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OUTLINE

• Finding quasars/AGNs with SDSS                                       
color selection of quasars (but skipping 
AGN selection using galaxy spectra)

• Brief introduction to LSST                               
science drivers, system overview, expected 
survey data products, status report 

• Finding quasars/AGNs with LSST                                       
photometry (colors, variability) and 
astrometry (no proper motion, DCR) 

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



#

Finding Quasars…

Observed SEDs greatly differ 
because a given observed 
wavelength range samples varying 
rest-frame wavelength range 

Rest-frame quasar SED

Vanden Berk et al. (2000) 

Quasars with z<2.2 have UV 
excess (e.g. U-B, u-g) compared 
to stars with similar blue colors 
(e.g. B-V, g-r):

Smolcic et al. (2004)



Sloan Digital Sky Survey Quasar Catalogs:
- about 1/4 of the sky, spectroscopically confirmed
- SDSS I & II: 105,783 (Schneider et al. 2010)
- SDSS III: + 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! 

Completeness: >90%

Efficiency of color 
selection: >65%



#

Quasar Luminosity Function

Previous 
measurements 
were for nearby 
or far away 
quasars, but not 
both.  SDSS 
spanned the 
whole range.

Richards et al. 2006

N
um

be
r



#

Breaking the 1,000,000 Mark

Croom et al. 2000 
Schneider, Richards 
et al. 2002

Richards et al. 2004

Richards et al. 2009

Can we get to 
10 million?



LSST ObservatoryCan we get to 10 million?

YES WE CAN! 



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



Required system characteristics

• Large primary mirror (at least 6m) to go 
faint and to enable short exposures (30 s)

• Agile telescope (5 sec for slew and settle)

• Large field of view to enable fast surveying 

• Impeccable image quality (weak lensing)  

• Camera with 3200 Mpix

• Sophisticated software (20,000 GB/night,   
20 billion objects, 20 trillion measurements) 



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

 



Cosmology with LSST: dark energy vs. modified gravity

• Even for a model with modified gravity, it is possible to assume that 
GR is correct and always find DE with suitable w(z) to explain data 
for H(z). 😱

• However, the growth of structure will be different and thus when 
both H(z) and G(z) are measured, the degeneracy can be broken and 
DE vs. modified gravity models distinguished (Jain & Zhu 2008, 
PhysRevD 78, 063503) 

• φ is the curvature perturbation and ψ is the potential pertur.

• In General Relativity φ = ψ in the absence of anisotropic stresses. A 
metric theory of gravity relates the two potentials above to the 
perturbed energy-momentum tensor.            😄                           φ 
and ψ can be constrained with astronomical observations.



• EG combines 3 measures of large-scale 
structure: galaxy-galaxy lensing (φ+ψ), 
galaxy clustering (φ) and galaxy 
velocities (from galaxy  redshifts; 
measures G(z)) 

• SDSS data enabled a test of GR          
at 15% level: it passed!

• SDSS data already excludes a model 
within the tensor-vector-scalar gravity 
theory, which modifies both 
Newtonian and Einstein gravity. 

• Five times better precision needed to 
rule out f(R)

Cosmology with LSST: dark energy vs. modified gravity

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!)

LSST Science Book, figure 15.8

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

EG

scale



• 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



• Even a single supernova represents a 
cosmological measurement!  

• LSST will obtain light curves for 
several million Type Ia supernovae!

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

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

Is there spatial structure in the SNe 
distance modulus residuals for the 
concordance model? 



PSF

depth areaLSST

W
FI

RS
T Euclid

WFIRST:   
2,200 sq.deg      
m5 ~ 27             r1/2 
~ 0.12 arcsec  
~2025-2031

Euclid:       
15,000 sq.deg      
m5 ~ 25              
r1/2 ~ 0.13 arcsec
2022-2028  

18,000 sq.deg      
m5 ~ 27              
r1/2 ~ 0.4 arcsec 
2022-2032 

LSST, WFIRST and Euclid are highly complementary missions. 
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2.5 mag

2.5 mag

LSST WFIRST

Euclid
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2.5 mag

2.5 mag

LSST WFIRST

Euclid
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About 2,200 sq.deg. will be 
covered by all three surveys: 
0.12 arcsec in VIS and YJH and 
photometry in ugrizyYJH

At least about 7,000 sq.deg. of 
Euclid-LSST overlap: VIS and 
photometry in ugrizyYJH  



 
LSST will extend 

time-volume space a 
hundred times over 

current surveys (new 
classes of object?): 
multi-messenger 

astrophysics

known unknowns
unknown unknowns    

Time Domain: objects changing in time 
positions: asteroids and stellar proper motions 

brightness: cosmic explosions and variable stars

?



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!



Main-belt Inventory

The semi-major axis vs. inclination (proper elements)

48

30,000 
Asteroids with 

SDSS colors and 
proper 

orbital elements 
(Ivezic, Juric, Lupton 2002)  



Main-belt Inventory

The semi-major axis vs. inclination (proper elements)

48

30,000 
Asteroids with 

SDSS colors and 
proper 

orbital elements 
(Ivezic, Juric, Lupton 2002)  

The semi-major axis vs. inclination: color-coded using optical
colors measured by SDSS

49

Color-coded with 
SDSS colors

Colors help with the definition of asteroid families. 
LSST will also provide color light curves!



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



montage from B. Willman

200 million stars 
from LSST! 



                      
 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

http://www.lsst.org


• 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  

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.

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



SDSS
gri

3.5’x3.5’
r~22.5
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3 arcmin is 
1/10 of 
the full 
Moon’s 

diameter



HSC
gri

3.5’x3.5’
r~27
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3 arcmin is 
1/10 of 
the full 
Moon’s 

diameter

 like LSST 
depth (but 
tiny area)

 LSST will 
deliver 5 
million 
such 

images



Extragalactic astronomy: faint surface brightness limit

redshift

Gawiser et al

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

depth (but tiny area)



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

Filter complement                                        

• 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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Start of Operations: Oct 1, 2022

Project Schedule as of April 28, 2019



April 14, 2015
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Oct 17, 2017
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First light: 2021
Mar 10, 2019





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

          settle



Telescope Mount Assembly is on its way from Spain to Chile



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







‹#›FNAL, APRIL 29, 2019 



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

LSST Science Sensor procurement is complete!
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Start of LSST Operations: Oct 3, 2022 
Get ready! 



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! 



 50LSST Data Products: see http://ls.st/dpdd

LSST data products are organized into 3 categories: 

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

• Existing tools and methods do not scale up to LSST 
data volume and rate (100 PB!) 

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

htpp://ls.st/dpdd


yearly daily
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Basic steps in astronomical image processing



Alert!Additional “followup” data obtained to:
 - confirmation and classification
 - provide better temporal resolution
 - use different filters/wavelengths
 - obtain spectra (distance!)
 - other measurements (e.g. polarimetry)

Alerts can trigger “Followup” observations:

Image 1 Image 2 Difference

Image 1 Image 2 Difference



Time Domain: objects changing in time 
positions: asteroids and stellar proper motions 

brightness: cosmic explosions and variable stars

As many variable stars from LSST, as all stars from SDSS
Web stream with data for transients within 60 seconds. 

Real time alerts!
 

 
Not only point sources - echo of a supernova explosion:    

Rest, Becker, et al.



Mario&Juric&<mjuric@cfa.harvard.edu>,&Tuesday,&August&3rd,&2010.&&
XV&IAGDUSP&Advanced&School&on&Astrophysics,&Campos&do&Jordão,&Brazil&Lecture&IV:&Working&With&Large&Surveys&and&Datasets&

The era of surveys...

  “Ask Not What Data You Need To Do Your Science, Ask What Science You Can Do With Your Data.” 

• Standard: “What data do I have to collect to (dis)prove a hypothesis”? 
• Data-driven: “What theories can I test given the data I already have?” 



Extragalactic astronomy: AGNs
From LSST Science Book (arXiv:0912.0201):



#

Quasar 
Surveys 
Status

Great progress 
over the last 
decade, but:  
still incomplete 
for low-L objects 
already at z~1! 

incomplete



Extragalactic astronomy with LSST: quasars

• About 10 million quasars 
will be discovered using 
variability, colors, and the 
lack of proper motions 
Really??  SDSS: yes! 

• The sample will include 
Mi=-23 objects even at 
redshifts beyond 3

• Quasar variability studies 
will be based on millions 
of light curves with 
1000 observations 
over 10 yrs  

Top: absolute magnitude vs. 
redshift diagram for quasars

Mi

redshift

SDSS

LSST

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

-23

Today: <100 quasars with 6<z<7.5



A High-Redshift Quasar 
at z=7.085 from UKIDSS

Mortlock et al. 2011

y

z

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: <10 quasars with z>7 



#

Finding Quasars…

Rest-frame quasar SED

Vanden Berk et al. (2001) 

Traditionally need 
spectroscopic confirmation

Hot Stars

z<2.2 
quasars 

Cold stars

Distant quasars
10x

100x

Static sky! 
More information in 

time domain...



Practically all quasars are variable! 

With rms > 0.05 mag 
and g<20.5 

The fraction of variable objects in SDSS Stripe 82: 

quasars

quasars

stars



The variability time scales  

Quasars are easily 
distinguished from stars by 

their long time scales.

McLeod et al. 2011

Time scale τ is defined via 
damped random walk 

(because not all variable 
sources are periodic)

Case study: light curve data 
and proper motion data for 
over 1 million sources from 

SDSS Stripe 82 (all are publicly 
available)

Variability is even better  
than color selection! 

quasars

quasars

stars



Damped random walk 
also known as Ornstein-Uhlenbeck process and as CAR(1) 

process; it has exponentially decaying ACF and it is a
Stochastic process with 
   PSD(f) = 1/f2 for f > 1/τ, and PSD(f)=const. for f < 1/τ

Random walk

DRW

1/f2

1/τ

RDW cannot be 
rejected 

(MacLeod+201x)
(Zu+2012)

Kepler data: 1/f3

for high frequencies i.e.

short time scales

(Mushotzky+2011)

1/f for low f

1/f2

flicker noise plus 
random walk



Damped random walk fits to SDSS Stripe 82 
 

Spectroscopy

Using variability, 
one gets the same 
morphology in the 
g-r vs. u-g diagram 

as when using 
spectroscopy!

3-parameter fits:
DRW time scale, 
amplitude, and 

mean magnitude

amplitude

True even for short 
observation spans 



Wonderful, but can we do variability 
selection with extended sources? 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, ApJ 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)!time

flux



22 < r < 23 23 < r < 24

About 2/3 of faint 
stars rejected due 
to proper motions 
without any 
selection by color 
or photometric 
variability, even  
at the faint end!

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. 

By adopting a  
3sigma rejection cut: 



#

Astrometric Classification Kaczmarczik et al. (2009)
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: 



uSlope gSlope

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)

DCR

Kaczmarczik et al.: 
it is sufficient to  
sample airmass <1.4    
(which is consistent 
with the baseline 
LSST survey cadence)



Plausible LSST Yields
Variability Selected Quasar Predictions from Palanque-Delabrouille et al. (2013)

LSST:         
10 
million
!



The connections between optical and radio regimes: 
1) Science Results (asking similar and often same questions;       
e.g. stellar and galaxy formation and evolution, dark energy)
2) Tools and Methods (e.g. massive databases)
3) Supplemental data (identification, physical processes, HI)      



AUTOMATED radio morphology classification 
for over 100,000 radio sources

“Compact” 
(unresolved)

“Resolved”

“Complex”

FIRST vs. NVSS flux, and FIRST peak vs. integrated flux:

Kimball & Ivezić 2008



Complex

Resolved

Compact

flat

bright

faint

#/bin (columns rescaled)

steep

No SDSS Galaxies Point sourcesOptical:
71% 22% 7%

45%

25%

30%

Radio “color”-mag. 
diagrams

massive 
statistical 
studies!



Statistical analysis of a massive LSST dataset  

• A large (100 PB) database and sophisticated 
analysis tools:  for each of 40 billion objects 
there will be about 1000 measurements (each 
with a few dozen measured parameters)

• 10,000-D space with 40 billion points

• Characterization of known objects

• Classification of new populations

• Discoveries of unusual objects

Data mining and knowledge discovery

Clustering, classification, outliers



Open source!
www.astroML.org

Statistics, Data Mining, and   
   Machine Learning in Astronomy
 

A Practical Python Guide for the Analysis of Survey Data

Željko Ivezic, Andrew J. Connolly, 
Jacob T. VanderPlas & Alexander Gray

´

PRINCETON SERIES IN MODERN OBSERVATIONAL ASTRONOMY

http://www.astroML.org




SUMMARY

• Finding quasars/AGNs with SDSS                                       
color selection of quasars produced samples 
with ~200,000 spectroscopically confirmed 
objects, and ~1 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 (and 1,000 with z>7)! 



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

“If You Liked SDSS, You will Love LSST!”



Damped random walk 
also known as Ornstein-Uhlenbeck process and as CAR(1) 

process; it has exponentially decaying ACF and it is a
Stochastic process with 
   PSD(f) = 1/f2 for f > 1/τ, and PSD(f)=const. for f < 1/τ
So, like ordinary random walk at high frequencies, but less power at low 

frequencies: the process tends towards its mean value and doesn’t drift away

1/f 1/f2

LEFT: 
Both PSDs have equal power 
at low frequencies; the 1/f on
the left has more power at high 
frequencies and thus the light 
curve in the top left panel 
appears more “noisy”

Quasar variability is stochastic - how can we describe it mathematically? 



Damped random walk 
For irregularly sampled data, best analyzed using the structure function, 

or alternatively by fitting individual light curves for the best-fit time 
scale τ and variability long-term variance (e.g. see “Gaussian Processes” 

in Numerical Recipes, or Kozłowski, S., et al. 2010, ApJ, 708, 927)

∆m

∆t

auto-correlation function



Damped random walk 
For irregularly sampled data, statistical samples are best analyzed using 

the (model-independent) structure function  

Variability rms decreases with 
wavelength and increase with time

Observing baseline of 10 years 
(SDSS) is sufficient to constrain 

variability time scale for the 
majority of quasars

McLeod et al. 2012


