






Signal/Noise from a typical telescope

D: Telescope Diameter

TEXP Exposure time

Iν Source Intensity


εν Efficiency

ron: read out noise

Bν: Background Intensity


fFF “Flat Field” noise
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Why do we need larger telescopes?

1) To get more photons! nγ∝D2

S/N(f,t)∝Dn (n=1-2)


flim(S/N,t) ∝Dn (n=1-2)

time(S/N,f) ∝D-n (n=1-2) 

4m tel (SOFI@NTT) 8m tel (Hawk-I@VLT)



VLT (8m ground)

 Y 15hr WFC3@HST-J 22hr

In the IR, observations from the ground are limited by the 
higher background --> HST wins.



ACS - Z Hawk-I - Y
WFC3- 1.5hr Hawk-I 15hr

Ground-based telescopes are powerful survey machine, even in HST 
era.

Yband





The Globular cluster M92

HST/WFPC3, H band 21min LBT J band, 6min LBT K band, 3min

Main data:  Rmag 12.0, 0.9’’ seeing

AO settings: 0.5KHz, 15x15 subaps, 153 corrected modes

10’’

HST WFPC3, H band, 20min LBT+FLAO, H band, 8min

 LBT Workshop, Padova, Italy , October 26th-27th ,2011 

Data reduction G. 
Bono & F. Mannucci



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





Optical design

●Primary mirror 8.4m 
(6.6m effective)


●New optical design with 
three reflections


●FOV  9.6 sq. degrees


●3.2 gigapixel instrument 
(189 CCDs) with a pixel 
scale of 0.2 arcsec/pixels



LSST camera

The largest astronomical camera: 2800 kg, 3200 Megapix13





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 (~200 CCDs) is complete!
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It would take about 
1,500 HDTVs to 
display one image 
from LSST camera.


Disclaimer: I am 
unaware of any building 
with 1,500 HDTVs on its 
walls so we had to do 
this in PowerPoint…

To view all images one 
a HDTV with 30 frames 
per second, it would 
take 11 months!        
The greatest movie of 
all time! 



• 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)

Filter Set
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Video of 
telescope 
motion: 

ls.st/-dt 

https://ls.st/-dt
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Camera progress



Why do we need another sky survey, such as LSST?

Is it worth the investment of 1,400,000,000 USD? 
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Credit: Launch Pad Astronomy (YouTube)

ELT: 40-m mirror TMT: 30-m  GMT: 30-m LSST: 8-m

LSST will observe about half of the sky close to 
1000 times over 10 years.

Andy Connolly

University of WA













Special Projects
●Mini surveys are special projects 

devoted to special environments, 
where the WFD survey would not 
be completely effective:

●The Galactic disk

●The Galactic bulge

●The Magellanic Clouds


●They have special cadences and 
observing strategies

●Deep Drilling Fields are 
small areas where higher 
cadence and deeper 
coverage are needed


●Some examples:

●XMM-LS

●Extended Chandra DFS

●COSMOS



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



Velocity distribution for halo stars (SDSS)

Kinematics of halo stars 
based on SDSS-POSS 

proper motions:
velocity ellipsoid is nearly 

invariant in spherical 
coordinate system

Bond et al. (2010, ApJ, 716, 1)

Given measured stellar spatial 
distribution and stellar 
kinematics from proper

motions, we can use Jeans 
equations to infer the 

gravitational potential, and 
ultimately the distribution of 

dark matter!
Loebman et al. (2014, ApJ, 794, 115)



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



Typical time-scales

Narayan et al. 2018



New variables per night

Middleton et al. 2017

adapted from

Ridgway et al. 2014



Filling the transients time-energy plane
Smartt et al. 2015

• Unbiased and statistically 
significant sample of SNe


• Sample of different classes 
of transients


• Trained machine-learning 
classification





















• 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 imaging 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,

3.6x10-31 erg/s/cm2/Hz) based on 825 visits 
over10 years: 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



• 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 imaging data: about a billion 16 Mpix images, enabling 
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Basic idea behind LSST: a uniform sky survey









































Starlink and Kuiper constellations:

Pat Seitzer, from FCC filings

Purpose: direct broad-band internet delivery 24/7



Starlink satellites



Starlink.com



Simulations of 12K, 48K LEO Sats in baseline LSST cadence:      about 1% of all 
LSST pixels affected by satellite trails!

Peter Yoachim



Starlink detection trail: 

Coadded image without masking Coadded image with trails masked
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Basic steps in astronomical image processing



Image Coaddition

- more complex than might be 

expected: need to account 
for different PSF  and 
background 


          

Detect and deblend sources

- deblending is a complex 

problem and it gets worse as 
data are deeper as there are 
more objects per unit angular 
area


          

Multifit

- a modeling approach based 

on Bayesian statistics (hard 
in practice)


          



How bright is this star?  How do we estimate that 
from an image?

- let us assume that the stellar profile, or point spread 
function (PSF) is known 


- we will also assume that we know the centroid (position) of 
our star; both PSF and centroid are determined in “pre-
processing”

- then we fit the PSF to the observed image (pixel counts) of 
our star, with the PSF normalization (overall brightness) as 
a free model parameter

- in its simplest form, the fitting is done by chi2 minimization 
- we can also fit for an intrinsic profile width; that is, we can 

assume that the observed profile is wider than the PSF; 
this allows us to recognize (barely) resolved galaxies 

          





The data likelihood given model for the PSF profile:



The solution for the best-fit normalization, also 
known as the PSF photometry:

If the PSF profile is estimated correctly, the PSF 
photometry is optimal for unresolved sources (stars)



How bright is this star?   But: is it a star at all? 

- we can always assume that the observed profile is well-
described by PSF as compute PSF flux (eq. 7)


- since there is no guarantee that the source is unresolved, 
we also fit for an intrinsic profile width;   when we use this 
“widened” profile instead of PSF profile in eq. 7, we 
compute the so-called “model” flux 

- if the model flux is statistically larger than the PSF flux, we 
have evidence that the source is “resolved” (i.e wider than 
the PSF profile)

- note that the PSF flux can be thought of as the model flux 
conditioned on the intrinsic profile width being zero

For more details: http://faculty.washington.edu/ivezic/Teaching/Astr511/
LSST_SNRdoc.pdf


  http://faculty.washington.edu/ivezic/Publications/Slater_2020_AJ_159_65.pdf



Left: a resolved source, the model flux is larger than the PSF flux   

Right: unresolved source (star, or PSF), the model flux is statistically the 
same as the PSF flux 

model

PSF



How bright is this galaxy (resolved) source?    

- this is a much harder question since we do not know the 
galaxy profile a priori (many morphological types of 
galaxies, inclination effects, distance effects, mergers, 
galaxy evolution)

- a short answer: need much more complicated models than 
just the PSF profile (below: “bulge+disk” model)

          



 Faint surface brightness limit reveals more detail:

redshift

Gawiser et al

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

depth (but tiny area)



Alert!Additional “followup” data obtained to:

 - confirm and classify 

 - provide better temporal resolution

 - use different filters/wavelengths

 - obtain spectra (distance!)

 - get other measurements (e.g. polarimetry)

Alerts can trigger “Followup” observations:

Image 1 Image 2 Difference

Image 1 Image 2 Difference

~10 billion alerts



We are expecting tens of thousands of new LEO (~550 km) satellites 
over the next few years (now about a thousand) 

Alex Drlica-Wagner

CTIO,  AURA

https://noirlab.edu/public/images/iotw1946a/



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

 



• 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


