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•  Pan-STARRS is largest wide field sky survey system in operation, and will be for a decade 
–  1.8 meter telescope at f/4.4 with 3.2 degree diameter FOV 
–  1.4 Gigapixel Camera, 10um pixels, 0.256’’/pixel 
–  6 filters: g, r, I, z, y, w 

•  Image data rate – steady state 
–  Raw image data rate:  0.5GByte/sec 
–  Reduced image data rate:   3.5 Gbyte/sec 

•  Catalog data from 3.5 year PS1 Science Mission 
–  36 Billion single epoch detections  
–  20 Billion detections from final stacked images  
–  5 Billion objects  (associations of detections ) 

•  Challenge 
-  Complete the PS1 Survey – goal of Dec 31, 2013 
-  Final re-processing of data, including image differencing and covariance between pixels 
-  Serving the data products to the community one year later at the end of 2014 

The PS1 System   



PS1 Effective area per bandpass 

g r i z y 



4 

PS1 and Comparison Surveys 

Table 1: PS1 Surveys and Comparison Surveys

survey area region pixel image filters cadence lim lim

sq deg size quality mag mag

arcsec median per per

FWHM dwell sum

PS1 g,r,i,z,y g,r,i,z,y

3π 30000 δ > −30 0.256 1.1” grizy 25 min, 1 mth 22.2, 22.0, 21.5, 20.8, 19.8 23.4, 23.2, 22.7, 22.0, 21.1

MD 70 std fields 0.256 1.1” grizy 3 min, 1 day 25.0, 25.0, 25.1, 24.4, 23.5

SS 5000 ecliptic 0.256 1.1” w 25 min 22.5(w) ...

STS 49 bulge 0.256 1.1” i 8 min 21.7(i) ...

M31 7 M31 0.256 1.1” r, i 2hrs 22.2(r), 21.7(i) ...

u, g,r,i,z

SDSS 8000 galactic cap 0.396 1.3” ugriz one epoch ... 22.5, 23.2, 22.6, 21.9, 20.8

PTF ... available 1.100 2.0” g′, R 1 min, 5 days 21.3(g), 20.6(R) ...

DES 5000 s. gal. cap 0.270 0.9” grizy one epoch ... 24 (predicted in i band)

HSC 2000 ... 0.170 0.5” grizy ... ... 26.2

The Near Earth Objects (NEO) are arguably the most interesting population of minor planets in the inner

solar system due to their potential impacts with the Earth. The difference between PS1 and the other NEO

surveys is that KP1 will convert the raw discoveries into a de-biased population model that improves upon

previous work by providing much better statistics, more source populations, and better input residence time

distributions. We are certain that the PS1 data will lead to papers that will set the standard for the NEO

population for at least the next decade. Much of this is made possible by the Moving Object Processing

System or MOPS (Jedicke et al. 2009). It is recognized as the most sophisticated software in the world

for the purpose of identifying moving object detections and linking them together within and across nights.

Soon PS1 will claim first place in the total number of minor planets reported to the Minor Planet Center

(Spar, 2011). We also note that astrometry of moving objects detected by PS1 is far superior to astrometry

from the other major asteroid surveys. Further afield, PS1 will determine the key properties of the population

of small-planet-sized objects at great distances in the outer solar system. PS1 will also permit a systematic

dynamical classification of every detected body in the outer solar system. Each object will be identified

as a resonant, classical, scattered, detached, or inner Oort cloud body, for example. Using the detection

efficiencies and observational biases of the PS1 survey, we will determine the intrinsic abundance of each of

the dynamical subclasses of Tran-Neptunian Objects (TNOs). Indeed, we expect to detect ∼ 2, 000 new and

∼ 450 previously known TNOs. Each of these will have an exquisitely well determined orbit. We expect

this new census and dynamical classification to form the observational backbone of a number of theoretical

investigations of formation and evolution of the outer solar system.

2.2 Low Mass Stars and Brown Dwarfs

One of the major frontiers in stellar astrophysics is understanding the population of the lowest mass stars

and of the sub-stellar brown dwarfs. PS1 will provide a complete volume-limited census of such objects in

the local solar neighborhood over 75% of the sky. PS1 data are already being used to search for the brown

dwarfs in this region. To date, we have focused on brown dwarf searches based on single-epoch PS1 z and

y-band data combined with 2MASS JHK detections, using both color and PS1-2MASS proper-motions

to guide our searches. The combination allows us to go fainter and to denser regions than prior 2MASS-

based searches, and to exclude the contaminating M-dwarfs more efficiently. These searches have proven to

be extremely effective: we have already discovered 62 T-dwarfs (with about 15% found independently by

others) from the PS1-2MASS search and expect this to grow by another ∼20% as we fill in the holes in the

original survey area.

One strength of the PS1 dataset is the ability to discover rare and unusual objects. For example, we have

discovered several notable individual objects: a proper-motion companion to a nearby Hipparcos star which
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3pi  sky coverage to March 1, 2012 

y band 
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3pi  sky coverage to Mar 1, 2012 

z band 
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3pi  sky coverage to Mar 1, 2012 

i band 
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3pi  sky coverage to Mar 1, 2012 

r band 
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3pi  sky coverage to Jan 1, 2012 

g band 
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Ecliptic plane coverage to Mar 1, 2012 

w band 
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Total 3pi  sky coverage to Mar 1, 2012 

grizy bands - more than 33 epochs on average, or >~ 6 per filter  



MD04 – comparison of template and 
convolved 
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92 warps (0.9" FWHM), 206 warps (1.05"), 306 warps (1.15"). 



13 



14 



PS1 zero-point rms milli-mags (Jan 2012) 

15 



PS1 Telescope and GIgapixel 
camera, at Summit of Haleakala 

The observatory is operated from the PS1SC Remote 
Control Center at the ATRC, IfA in Pukalani, Maui 

Reduced  images and object 
catalogs, and  data products are 
produced by the Image 
Processing Pipeline  at the 
Maui High Performance 
Computing Center in 
Kihei,Maui.  

Data Reduction and Processing 
overseen from IfA Manoa on 
Oahu. 

Data products sent by internet 
to Scientists of PS1SC  

Data products 
eventually  
released to the 
world community.  

The PS1 System 
consists of:  

PS1 
Operations 



Observatory, 
Telescope, & 
Instrument 
Software - OTIS 

The PS1 System 

Gigapixel 
Camera 

PS1 Telescope 

Image Processing 
Pipeline - IPP 

Published Science 
Producs System - 
PSPS 

Moving Object 
Processing 
System - MOPS  

PS1 Science 
Consortium 
Members 

Science  Servers 

raw images 

photons 

commands and feedback 

metadata 

detections images, 

DVO databases by 
distribution server or 
by postage stamp 
server 

detections detections, metadata 

orbits 
identifications 

reduced data products 

reduced data products 

detections, metadata 



 PS1 is located at 10,100 ft at 
Haleakala Observatories, Maui, HI 



PS-1 Optical Desgin:  
Ritchey-Chretien with 3 element Wide Field Corrector 



•  The telescope has 2 mirrors and lenses and a focal plane giving a total of 5x5 + 3 -1 = 27 
degrees of freedom for positioning.  

•  These elements need to be positioned to great precision (few hundred micron precision in 
some cases)  



PS1 Optical Elements: Mirrors 

M2a  Secondary Mirror after 
flexure bonding, being prepared 
for lift into enclosure 
Protected silver coating. 

M1 Primary Mirror with protected 
aluminum coating prior to lift into 
enclosure 



Corrector Optics 
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L1 

L2 



PS1 Filter Mechanism  
and interference filters 



PS1 Precision Large Aperture Twin Blade Shutter 

Carbon fiber construction 

40 cm aperture  

Blade trajectory repeatable   

to 10 millisec! 

Timing interface with GPS 

University of Bonn 



Integration of Upper Cass Core, L1, L2 



1.4 Gigapixel  Camera  Assembly with L3 Corrector Lens as Dewar Window 
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PS1 Calibration Unit – back illuminated screen with projector fiber fed from 
NIST tunable laser - Measure the system throughtput as a function of 

wavelength for every pixel every day. 



PS1 Calibration Screen 
(Chris Stubbs + NIST) 

Illuminate a screen with monochromatic light 
from NIST laser  that can be tuned over the  
entire 400nm-1020nm wavelength range of PS1 

Measure the system throughtput as a function of wavelength for 
every pixel.   

Monitor with with white light flats.  

->improved calibration 



PS1 Remote Operations Center 

UH Institute for Astronomy  
Advanced Technology Research Center, Pukalani , Maui 



Tonry’s Orthogonal Transfer Arrays 

•  Orthogonal Transfer Array: A 
new pixel/CCD chip design to 
noiselessly remove image 
motion at high speed (~10 
usec) 

Normal guiding (0.73”) OT tracking (0.50”) 

New Detector Technology with  



The PS1  Focal  Plane 
•  The 1.4 Gigapixel Camera is 
an array of arrays. 
•   Each OTA chip can assign 
any 600x600 cell to be read at 
video rates for a guide star 
signal. 

•   Guide star signals can 
command local cells to track 
motion of guide stars. 
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GPC1 Focal Plane and “Image’’ Format 

  A GPC “Exposure” 
•  Data from 60 OT CCD’s  

with 10 micron pixels 
•  Each CCD, 64 cells 
•  Up to one cell per CCD 

can be run in video mode. 
•  “Image” is 60 fits files 
•  Each FITS file is a cube of 

64 images, one of which 
may itself be a cube of 
video images. 

  Cyan circle = 3º 
•  1.7% loss 

  Black circle = 3.3º 
•  3.4% loss 



3pi Survey Observing Strategy : Extensive Dithers 
  initial tesselation uses quasi-hexagonally spaced bore-sites 
  each hex is 3.1 degree diameter 
  maximum inscribed hex in focal plane (focal plane rotation) 

  ~20% unvignetted area overlap with neighbors in same dither 
initial tessalation second pass, offset 



Observing Strategy : Extensive Dithers 
  initial tesselation uses hexagon-spaced boresites 
  each hex is 3.0 degree diameters (best IQ region) 
  maximum inscribed hex in focal plane (focal plane 

rotation) 
  repeated, offset tessalations increase density 

initial tessalation 6 passes 
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PS1 Observing Tessellation 
Optimized to cover the sky 
with as few camera footprints 
(4432) as possible,  
where camera footprints are 
approximately hexagonal. 

PS1 Reduced Data   
Sky Tessellation (Budavari Rings) 
Optimized to cover the sky 
with rectangular tangential projection 
centers, and which overlap for analysis 
of objects at boundaries.  

Asymmetric, need multiple realizations 
of tesselation to insure overlap. 
Camera is rotated to match tesselation, 
pixels may have any orientation 

Symmetric, all data is warped on to 
The same identical framework. 
Pixels oriented in (RA, Dec). 



Image Processing Pipeline  (IPP) 
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Currently 1368 CPU’s  at Maui High Performance Computing Center 

Storage = 2.5 Petabytes at MHPCC 

Slow Mirror of raw data = 780 Terabytes at ATRC 
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 All data must 
be “warped” 
on to identical 
regular 
astrometic grid. 
Then images 
can be stacked 
or subtracted.  

OTA Nodes Sky Nodes 

Big Switch 

observatory system 

metadata db 
server 

pantasks 
server 

DVO 
server 



What are the stressing aspects of the 
problem? 

•  Dynamic 
–  Continuous addition of new products, organized with existing 

products to support access 
–  Continuous maintenance of celestial object properties based on 

time-history of detections 
•  Fast 

–  ~108 new records per day, ~108 record updates per day 
•  Spatial 

–  All records have a position on the surface of a sphere 
–  Implicit distance calculations are important for many uses 

•  Large 
–  One year: ~1011 records 

•  Simple 
•  Lenient 



 PSPS – relational hierarchical database 

•  Web Based Interface – the “link” with 
the human 

•  Data Retrieval Layer – the “gate-
keeper” of the data collections 

•  PS1 data collection managers 
  Object Data Manager 
  Solar System Data Manager 

•  Other (future/PS4) data collection 
managers; e.g., 
–  “Postage stamp” cutouts 
–  Metadata database (vice 

attributes managed in PS1 ODM) 
–  Cumulative sky image server 
–  Filtered transient database (or 

other special clients) 

DRL 

WBI Other S/W 
Client 

Human 

ODM SSDM Other 
DM 

IPP MOPS 



Telescope	  

CSV	  	  
Files	  Image	  

Procesing	  
Pipeline	  (IPP)	  

CSV	  	  
Files	  

Load	  
Workflow	  

Load	  
Workflow	  

Load	  
DB	  

Load	  
DB	  

Cold	  
Slice	  
DB	  1	  

Cold	  
Slice	  
DB	  2	  

WarmS
lice	  DB	  
1	  

WarmS
lice	  DB	  
2	  

Merge	  
Workflow	  

Merge	  
Workflow	  

Hot	  
Slice	  
DB	  2	  

Hot	  
Slice	  
DB	  1	  

Flip	  
Workflow	  

Flip	  
Workflow	  

MainDB	  
Distribute
d	  View	  

MainDB	  
Distribute
d	  View	  

CASJobs	  
Query	  
Service	  

MyDB	  

MyDB	  

←	  Behind	  the	  Cloud||	  User	  facing	  services	  →	  

Valida&on	  
Excep&on	  
No&fica&on	  

Data	  Valet	  Work:lows	  

Data	  Consumer	  
Queries	  &	  Work:lows	  

Data	  flows	  in	  one	  
direc&on→,	  except	  for	  
error	  recovery	  

Slice	  Fault	  
Recover	  
Workflow	  

Data	  Creators	  
Astronomers	  
(Data	  Consumers)	  

Admin	  &	  Load-‐Merge	  Machines	  

Produc5on	  Machines	  

Pan-STARRS Data Flow 



Original DRM “stripe” sky pattern and 2 month 
cadence for opposition fields, bands g, r, and i  
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Motivations was to spread the observations of a 
given region over two lunations; to lessen the impact 
from episodic weather, and to provide intra-lunation 
linkages for NEO’s.  



DRM 3.0 “Wing” coverage 
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Motivations include paralax for brown dwarfs, and 
making best use of beginning and end of night.  



MDRM “Brickwall” pattern 
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The number of exposures (4 per filter per year) is conserved. 
The sky coverage is grouped into bricks, where all the 3pi data taken on a 
given area of the sky is taken in a single month.  The bricks in “Month A” have 
the same area as those in “Month B”. In reality these are modulated with the 
length of the year and the need to fit in the STS survey in the summer.  
NOTE: Each Declination Brick is divided into 3 sub-bricks.  

Keyhole 



MDRM Opposition 
Coverage  
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Every colored sub-brick represents a pair  
of observations, separated by ~ 25 min (TTI) .  



MDRM Opposition  
cadence 
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(20/45  x 3/5) + 2/5 = 2/3 
(20/45) = 0.44 of gri data is  
taken in multi-color quads. 

All of zy data (2/5 by filter) is  
Potentially taken in quads.  

20/45  x 3/5) + 2/5 = 2/3 of 
3pi data potentially taken in 
multi-color quads. 



No. of Epochs in 3pi  Opposition Survey 
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5 5 

5 5 

5 5 

4 

4 

0.26 of 3pi area has 
4 epochs in ~25 days. 

0.74 of 3pi area has 
5 epochs in ~25 days. 



“wings” at solar elongation 120 observed 
as multicolor quads whenever possible, 

especially on the ecliptic 
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 PS2  Telescope design from  AMOS  
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PS1 + PS2 Telescopes and Enclosures 

PS2 dome and 
telescope – 
cutaway view 



Pan-STARRS 2/3QFY11 Review 
21  June  2011 

UNIVERSITY OF HAWAII  INSTITUTE FOR ASTRONOMY 
Project Proprietary Data – For Internal Use Only 
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Updated  Rendering  of  PS2  Observatory  Interior  (from  M3 Eng.) 



Pan-STARRS 2/3QFY11 Review 
21  June  2011 

UNIVERSITY OF HAWAII  INSTITUTE FOR ASTRONOMY 
Project Proprietary Data – For Internal Use Only 
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Proposed  Telescope  from  PS2  Vendor  AMOS (Belgium) 

Observing position Servicing position 
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PS4 Telescopes and Enclosure 
On Mauna Kea 88inch Telescope site 
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Parallax and Proper motion of BD 
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Galaxy number counts in test of 3 year 
survey – “small area survey” = 100 deg^2 
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First PS1 high z quasar  
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