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“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?”




OUTLINE

Terminology hereafter:a quasar is a point source in
ground-based seeing, while an AGN is a resolved galax

® Finding quasars/AGNs with SDSS

color selection of quasars
(but skipping AGN selection using galaxy
spectra)

® Brief introduction to LSST




« Quasars with z<2.2 have UV
Fmdmg the Quasars excess (¢.g.¥-B, u-g) compared

to stars with similar blue colors
(e.g.B-V, g-r):

Observed SEDS g‘i'eatly differ
because a given observed -
wavelength range samples varying
rest-frame wavelength range
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. White
Fmdmg the Quasars Light
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Sloan Digital Sky Survey Quasar Catalogs:
- about |/4 of the sky, spectroscopically confirmed
- SDSS | & 11: 105,783 (Schneider et al. 2010)
- SDSS llI: + 78,086 (Paris et al. 2012)

- mostly color-selected,
but also radio (FIRST),

see Richards et al. (2002)
- over half with i<19
- 56 with z>5

~200,000 quasars!

Nearby Quasars

Distant Quasars Completeness: >90%

Hot Stars Gy
Efficiency of color

Cool Stars selection: >65%




Breaking the 1,000,000 Mark

— Richards et al. 2009

I Richards et al. 2004

I Croom et al. 2000

Schneider, Richards
et al. 2002
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Can we get to 10 million?




LSST Science Themes

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

® T[ime domain
(cosmic explosions, variable stars)

® The Solar System structure (asteroids)

® The Milky Way structure (stars)

L.SST Science Book: arXiv:0912.0201

Summarizes LSST hardware, software, and observing 4
plans, science enabled by LSST, and educational and | Vo
outreach opportunities =

245 authors, 15 chapters, 600 pages Tare sw;(;ﬁtic su'qb
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U.S. Decadal Survey 2010

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

‘e Ground-based: )




LSST: a digital color movie of the Universe...
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© 3.6x1073! erg/s/cm?/Hz
36 n]y
|00x fainter than SDSS

| &

An optical/near-IR survey of half the sky More information at
www.lIsst.org

in ugrizy bands to r~27.5 based on ~1000  _ ;. xiv-:0805.2366
visits over a |0-year period: |

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


http://www.lsst.org

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
hight

e 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 16 Mpix images, enabling
measurements for 20 billion objects!
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~ LSST in one sentence:
el L] 1T TN ~ An optical/near-IR survey of half
T e e s Mt st the sky in ugrizy bands to r~27.5
% (36 nJy) based on 1000 visits over
&3 IO-year perlod deep wide fast

....

Left: a 10-year simulation of LSST survey
' the number of visits in the r band (Aitoff
C 20 166 1580 200

" acquired number of visits: r Projection of eq. coordinates)




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

3x3 arcmin, gri

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

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




LSST First Stone Ceremony

April 14, 2015



and while dignitaries are celebrating...

LSST First Stone Ceremony

April 14, 2015
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some are happily doing real work!
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LLSST Construction — Above Ground on Pachon!



February 15, 2016
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2019

First light




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

g

0.2 degrees

emini South
Telescope




Optical Design for LSST

M2 3.4m f/1.05 Flat 3.5 deg. FOV
0.64m dia. @ f/1.23

Y L10.70m
) Filter 0.76m
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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




Ahi'ZONA SER] LSST Primary/Tertiary Mirror Blank

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

Utility Trunk — houses
support electronics and

utilities

Focal plane
Behind L3 Lens _

/ p

\ i\
\

\

ﬁx

Cryostat—contains
focal plane &
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Filters in stored
positions

L3 Lens

Filter

The largest astronomical camera: 2800 kg, 3.2 Gpix



LSST camera

Wavefront Sensors

(4 locations) Imaging Sensors

Guide Sensors .‘.
(8 locations) e
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3.5 degree Field
of View (634 mm diameter)

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



At the highest level, LSST objectives are: m

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!



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 new code (C++ and

python)




Cosmology with LSST

By simultaneously measuring
growth of structure and
curvature, LSST data will tell
us whether the recent
acceleration is due to



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
Air ass 12 correspond to r~27.5 with
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Consistent with other
science themes (stars)
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Extragalactic astronomy: AGNs

From LSST Science Book (arXiv:0912.0201):

10 Active (Galactic Nuclei

W. N. Brandt, Scott F. Anderson, D. R. Ballantyne, Aaron J. Barth, Robert J. Brunner, George
Chartas, Willem H. de Vries, Michael Eracleous, Xiaohui Fan, Robert R. Gibson, Richard F.
Green, Mark Lacy, Paulina Lira, Jeffrey A. Newman, Gordon T. Richards, Donald P. Schneider,
Ohad Shemmer, Howard A. Smith, Michael A. Strauss, Daniel Vanden Berk

Although the numbers of known quasars and active galactic nuclei (AGN) have grown considerably
in the past decade, a vast amount of discovery space remains to be explored with much larger and

deeper samples. LSST will revolutionize our understanding of the growth of supermassive black
holes with cosmic time, AGN fueling mechanisms, the detailed physics of accretion disks, the con-
tribution of AGN feedback to galaxy evolution, the cosmic dark ages, and gravitational lensing.
The evolution of galaxies is intimately tied with the growth and energy output from the supermas-
sive black holes which lie in the centers of galaxies. The observed correlation between black hole
masses and the velocity dispersion and stellar mass of galaxy bulges seen at low redshift (Tremaine
et al. 2002), and the theoretical modeling that suggests that feedback from AGN regulates star
formation, tell us that AGN play a key role in galaxy evolution.

The goal of AGN statistical studies is to define the changing demographics and accretion history
of supermassive black holes (SMBHs) with cosmic time, and to relate these to the formation and




Extragalactic astronomy: quasars

|0 million quasars

Really?? SDSS: yes!

lllll-.:lllm
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Top: absolute magnitude vs.
redshift diagram for quasars

Today: ~31 quasars with 6<z<7.5
LSST will detect ~10,000 quasars with 6<z<7.5!



The Highest Redshift Quasar
at z—7 085 from UKIDSS
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= Follow—up photometry of ULAS J1 120+0641
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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



BZRES LEAEE RRILEE RALER RENLEE LR NERN LENE
SDSS point sources M stars

Static sky!
More information in
time domain...

Binary stars
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The fraction of variable objects in SDSS Stripe 82:

(log scale: -3 to 0)
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N
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The sample is dominated by
quasars and RR Lyrae.
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Quasars and RR Lyrae have
different variability
properties: rms(g)/rms(r)

median a(g)/o(r) (lin scale: 0.5 to 1.5)

With rms > 0.05 mag
and g<20.5
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Time scale T is defined via
damped random walk
(because not all variable

sources are periodic)

Quasars are easily
distinguished from stars by
their long time scales.

Variability is even better
than color selection!

Case study: light curve data
and proper motion data for
over | million sources from

IVquasars SDSS Stripe 82 (all are publicly
available)

0.0 0.5 1.0 1.5 2.0 2.5
McLeod et al. 2011 u—g




Damped random walk f ts to SDSS Stripe 82

3-parameter fits:

DRW time scale,
amplitude, and

mean magnitude

Spectroscopy

L+ spec gso @
* spec star :

| ..0605’10:15 2.0 2.5 | | 0.0 05-10:15 2.0 2.5 | Using Var’iabilit)l’

u—g u—g

——m e———— [T TS

-1.2-1.1-1.0-0.9-0.8-0.7-0.6-0.5 : -0.5 0.0 :

CEA N R VA /AO I | morphology in the
S * g-r vs. u-g diagram
as when using

spectroscopy!

Al i True even for short
0.0 0.5 1.(3_;.5 2.0 25amplltude00 0.5 12 ;5 2.0 2.5 Observation SPanS




YES!

Image differencing can be used to
extract light curves for extended
sources with nearly the same SNR as
for unresolved sources

Case study: image differencing using
SDSS Stripe 82 (Choi+2014,Ap] 782, 37):
light curves that have time scales as long
as AGNs are independently confirmed as

AGNs using X-ray data and optical
emission lines (BPT diagram)!

Survey: sdss Program: southern Target: QSO_SKIRT CALAXY
RA=44.90895, Dec=0.70455, Plate=709, Fiber=430, MID=52205

z=0.19659+0.00003 Class=QS0 STARBURST BROADLINE
No warnings.

30 %8 =
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fr (10777 erg/s/cm®/Ang)
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4000 5000 6000 7000 8000 9000
Wavelength (Angstroms)




How will LSST proper motion measurements

help with the selection of faint quasars?
LSST proper motion errors: (0.5 mas/yr for r=23 and 1.0 mas/yr for r=24.

22 <r<23 23<r<24

By adopting a

232 stars > 20 3Sigma rEj ection cut:

About 2/3 of faint

stars rejected due
to proper motions

10 10 15 20 .
roger Motion Proper Motion without any
¥ O b30 =90, 23 <r <24 .
Etrhy color
or photometric
variability, even

at the faint end!
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Astrometric Classification xaczmarczik et ai. o09)

1) Atmospheric refraction depends on object’'s SED (within a passband)
2) Astrometric solution is derived using stars (with different SEDs than quasars’)
3) Quasar’s calibrated position will change with airmass of observation:

20 KACZMARCZIK ET AL. Vol. 138
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Figure 1. Left: DCR for a flat-spectrum object observed in the SDSS photometric system at a zenith angle of 45° (AM = 1.414). The color coding is u = blue,
g = green, r = red, 1 = magenta, and z = black. Objects appear higher in the sky when observed in blue bandpasses than in red bandpasses. Right: DCR schematic
example. The solid black line indicates the incoming multi-chromatic light rays. The solid red and blue lines indicate the DCR of the incoming beam, with blue light
rays being bent more than red. The dashed blue and red lines indicate the apparent location on the sky of the object as seen by the blue and red filters.




1) Atmospheric refraction depends on object’s SED (within a passband)
2) Astrometric solution is derived using stars (with different SEDs than quasars’)
3) Quasar’s calibrated position will change with airmass of observation:

The slope of the change of the object’s position with the
airmass of observation clearly differentiates quasars and stars:

Additional quasar
selection method:

the variation of
position with

airmass (relative
to the reference
frame set by stars)

Kaczmarczik et al.:

it is sufficient to
sample airmass <1.4
(which is consistent
with the baseline
LSST survey cadence)




SUMMARY

® Finding quasars/AGNs with SDSS
color selection of quasars produced samples
with ~200,000 spectroscopically confirmed
objects, and ~| million quasar candidates!

® Finding quasars/AGNs with LSST
a combination of photometry (colors and
variability) and astrometry (no proper
motion and DCR) will yield a highly clean
and complete sample of 10 million objects,
including ~10,000 quasars at redshifts
exceeding ~6!



SDSS: a digital color map of the night sky
LSST: a digital color movie of the sky




