Astronomical surveys and LSST

Astr 323, Lecture 9
Spring 2014, University of Washington



e Astronomical surveys

® |SST system summary

o Science Themes
o System Characteristics




Context: modern observational methods
In astronomy and astrophysics:
® faint objects,
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Context: modern observational methods
iIn astronomy and astrophysics:

® Telescopes above the atmosphere: high

angular resolution (e.g., the Hubble Space Telescope)
and other wavelength regions (X-ray, radio, infrared)
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ontext: modern observational methods
iIn astronomy and astrophysics:

® | arge telescopes (~10m): faint objects,
especially spectroscopy

® Jelescopes above the atmosphere: high

angular resolution (e.g., the Hubble Space Telescope
and other wavelength regions (X-ray, radio, infrared
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Why are sky maps useful?
® Sky map:

— a list of all detected objects (stars, galaxies,
— measured parameters (size, color, brightness,...

® The utility of sky maps
Discoveries of new objects: “Is this a new asteroid, or is it
already cataloged?”

Object classification: “What types of gaIaX|es exist?”




The last decade: Sloan Digital Sky Survey
® Digital sky survey with a 120 Megapix CCD camera

® Precise measurements for 400,000,000 objects

® Revolution in astronomy: public databases




Astronomy “from your armchair”, from everywhere
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“Navigation™ around the sky...
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Selected object

SDSS DRY
|Home |Help | Tutorial | ta: 18.877 dec: -0.861
Chart | List | Explore | scale: 1.5845 arcsec/pix

Parameters image zoom: 1:16
ra ‘ 18.87667 deg 2'
dec ‘ 0.86083 deg
opt [ o

Get Image f"\’,
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Drawing options - | .
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Photometric objects
@ Quick Look

Objects with spectra
@ Explore

Invert Image
Advanced options ‘ @ Recenter
Spectroscopic Targets @ Add to notes

Outlines @ Show notes
Bounding Boxes '
Fields
Masks
Plates

Click to open Sky Maps

To see Sky Maps, install the
latest Flash and Shockwave
players.




+ M http://cas.sdss.org/dr7/en/tools /explore/obj.asp?ra=18.87667&dec=-0.86083
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SDSS J011530.44-005139.5
GALAXY ra=18.87683906, dec=-0.86097998, Objld =587731511532060697

Column names link fo glossary entnes. Move mouse over a column name fo gef ifs units.
mode PRINARY

status TARGET PRIMARY OK_STRIPE OK_SCANLINE PSECMENT RESOLVED OK_RUN COOD SET
flags PEBLEND_DECENERATE BAD_MOVING_FIT BINNED1 INTERP COSMIC_RAY NOPETRO CHILD
PrmTarget TARCET_CALAXY TARGCET_CALAXY_RED TARCET_QSO_CAP
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u a r i z
14.82 13.74 13.19 12.91 12.93
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fiberMag r petroMag r devMag r expMag r psfMag r modelMag r
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extinction r petroRad r parentld nChild
0.11 106.724 587731511532060693 0

SpecObjID = 112249473974927360

plate mjd fiberld =z zErr zConf specClass ra dec fiberMag r objld
398 51789 282 0.0050.00006 0.969081 GCALAXY 18.87684 086095 17.53 5877315115320608697

zStatus XCORR_EMLINE

zWaming OK

PrimTarget TARGET_GALAXY TARGET_GALAXY_RED
SecTarget

eClass 0.095797

emZ 0.008

emConf 0.874995

xcZ 0.005

xcConf 0.969081

Cross-identifications



“Ask Not What Data You Need To Do Your Science, Ask What Science You Can Do With Your Data.”
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 Standard: “What data do | have to collect to (dls)prove a hypothesis™?
« Data-driven: “What theories can | test given the data | already have?”




SDSS: one US Library of
Congress worth of data




LSST Science Themes

® Dark matter, dark energy, cosmology
(spatial distribution of galaxies, gravitational
lensing, supernovae, quasars)

® [ime domain
(cosmic explosions, variable stars)

® The Solar System structure (asteroids)

® The Milky Way structure (stars)

These drivers not only require similar hardware and

software systems, but also motivate a uniform cadence:
about 90% of time will be spent on a uniform survey



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 |0 years, half of the sky will be imaged about 1000 times (in
6 bandpasses, ugrizy): a digital color movie of the sky

® ~|00 PB of data: about a billion |6 Mpix images, enabling
measurements for 40 billion objects
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SDSS vs. LSST comparison: LsST=d(SDSS)/dt, LSST=SuperSDSS

3x3 arcmin, gri
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Moon’s e G TR )
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20x20 arcsec; lensed SDSS quasar
J1332+0347, Morokuma et al. 2007)
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Reauired system characteristics

® |arge primary mirror (at least 6m) to go
faint and to enable short exposures (30 s)

® Agile telescope (5 sec for slew and settle)

® |arge field of view to enable fast surveying




Telescope
Camera
Software




LSST Telescope

8.4m, 6.7m effective 5 sec slew &
| settle




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

Primary Mirror Field of
Diameter View

9 =
—(Em—
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emini South
Telescope




Optical Design for LSST

M2 3.4m f/1.05 Flat 3.5 deg. FOV
0.64m dia. @ /1.23
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Three-mirror design (Paul-Baker system)

enables large field of view with excellent image quality:
delivered image quality is dominated by atmospheric seeing




AYRI“ZONA SERAT LSST Primary/Tertiary Mirror Blank

August 11, 2008, Steward Observatory Mirror Lab, Tucson, Arizona



LSST camera

Utility Trunk

Grid
L3 Lens

BEE Cage
*—. FEE Cage

Cryostat

Filter in
Stored Position

b‘; m | Camera
Housing
Filter in

Light Path

L1/L2 Shutter
Housing

The largest astronomical camera: 2800 kg, 3.2 Gpix




LSST camera

Imaging Sensors

Wavefront Sensors
(4 locations)

Guide Sensors ".
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LSST Software

- Archive Site
TBD Site Archive Center

Science Centers Nightly Reprocessing
Data Quality Analysis Data Release Production

Long-term Storage (copy 2)

Data Access Center

Data Access and User
Services

120 - 330 TFLOPS
35 - 250 PB

Headquarters Site
Headquarters Facility

Observatory Management

Science Operations
Education and Fublic Qutreach

Base Site { Summit Site

Summit Facility
Telescope and Camera

Base Facility

Data Access Center
Alert Production
Long-term storage (copy 1)

60 TFLOFS
35 = 250 PE
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LSST Software

GLORIAD
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Software: the subsystem with the highest risk

20 TB of data to process
every day (~one SDSS/

day)

| 000 measurements for
40 billion objects during
10 years

Existing tools and
methods (e.g. SDSS) do
not scale up to LSST
data volume and rate

(100 PB!)

About 5-10 million lines
of hew code
(C++/python)




The Forward Process.

Galaxies: Intrinsic galaxy shapes to measured image:

Intrinsic galaxy Gravitational lensing  Atmosphere and telescope  Detectors measure Image also
(shape unknown) causes a shear (g) cause a convolution a pixelated image contains noise

Stars: Point sources to star images:

BB

Intrinsic star Atmosphere and telescope  Detectors measure Image also
(point source) cause a convolution a pixelated image contains noise




LSST imaging processing: an example

A raw data frame.  Bias-corrected frame Frame oon'ected for Bdght object

The difference in bias with saturated pixels, bad saturated pixels, bad detections marked in
levels from the two  columns, and cosmic rays columns, and cosmic blue.

amplifiers is visible. masked in green. rays.

Measured objects, Measured objects ‘n
masked and enclosed in  the data frame.
boxes. Small empty boxes

are objects detected only

in some other band.




LSST image processing pipelines

Large Synopfic Survey Telescope

{ Middleware AP (

|\

Application Framework

|

i Calibration
P Nightly Data Release Products
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\ 29

LSST Data Management Overview

Most users will use these




A comparison of LSST data processing with

other software projects:

« Complexities we have to deal with in DM

Very high data volumes (transfer, ingest, and especially query)

Advances in scale of algorithms for photometry, astrometry, PSF
estimation, moving object detection, shape measurement of faint galaxies

Provenance recording and reprocessing
Evolution of algorithms and technology

« Complexities we DON’T have to deal with in DM

Tens of thousands of simultaneous users (e.g. online stores)

Fusion of remote sensing data from many sources (e.g. earthquake
prediction systems)

Millisecond or faster time constraints (e.g. flight control systems)
Very deeply nested multi-level transactions (e.g. banking OLTP systems)

Severe operating environment-driven hardware limitations (e.g. space-
borne instruments)

Processing that is highly coupled across entire data set with large amount
of inter-process communication (e.g. geophysics 3D Kirchhoff migration)



Statistical analysis of a massive LSST dataset
e Alarge (100 PB) database and

sophisticated analysis tools:

Data mining and knowledge discovery

10,000-D space with 20 billion points
Characterization of known objects
Classification of new populations

Discoveries of unusual objects

Clustering, classification, outliers



New Cosmological Puzzles
ACDM: The 6-parameter Theory of the Universe - -

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

B Dark Energy

@ Dark Matter

0.03% B Free Hydrogen & He

O Stars
& Neutrinos

@ Heavy Elements




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




Cosmology with LSST SNe: is the cosmic acceleration the
same in all directions?

Figure 1. A projection of the spatial distribution of the Union SNe Ia sample
in Galactic coordinates. Note the relative uniformity of the points, except
around the Galactic plane. The symbols correspond to those in Fig. 2, and
are explained in Section 3.1.

Cooke & Lynden-Bell (2009, MNRAS 401, 1409)

Is there spatial structure in the SNe : b
distance modulus residuals for the ® |SST will obtain light curves for

concordance model? several million Type la supernovae!




Galaxies:
» Photometric redshifts: random errors smaller than 0.02, bias

below 0.003, fewer than 10% >30 outliers

® 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:
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LSST WL + BAO Cosmology with LSST
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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.



Cosmology with LSST: high precision measurements

LSST WL + BAO

0.1

>

0.01

Fractional Errors
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With Planck priors & systematics

10-3
0 1 2 3

LSST Science Book, figure 15.2 Zi

By simultaneously measuring growth

of structure and curvature, LSST

data will tell us whether the recent

acceleration is due to

® Multiple probes is the key!
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LSST Science Book, figure 15.3



Cosmology with LSST: dark energy vs. modified gravity

HGR+ACDM

[E(R)

HTeVes

4 6 810 20 40 Scale

R (h-! Mpec)

Reyes et al. (2010, Nature 464, 256)

LSST will measure Eg about 10 times

more precisely and will be able to rule
out a large class of modified gravity

theories (or GR!)



Extragalactic astronomy: galaxies

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3

O /
1.5 2
redshift

Calaxy Environment
log{n/Mpc™3) = -2.17 log{n/Mpc™®) = -0.75

SDSS: snapshot at z~0

LSST:

a galaxy evolution
movie to z~2.5




Extragalactic astronomy: galaxies
SDSS

Gawiser et al

"




Extragalactic astronomy: quasars

|0 million quasars
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Top: absolute magnitude vs.
redshift diagram for quasars

Today: ~3| quasars with 6<z<7.5 Reionization studies!
LSST will detect ~10,000 quasars with 6<z<7.5!



The Highest Redshift Quasar
at z—7 085 from UKIDSS

| L I 1
= Follow-—up photometry of ULAS J1 120+0641
~ e > F,;=(0.1£0.4) x 1077 W m2pm™; j,5 = 25
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Wavelength, 4 (um) Mortlock et al. 2011

Such a quasar would be detected by LSST as a z-band dropout
(multi-epoch data will greatly help with false positives)

LSST will discover about 1,000 quasars with z>7
Today: one quasar with z>7



10 billion stars, time domain

0.35<r-i <040

Compared to SDSS:
LSST can “see” 10
times further away
and over twice as
large an area
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Time Domain: objects changing in time
positions: asteroids and stellar proper motions
brightness: cosmic explosions and variable stars




sin(i)

0.250

0.125

0.000

objects changing in time
asteroids and stellar proper motions

cosmic explosions

and variable stars

For example:
SDSS demonstrated
that asteroid families
have distinct colors:

chemical composition
LSST will turn this
diagram into a movie
millions of asteroids




Killer asteroids: the impact probability is not O
photomontage!

LSST is the only survey
capable of delivering
completeness specified in
the 2005 Congressional
NEO mandate to NASA
Shoemaker-Levy 9 (tg find 90% NEOs larger

than 140m)

Tunguska
(1908)

The Barringer




Time Domain: objects changing in time
positions: asteroids and stellar proper motions
orightness: cosmic explosions and variable stars

Not only point sources - echo of a supernova explosion:




The impact of LSST on other wavelengths, and vice versa:
|) Science Results (e.g. galaxy/AGN evolution)
2) Tools and Methods (e.g. massive databases [radio])

3) Supplemental data (coeval, identification, physical processes)

Also non-EM: e.g. Advanced LIGO



® |SST system summary

o Science Themes
o System Characteristics

® LSST science examples

o Extragalactic astronomy and cosmology




ecadal Survey
Priorities:
® Spaced-based:

|) Wide-Field Infrared Survey Telescope WFIRST
2) The Explorer Program “rapid response”’
3) Laser Interferometer Space Antenna 1.154

4) International X-ray Observatory /X

® Ground-based:




e Why LSST?

The top rank accorded to LSST 1s a result of:

(1) “its compelling science case and capacity to address so many
of the science goals of this survey”, [and]

(2) “its readiness for submission to the MREFC process as
informed by its technical maturity, the survey’s assessment of
risk, and appraised construction and operations costs.”

Also:“education and public outreach”




. Why | SST? Decadal Survey 2010

The top rank accorded to LSST 1s a result of:

(1) “its compelling science case and capacity to address so many
of the science goals of this survey”, [and]

(2) “1ts readiness for submission to the MREFC process as
informed by its technical maturity, the survey’s assessment of
risk, and appraised construction and operations costs.”

Also:“education and public outreach” @ = .~ ... ¢

L.SST Science Book Al

Summarizes the basic parameters of the
LSST hardware, software, and observing
plans, discusses educational and outreach
opportunities, and describes a broad range
of science that LSST will revolutionize = ]
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L SST Timeline

20107 22011 5320123 35201 SR RL014 3 B0 1SR RLZ0TO F V2013 20153 82001 98 B2 (AU N 5202

D&D .
Federal Construction (6 yrs)

) ¢
Private Construction * *
survey operations begin in 2019 (if MREFC in FY2014)
= Primary/lertiary Mirror being polished, have secondary mirror blank
® Sensor development program delivered first prototype sensors

® Processing pipelines under construction, hand-in-hand with
simulations of Operations, Images, Catalogs
x ~$850M in $2011

contributions from NSF, DOE and private gifts

Operations



How to spend a billion dollars?

Total Project Cost: 455M 2009USD

Commissioning $12M

Project Management $17M Contingency
Education & Outreach $9M \sm1 y
Camera

S86M
Data

Management
$78M

LSST Construction Component Cost

if federal constr.in FY2014




=l Penon: Mar 8, 2011

At 8:56:00 the first blast was detonated
on the EL Penon summit in preparation for
the LSST...
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Useful LSST Links:

Main public website:
http://www.lsst.org/

Science Requirements Document:
http://www.lsst.org/files/docs/SRD.pdf

‘Overview paper:



http://www.lsst.org
http://www.lsst.org/files/docs/SRD.pdf
http://www.lsst.org/files/docs/overviewV2.0.pdf
http://www.lsst.org/lsst/scibook

