 
postulate dark matter and 
dark energy (though gravity 
model could be wrong, too) 



Modern Cosmological Probes

• Cosmic Microwave Background                   
(the state of the Universe at the   
recombination epoch, at redshift ∼1000)

• Weak Lensing: growth of structure

• Galaxy Clustering: growth of structure

• Baryon Acoustic Oscillations: standard ruler

• Supernovae: standard candle
Except for CMB, measuring H(z) and growth of structure G(z) 

H(z) ~ d[ln(a)]/dt,   G(z) = a-1δρm/ρm,     with  a(z) = (1+z)-1 

LSST is designed to reach Stage IV level from DETF report  
which kinda means “It will be awesome and better than anything today!”



• Measuring distances, H(z), and 
growth of structure, G(z), with a 
percent accuracy for 0.5 < z < 3 

• Multiple probes is the key! 1%

Cosmology with LSST: high precision measurements

By simultaneously measuring 
growth of structure and curvature, 
LSST data will tell us whether the 
recent acceleration is due to dark 
energy or modified gravity.

LSST Science Book, figure 15.3

LSST Science Book, figure 15.2



• Photometric redshifts: random errors smaller than 0.02, bias 
below 0.003, fewer than 10% >3σ outliers                   

Galaxies:                                        

• These photo-z requirements are one of the primary drivers for 
the photometric depth and accuracy of the main LSST survey 
(and the definition of filter complement)

Photo-z requirements 
correspond to r~27.5      
with the following per band 
time allocations:

u:  8%;  g: 10%

r: 22%;  i: 22% 

z: 19%;  y: 19%

Consistent with other science 
themes (stars)



Extragalactic astronomy: faint surface brightness limit

redshift

Gawiser et al

     r ~26
3x3 arcmin, gri (almost) like LSST depth 

(but tiny area)



Killer asteroids: the impact probability is not 0!

The Barringer 
Crater, Arizona:         

a 40m object 50,000 
yr. ago 

LSST is the only survey capable 
of delivering completeness 
specified in the 2005 USA 

Congressional NEO mandate to 
NASA (to find 90% NEOs larger 

than 140m)

photomontage! 

photomontage!



The Milky Way structure:  20 billion stars, time domain

Compared to SDSS:    
LSST can ‘‘see” about 
40 times more stars, 
10 times further away 
and over twice as 
large sky areaDistance and [Fe/H]: 

100 kpc

SDSS RR Lyrae

Main sequence stars

massive statistical studies!



Gaia vs. LSST comparison
• Gaia: excellent astrometry (and 

photometry), but only to r < 20

• LSST: photometry to r < 27.5 
and time resolved 
measurements to r < 24.5

• Complementarity of the two 
surveys: photometric, proper 
motion and trigonometric 
parallax errors are similar 
around r=20

The Milky Way disk “belongs” to 
Gaia, and the halo to LSST (plus 
very faint and/or very red sources, 
such as white dwarfs and LT(Y) 
dwarfs).

Ivezić, Beers, Jurić 2012, ARA&A, 50, 251

100x



LSST First Stone Ceremony
April 14, 2015



and while dignitaries are celebrating…
LSST First Stone Ceremony
April 14, 2015



some are happily doing real work!





LSST Construction – Above Ground on Pachón!





• First light: 2019



LSST Telescope
8.4m, 6.7m effective 5 sec slew &

          settle



The field-of-view comparison: Gemini vs. LSST



Optical Design for LSST

Three-mirror design (Paul-Baker system)  
 enables large field of view with excellent image quality: 

delivered image quality is dominated by atmospheric seeing





‹#›MOCKING THE UNIVERSE | SPACE TELESCOPE SCIENCE INSTITUTE | JULY 27, 2015

Done!









May 27, 2016: 
LSST M1M3 Mirror Cell Weldment Ready for Oven



LSST camera

The largest astronomical camera: 2800 kg, 3.2 Gpix



LSST camera

Modular design: 3200 Megapix = 189 x16 Megapix CCD
9 CCDs share electronics: raft  (=camera)

Problematic rafts can be replaced relatively easily





At the highest level, LSST objectives are: 

1) Obtain about 5.5 million images, with 189 CCDs (4k x 4k) in 
the focal plane; this is about a billion 16 Megapixel images of 
the sky 

2) Calibrate these images (and provide other metadata) 

3) Produce catalogs (“model parameters”) of detected objects 
(37 billion) 

4) Serve images, catalogs and all other metadata, that is,                         
LSST data products to LSST users 

The ultimate deliverable of LSST is not just the telescope,   
nor the camera, but the fully reduced science-ready data     
as well.  Software! 
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Basic steps in astronomical image processing





Francisco Forster
High Cadence Transient Survey 

DECam images
Subtracted with LSST Stack

HSC riy-multiband image processed by
 Lauren MacArthur with LSST stack

Data Management Software In Use



‹#›AURA Annual Meeting  • April 19th , 2012

End-to-end modeling creates a virtual prototype of the LSST system: 

learning and preparing prior to first light! 

A simulated sky

Galaxies (de Lucia et al 2006) 
Stars (Juric et al 2008) 
Asteroids (Grav et  al 2007)

Observing sequence 
simulation

Producing  a simulated 
image

Pointing, Filter, Airmass, 
Time and Atmosphere from 
Op Sim 

Custom instance of field of 
view

1010 photons per CCD 
Separate amplifiers 
2.5 hours per CCD
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Integrated Project Schedule
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LSST Project Funding Profiles

MREFC - 1 

MAJOR RESEARCH EQUIPMENT $200,310,000 
   AND FACILITIES CONSTRUCTION -$450,000 / -0.2% 
 
 

Amount Percent

Major Research Equipment and Facilities Construction $200.00 $200.76 $200.31 -$0.45 -0.2%

Major Research Equipment and Facilities Construction Funding
(Dollars in Millions)

FY 2014
 Actual

FY 2015
Estimate

FY 2016 
Request

Change Over
FY 2015 Estimate

 
 
The Major Research Equipment and Facilities Construction (MREFC) account supports the acquisition, 
construction, and commissioning of major research facilities and equipment that provide unique 
capabilities at the frontiers of science and engineering.  Initial planning, design, and post-construction 
operations and maintenance  are funded through the Research and Related Activities (R&RA) account.  
No new starts are proposed. 
 

FY 2014 
Actual

FY 2015 
Estimate

FY 2016 
Request

FY 2017 
Estimate

FY 2018 
Estimate

FY 2019 
Estimate

FY 2020 
Estimate

FY 2021 
Estimate

AdvLIGO $14.92 - - - - - - -
DKIST 36.88 25.12 20.00 20.00 20.00 16.13 - -
LSST 27.50 79.64 99.67 67.12 55.80 47.89 45.75 39.90
NEON 93.20 96.00 80.64 - - - - -
OOI 27.50 - - - - - - -
Total $200.00 $200.76 $200.31 $87.12 $75.80 $64.02 $45.75 $39.90

MREFC Account Funding, by Project
(Dollars in Millions)

Totals may not add due to rounding.  
 
Modern and effective research infrastructure is critical to maintaining U.S. leadership in science and 
engineering (S&E).  The future success of entire fields of research depends upon access to new 
generations of powerful research tools.  Increasingly, these tools are large and complex, and have a 
significant information technology component. 
 
To be considered for MREFC funding, NSF requires that a project represent an exceptional opportunity to 
enable research and education. The project should be transformative in nature, with the potential to shift 
the paradigm in scientific understanding.  The projects included in this budget request meet these criteria 
based on NSF and National Science Board (NSB) review.  
 
In FY 2016, NSF requests funding to continue construction of three projects:  the Daniel K. Inouye Solar 
Telescope (DKIST), the National Ecological Observatory Network (NEON), and the Large Synoptic 
Survey Telescope (LSST).  The Advanced Laser Interferometer Gravitational Wave Observatory 
(AdvLIGO) and the Ocean Observatories Initiative (OOI) received their final construction funding in  
FY 2014.  NSF is not requesting funds to begin any new projects in FY 2016.  For more detailed 
information on these projects, please refer to the following individual narratives. 
 
Since FY 2009, projects funded through the MREFC account have been subject to NSF’s "no cost 
overrun" policy.  As a result, NSF processes and procedures must assure the development of realistic and 

Fiscal'Year FY11 FY12 FY13 FY14 FY15 FY16 FY17 FY18 Total'(M)

OPC 1.9' 5.5' 8.0' 2.3' 17.7'
TEC 19.7' 35.0' 40.8' 45.0' 9.8' 150.3'
TPC 1.9' 5.5' 8.0' 22.0' 35.0' 40.8' 45.0' 9.8' 168.0'

LSSTCamMIE*Funding
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Summary of Accomplishments in 2016

LSST has completed $135M (NSF &DOE) in construction work 
through February 2016.

NSF MREFC is 19% complete and has 18% contingency on 
remaining work; Schedule Performance Index = 0.94, Cost 
Performance Index = 1.08.

DOE Camera has formal CD-3 approval,  is 43% complete and 
has 32% contingency on remaining work.

The Project critical path has 13 months of contingency to 
scheduled start of full survey operations in October 2022.

2016 is highest budget year for NSF ($99.7M) and the second 
highest year for DOE ($40.8M).
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Summary #1

The Project is in good shape programmatically.  The risks 
associated with delays due to approvals, funding, etc have 
all been retired.

We are in the thick of construction.  We are transitioning 
from R&D into building real hardware and software.   

The team has grown substantially in size.   

A lot of our attention is now focused on commissioning and 
operations.
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How can we optimize the main deployment parameters: 
exposure time per visit, tvis, single-visit depth, m5, the mean 
revisit time, nrevisit, and the number of visits, Nvis? 

LSST Observing Strategy and Cadence Optimization



Science Requirements Document (SRD)
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At the highest level, LSST objectives are: 

1) Obtain about a billion 16 Megapixel images of the sky,                            
with characteristics as specified in the SRD: 

Early cadence studies

Section 3.4 from the SRD “The Full Survey Specifications” is
intentionally vague! 

We plan to optimize the ultimate LSST cadence to reflect the state of 
the field at the time of system deployment (but note that it is 
anticipated that the deep-wide-fast aspects of the main survey will not 
change much).  

Section 3.4 from the SRD



Science Requirements Document (SRD)
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At the highest level, LSST objectives are: 

1) Obtain about a billion 16 Megapixel images of the sky,                            
with characteristics as specified in the SRD: 

Note: 824 visits with two 15-sec exposures is 6.9 hours (~1 night/field).
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How can we optimize the main deployment parameters: 
exposure time per visit, tvis, single-visit depth, m5, the mean 
revisit time, nrevisit, and the number of visits, Nvis? 

While each of these four parameters has its own drivers, 
they are not independent (scaled to nominal LSST): 
           m5 = 24.7+1.25*log(tvis / 30 sec)
      nrevisit = 3 days * (tvis / 30 sec)
         Nvis = 1000 * (30 sec / tvis) * (T / 10 years)

LSST Observing Strategy and Cadence Optimization
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How can we optimize the main deployment parameters: 
exposure time per visit, tvis, single-visit depth, m5, the mean 
revisit time, nrevisit, and the number of visits, Nvis? 

While each of these four parameters has its own drivers, 
they are not independent (scaled to nominal LSST): 
           m5 = 24.7+1.25*log(tvis / 30 sec)
      nrevisit = 3 days * (tvis / 30 sec)
         Nvis = 1000 * (30 sec / tvis) * (T / 10 years)

LSST Observing Strategy and Cadence Optimization

How to allocate the total observing time per position of ~7 hours
to ugrizy, and how do we split allocations into individual visits?
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How can we optimize the main deployment parameters: 
exposure time per visit, tvis, single-visit depth, m5, the mean 
revisit time, nrevisit, and the number of visits, Nvis? 

While each of these four parameters has its own drivers, 
they are not independent (scaled to nominal LSST): 
           m5 = 24.7+1.25*log(tvis / 30 sec)
      nrevisit = 3 days * (tvis / 30 sec)
         Nvis = 1000 * (30 sec / tvis) * (T / 10 years)
Direct and indirect constraints on the shortest and longest acceptable 
exposure time per visit span a remarkably narrow range:               
20 sec < tvis < 40 sec for the main survey   tvis = 30 sec as default
(see section 2.2.2 in the “overview” paper, arXiv:0805.2366) 

LSST Observing Strategy and Cadence Optimization
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Constraints on exposure time per visit (20-40 sec): 
 Lower limit:  
     surveying efficiency must be high enough 
            (readout time, slew & settle time)
     depth per visit must be deep enough  
            (SNe, RR Lyrae, NEOs) 
  Upper limit:  
     the mean revisit time cannot be too long
            (SNe, NEOs)
     the number of visits must be large enough
            (light curves, systematics, proper motions)
     (trailing losses for moving objects)

There is no fundamental reason why tvis should be exactly the 
same for all visits (i.e. filters, programs, during the survey)!

LSST Observing Strategy and Cadence Optimization
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Direct and indirect constraints on the shortest and longest acceptable 
exposure time per visit span a remarkably narrow range:               
20 sec < tvis < 40 sec for the main survey   tvis = 30 sec as default

However, there may be reasons to depart from texp = 15 sec…

CONCLUSION: 

LSST Observing Strategy and Cadence Optimization
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Hierarchical steps of survey complexity:

1) single band, single program, static science

Goal: maximize the number of detected sources, e.g. 
galaxies.

Unless looking at unusual populations (e.g. low-redshift 
quasars), it is always advantageous to first maximize the 
sky area and *then* depth. 

Detailed optimization takes into account airmass effects    
and Galactic plane: about 18,000-20,000 sq.deg. of sky

 
 



Sky coverage:            
for the main survey, 
maximize the number of 
objects (area vs. airmass 
tradeoff) 

X<1.4 corresponds to 
-75o < Dec < +15o

(25,262 sq. deg.)

X=2.2 corresponds to 
Dec < +33o, but note that 
the telescope can reach 
Dec = +40o  (X=2.9)

53

*
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Hierarchical steps of survey complexity:

1) single band, single program, static science

2) ...but need multi-bandpass data: ugrizy

Goal: apportion time per band so that there is no dominant 
bad band for photometric redshifts of galaxies (it turns out  
it’s ok for stars too)  



• Photometric redshifts: random errors smaller than 0.02, bias 
below 0.003, fewer than 10% >3σ outliers                   

Galaxies:                                        

• These photo-z requirements are one of the primary drivers for 
the photometric depth and accuracy of the main LSST survey 
(and the definition of filter complement)

Photo-z requirements 
correspond to r~27.5      
with the following per band 
time allocations:

u:  8%;  g: 10%

r: 22%;  i: 22% 

z: 19%;  y: 19%

Consistent with other science 
themes (stars)
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Hierarchical steps of survey complexity:
1) single band, single program, static science
2) need multi-bandpass data: ugrizy
 
3) time domain (temporal sampling function)

Asteroids: (still) believing that two visits per night, about an 
hour apart, are needed to “connect the dots”. 

The simplest strategy: roughly uniform coverage, addresses 
range of time scales, from diurnal to secular changes 

However: if the sampling doesn’t meet the science-driven 
threshold, then it’s better to cover a smaller active sky area 
more frequently (e.g. supernovae) - "rolling cadence” 
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Hierarchical steps of survey complexity: 
1) single band, single program, static science
2) need multi-bandpass data: ugrizy
3) time domain 

4) not all sky regions were created equal! 
Galactic plane
LMC/SMC
northern Ecliptic
south Galactic pole
deep drilling (and other special) fields

It’s likely that these regions will need a modified cadence, 
but not clear yet how exactly (depends on fast-evolving 
science drivers and the system performance) 
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Hierarchical steps of survey complexity:

1) single band, single program, static science
2) need multi-bandpass data: ugrizy
3) time domain
4) not all sky regions were created equal! 
 
5) evolution over time
- algorithm optimization, evolving science goals, possibly 

system performance changes

6) systematics 
- field-of-view position (rotator angle),  parallax factor, 

dithering, etc. 
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Drivers for baseline cadence modifications:  
- improved knowledge of the system (now due to simulations, 

eventually due to performance measurements)
- changing science landscape on timescales of a few years 
- unscheduled technical delays or substandard performance   

(e.g. broken filter, dead CCD, extra noise)
- even 10% improvement in surveying efficiency would be 

significant accomplishment (c.f. entire DD observing time)

Continuing Baseline cadence optimization

The most important conclusion of the preliminary cadence explorations is 
that the upper limit on possible efficiency improvements for baseline 
cadence is not larger than 10% and probably close to 6%. This conclusion 
is by and large based on the fact that the mean slew time for (candidate) 
baseline cadence is 7.0 sec, and thus only slightly larger than the design 
specifications for the system slew and settle time of 5 sec.  



Performance as a function of survey duration
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While unprecedented science outcome will definitely be possible even with a 
first few years of LSST data, the complete planned and designed for science 
deliverables will require 10-years of data, with a tolerance of at most about 
1-2 years. 

Between years 1 and 10: 1.2 mag deeper, 30x better proper motions
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Community effort led by Phil Marshall
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Summary #2

The most important conclusion of the preliminary cadence explorations is 
that the upper limit on possible efficiency improvements for baseline 
cadence is not larger than 10% and probably close to 6%.  But 6% of 
LSST is a lot!

It is likely that the performance for time-domain science can be 
significantly improved (e.g. rolling cadence for  SNe survey).  

You can join this effort, too!   

There are some “conservation laws” set by the integrated etendue.
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LSST is becoming 
real! 

Top astronomers      
are in Belgrade! 

Have fun and enjoy it!


