Vera C. Rubin Observatory: "
Ushering a New Era of TDA



what's in a name?

VERA C RUBIN

= , The first ground-based national US

A’i 7 observatory named after a woman, Dr.
g o T Vera C, Rubin

& NG
| =

Ak In the first 10 years of its life Rubin will
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w! a¥ conduct the Legacy Survey of Space and
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_ Rubin Observatory LSST
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Signal/Noise from a typical telescope

Shomeoye z DQTE e PI € D: Telescope Diameter
| 4 | i %4

4 Texp Exposure time
I, Source Intensity
ev Efficiency

2
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S/N

ron: read out noise

B,. Background Intensity
frr “Flat Field” noise
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Why do we need larger felescopes?

1) To get more photons! ~ |n,xD?




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




round-based telescopes are powerful survey machine, even in HS
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he Globular cluster M92
Data reduction G.

10” Bono & F. Mannucci

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

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



Optical Design for LSST

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

AN

7y L10.70m
=471 Filter 0.7¢m

i ;;”1_ = "j_ j_'l L2 1.10m

M18.4m f/1.14

Three-mirror design (Paul-Baker system)
enables large field of view with excellent image quality:
delivered image quality is dominated by atmospheric seeing




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

Primary Mirror Field of
Diameter View
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Optical design]

*,.
e Primary mirror 8.4m

(6.6m effective)

e New optical design with
three reflections

e FOV 9.6 sqg. degrees

e 3.2 gigapixel instrument
(189 CCDs) with a pixel

| X o'y : o
scale of 0.2 arcsec/pixels i \ ek




LSST camera

Focal plane
Behind L3 Lens

Utility Trunk—
houses support
electronics and
utilities

Cryostat—contains focal
plane & its electronics

Filter

L2 Lens

L1 Lens

Camera % Section

The largest astronomical camera: 2800 kg, 3200 Megapix



Major Camera Elements m

“M‘

3.06.05 Utility Trunk

3.04.01 Science Raft Tower G e

N &
7

3.03 Sensors

3.07.02 Aux

™\ 3.06.04 Electronics
Cryostat

3.05.04
L3 Lens

‘\ Assembly
3.05.02

Filters (6)
3.06.03 Filter
Exchange System

\ 3.06.02 Shutter e
3.05.03 L1-L2 Lens Assembly 3.07.01 Camera Control System



LSST camera

Wavefront Sensors

(4 locations) ITGHG SonEcs
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3200 Megapix = 189 x16 Megapix CCD
9 CCDs share electronics: raft (=camera)

LSST Science Sensor procurement (~200 CCDs) is complete!
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unaware of any building

It would take about
1,500 HDTVs to
display one image
with 1,500 HDTVs on its
walls so we had to do
this in PowerPoint...

Disc

from LSST camera.
To view all images one
a HDTV with 30 frames
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Throughput (0-1)

Filter Set
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One quarter the diameter of the moon
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One quarter the diameter of the moon

Rubin
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https://ls.st/-dt




Camera progress
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Every curcle
contains
e ._10 million
| s l galaXIeS

Andy Connolly
B University of WA

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

OBSERVATORY

Probing Dark Energy and Dark Matter

Exquisite measurements of strong and weak lensing, large-scale structure,
! r
clusters’of galaxies, and supernovae

| , \
» J

N .

LSST Science Drivers

rpp federica bianco - fbianco@udel.edu ﬁ @fedhere



= Rubin Observatory LSST

OBSERVATORY

Mapping the Milky Way and Local Volume via resolved stellar population

17B stars characterized in shape, color, and variability.
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.= Rubin Observatory LSST

OBSERVATORY

An unprecedented inventory of the Solar System from potentially
hazardous asteroid to the distant Oort Cloud

05 1 A catalog of orbits for & million bodies
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—~x. Rubin Observatory LSST
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Exploring the Transients and Variable Universe

Ed

LSST Science Drivers

federica bianco - Ibianco@iudel.edu afedhere



Special Projects

e Mini surveys are special projects g Deep Drilling Fields are
devoted to special environments,  <mall areas where higher

where the WFD survey would not
be completely effective:

cadence and deeper
coverage are needed

e The Galactic disk
e The Galactic bulge eSome examples:
e The Magellanic Clouds o XMM-LS
e They have special cadences and ¢ Extended Chandra DFS

observing strategies

e COSMOS



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 1 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




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)

Medion metallicity ([Fe/H]) for 2.5 million blue (F) stars

oLD YOUNG

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, ApdJ, 794, 115)

11 12 13 14 15 16




Gaia vs. LSST comparison

Photometry

vvvvvvv | ©  Gaia: excellent astrometry (and
5 photometry), but only to r < 20

® LSST: photometry to r < 27.5 and
| time resolved measurements tor
<245

SD55-POSS L.

Complementarity of the two

100x ‘_4‘/ surveys: photometric, proper
LSST : motion and trigonometric parallax

errors are similar around r=20

4 M\
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).
lvezi¢, Beers, Juri¢ 2012, ARA&A, 50, 251 \_ /




Typical time-scales

o
N

Long Period Variables
Eclipsing Binaries

Double Periodic Variables
& Scuti

Supernovae

Type Il Cepheids
Ellipsoidal Binaries
Classical Cepheids

RR Lyrae

Double-mode Cepheids

o ©
n (o)

o
[N

o
W

o
N

Population-normalized Sample Fraction
o
—

0.0 -

- Ll L] - L] L] L]

-2 -1 0 1 2 3 4
log{Time Scale)
Narayan et al. 2018



New variables per night

1E6 -
> 1E5 -
m |
o N
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im) | \ e CVs
8 e
= 1E3 % =
S R v, AGNS e
- QSO?’“"’*M f
Q ) s _ -
Z B2 NGt e

M-Flares \\.\ .
Stars . Middleton et al. 2017
151 | A ' "~ adapted from
0 1 2 3 4

Elapsed Survey Time (years) Ridgway et al. 2014



Filling the transients time-energy plane
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The LSST Science Book

- Contents:
- Introductian
— LSST System Design
— System Performance
— Education and Public Qutreach
— The Solar System
— Stellar Populations
— Milky Way and Local Volume

Structure
— The Transient and Variable Universe
— Galaxies % :}?‘
= Active Galactic Nuclei —
| — Supernovae

— Strong Lenses
— Large-Scale Structure

— Weak Lensing
— Cosmological Physics

S —— ——

ABJau3 weq

| .arge Svnoptic Survey Beléscope

PO, Siwmemmtser v




Rubin Observatory LSST
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the Rubin LSST
\S cience Collaborations



Rubin Observatory LSST

-
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VERA C_ RUBIN
OBSERVATORY

o THE LSST ECOSYSTEM

l:trpnnlmn

The Rubin Organization is (T
almost as complex as the o
. . . nlsJ e
Universe it will explore!
e B (SST @ '

| construction |
Project

Foviieg o Agn|eistering
Fosane i Support

. felig $ivret

& fvmy

. SLAC Natiosal Y < Jupiorting Fuaaculh

R fccelaralor
Laboratory + Pamker

yom

federica bianco - fbianco@udel.edu g afedhere
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—Rubin LSST Science Collaborations

$ %R

VERA C_RUBIN
OBSERVATORY

8 Science Collaborations

think about us as an army of volunteers
that thinks Rubin LSST will be amazing and
transformational and are investing in
preparing to use its data and helping
optimize the Observatory choices

8 SCs - 5 continents - 1500 people - 25 countries

federica bianco - fbianco@udel.edu afedhere
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Rubin LSST Science Collaborations
i . e

OBSERVATORY

o I
Dark Energy (DESC) 222 |
Informatics and Statistics 15

Solar System ?}'

Stars, Milk way, and Local Volume

Strong Lensing

Transients and Variable Stars

~ lima

551 8 SCs - 5 continents - 1500 people - 25 countries "

federica bianco - fbianco@udel.edu g afedhere
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OBSERVATORY

%ubin LSST Science Collaborations

https://community.lss
t.org/t/international-
in-kind-contribution-

evaluation-
committee-cec-
Update-charge-and-
science-
Th _ collaboration-
e LTS representation/3998

- -

5571 8 SCs - 5 continents - 1500 people - 25 countries

federica bianco - fbianco@udel.edu g afedhere
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Diversity
Equity
Inclusion




Rubin LSST Science Collaborations

P
We aspire to be an inclusive, ( e
equitable, and ultimately just group
and we are working with renewed
vigor in the wake of the recent event
that exposed inequity and racism in
e \ our society to turning this aspiration

= into action.
ov N
#desc-for-black-lives 185C |
\ o
@heather?99 created this channel an June 9th. This is the very beginning of the #desc-for-black-lives channal. Description: A

Dialogues aboul hew each of us as individual DESC members and cur collaboration as @ whole can help eradicale anti-Black
racism. [cdit)

Diversity Equity and Inclusion council of the SCs

RU bll"l _ Science Collaborations

federica bianco fbianco@udel.eduy W @fedhere &3
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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

® ~|00 PB of imaging data: about a billion 16 Mpix images, enabling
measurements for 40 billion objects

Number of vsits in g, r and i filters (minon_1016)

LSST in one sentence:

An optical/near-IR survey of half the sky

Pl \‘" in ugrizy bands to r~27.5 (36 n)y,
e o 3.6x10-3! erg/s/cm2/Hz) based on 825 visits

over |0 years: deep wide fast.

Left: a |0-year simulation of LSST survey: the
I o o0 number of visits in the r band (Aitoff projection of
eq. coordinates)

47



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

® ~|00 PB of imaging data: about a billion 16 Mpix images, enabling
measurements for 40 billion objects

vationStartM|D

LSST in one sentence:

An optical/near-IR survey of half the sky
in ugrizy bands to r~27.5 (36 njy,
3.6x10-3! erg/s/cm?/Hz) based on 825 visits
over |0 years: deep wide fast.

Left: a |0-year simulation of LSST survey: the
number of visits in the r band (Aitoff projection of

320 400 480 56C €£0 72¢ 8C0O 3B eq.coordinateS)
Count observationStartM|D (MIC)

48



-~ Rubin LSST survey design

VERA C RUBIN
nnnnnnnnnnn

Rubin LSST = Astro + DataScience
x10

INCIEASE  wms]
in d at a DES (2013)

ZTF (2018) 1.4

volume s

5 10 15
Terabytes

federica bianco - fbianco@udel.edu g afedhere



-~ Rubin LSST survey design

Ct S

Dsscnvatony GRB awlows
" AGN

K . &
Y » F10%
=25 ASSASSN-15h
- L J
Revativietic Explogsions
Luminaus SNe ®
1%, hy
® o 440
< TDE: Tidal Disruption Events 10 4
w2
<-20 la c
@ % CC: core-collapse superncvae gyt Blue * §
m 3 Transients 5
: cc» la: tharmonuclear supemovan d . .S 428 Wh " ’
w g st o 8 107 at time scaies can
: SESN: stripped-envelope - Ca-rich n nCar =
b supernovae op trdnsents
; : LSST prob
,w & LBV: Luminous Blue Variables g sl ﬁ prO e?
: P6O-MB20T-081119 o +5Dor L
a LRN; Luminous Red Novae . LRk 10%™
~10 . 2, LBV
CN: Classical Novae (MMRD)
T
ILRT: Intermediate Luminous >4
Red Transients ® Vi3095¢ce 55 - 1038
=d $S: Symbiotic Stars Mluclw.zh.p
10-2 10~} 10° 10 10
characteristic |
LSST: from Science Drivers to Reference Design and Anticipated Data Products

time scale (days) | o, . redcers 200 0

# o e o lime

federica bianco fbianco@udel.edu W &fedhore 83



-~ Rubin LSST survey design
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VERA C_RUBIN

OBSERVATORY

astro-Isst-01 2022 i band: CoaddM5 Many surveys in one

Wide Fast Deep

800 img over 18,000 sq deg

pairs of observations in <Thour to track
asteroid (and get transient colors)

Deep Drilling 80% of the sky time
T
060 -045 -0.30 -0.15 000 015 030 045 060 .
coadded m5 - 26.8 Minisu rveyS
Deep Drilling Fields 20%
Rothchild+ 2019 _
httpsy//anxiv.org/abs/1903.00531 Targets of Opportunity

AL A

" o lime

federica bianco fbianco@udel.eduy W @fednere X3



—~. Rubin LSST survey design

p g
ggﬂ? C RUBLN X
LSST cadence tensions SN cosmology | ,\
| SN physics
“ Fast/Dense emp;ak;
f(\;) multiple stars, - /@
Y single-filter ~ starvariabilty _
& [ cadence density
R - DEEP WIDE AGN
~) " weak lensing, BAO ﬂ
s o SN cosmology, weak lensing, =4
\ |/ S8, BAQ, precursors, faint stars ‘f ',O 3
X
color at short N\
time intervals W
fast transients 1 / w~ \ L

microlensing ¥ ) | j
?"-‘) Regular/persustent l (67
AGN, Strong Lensing * >

federica bianco fbianco@udel.edu W @fedhora €3



—~. Rubin LSST survey design
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Rubin asked the community how to design the survey

40+ submissions

Cadence White Paper Submissions

uniowryolher

Galaxie
1%
VS

40.0% AGN
‘ £.7%
DESC

4%
mulliole
L%

5¥
SMWLV

1942

SS
g

hitps://www.sst.org/submitted-whitepaper-2018
t‘ Helping define the LSS T Survey  hitp:/fob.space//LSSTWP/LSSTwhitePapers.html

e e lime

federica bianco fbianco@udel.edu W @fedhora £



Rubin data and
data products
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VERA C_ RUBIN

OBSERVATORY

Raw Data: 20TB/night \

Sequential 30s images
that cover the entire
visible sky every few days.

Prompt Data Products
- Alerts: up to 10M/night

(60

catalogs: 3/M objects, 15PB)

federica bianco - fbiancodudel.edu

Rubin Observatory LSST

Data Management System Overview

via nightly alert streams  Community

t\‘ ‘ '
O (\ LSST Alert
Results of Difference ™ e Sengs
Image Analysis (DIA):
| transient and via Prompt
variable sources @ Src:dgg;s LSST DACS
Solar System Qbjects ~ alabase | (Chile & NCSA)
~6M by year 10
) VN
. Independent
Data Release Data Products DACs (IDACs)
Final 10 year Data Release @ via Data
— images: 5.5M x 3.2 Gpx —  Releases

Data Products Definition Document
http://ls.st/dpdd :
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Rubin Observatory LSST

0BSERVATORY Data Management System Overview

Raw Data: 20TB/night W

Sequential 30s images
that cover the entire
visible sky every few days.

Data Products Definition Document
http://ls.st/dpdd

federica bianco - ftbianco@udel.edu



Rubin Observatory LSST

VERA C_RUBIN

0BSERVATORY Data Viapagememsbasiom Overview
Raw Data: 20TB/night \f/ Prompt Data Products \ via nightly alert streams Gommunity
Sequential 30s images | N Alerts: up to 10M/night fya (\I Brokers
that cover the entire ggp‘s“j 0= _QO
visible sky every few days. T&\%%*'ﬁﬁ
O I LSST Alert

Filtering Service

Data Products Definition Document
http://ls.st/dpdd -

federica bianco - fbiancodudel.edu



Rubin Observatory LSST

VERA C RUBIN | world public
0BSERVATORY Data Management System Qverview
Sequential 30s images - Alerts: up to 10M/night Brokers
that cover the entire ] [50\-: e ( )
visible sky every few days.
O ~" LSST Alert

Filtering Service

Processing Pipeline for Prompt Products
Difference Image Analysis (DIA) begins immediately after image acquisttion.

. ) 4= (1) Source detection is run
/ / ¢ on the difference image.
femplatoimage  newimage  difference image

(2) DIASources with signal~to-noise ratio > 5 are “detected".

(3) DIASources are associated by location into DIADbjects.
(6) Measurement and characterization for DIASources and DIAObjects.

Product: Products:

https%you[ube‘ com/watch? 80, Stream of Alert Packets 24 0IA Source & Uhjeﬂ Catalogs
v=6dmmKGOANKS . one per DiASource Difference and Direct Images




Rubin Observatory LSST

VERA C_RUBIN

OBSERVATORY

Raw Data: 20TB/night \

Sequential 30s images
that cover the entire
visible sky every few days.

https%youtube.com/watch? |
v=6dmmKGOANK8 "

Data Management System Qverview

- Alerts: up to 10M/night

Prompt Data Products via nightly alert streams  Gommunity

Brokers

"
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LSST Alert

Alert Packet Contents

DIASource Parameters
- astrometry, photometry, shape (FIWHM, trail, dipole, etc.)
- signal-to~noise ratio, spuriousness" {real/bogus)

DIAObject Record (~12 month history)

- proper motion, parallax, mean flux, orbital elements
- variability parameters™*, e.g., (non)periodic features
- association with latest static Object in Data Release catalog

All Associated DIASources (past ~12 months)
550bject Record (more n later stide)

Image Stamps (e.g., FITS)

- at least 6'x6" for both difference and template
- flux, variance, and mask frames, with metadata (WCS, PSF)

world public



Rubin Observatory LSST

world public

VERA C_RUBIN

0BSERVATORY Data Management System Qverview
Raw Data: 20TB/night W Prompt Data Products via nightly alert streams Gommunity
Sequential 30s images - Alerts: up to 10M/night @ o Diokers
that cover the entire ] 608 *i—@
visible sky every few days. W R
O " LSST Alert

Filtering Service

Prompt Products Database (PPDB) Contains

DASource and DIAObject Catalogs with:

- all the same information as in the Alerl Packel

- forced photometry in difference images at the locations of
DIAObjects with detections in the past ~12 months

- precovery forced photometry for new unassociated DIASources

at their location in the last ~30 days of difference images

https%yo utube.com/watch? Processed single-visit direct and difference images are
v=6dmmKGOANKS also made available in 24 hours in the Science Platform.




__ Big data and time domain astrophysics =i
VéRAC.RUB;;

Astronomy’s Discovery Chain
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. Rubin Observatory LSST

VERA C RUBIN N vvorld public

OBSERVATORY Data Maﬂa . 1 O 1L el e --. TR AT,
Raw Data: 20TB/night '

#Tompt Data Prodiucts via nightly alert streams Commumty
- Alerts: up to 10M/night

Sequential 30s images
that cover the entire
visible sky every few days.

LSST Alert
a Service

\‘

ek @ B LSST DACs
Solar System Qbjects: ~ VAADESE | (chile & NCSA)
~6M by year 10

-

Independent
Data Release Data Products | DACs (IDACs)

Final 10 year Data Release @ via Data
images: 5.5M x 3.2 Gpx —  Releases

atalogs: 3/M objects, 15PB g

/

Data Products Definition D

ment
data-Hghi-holders http://s.st/d

ublic after 2 years

federica bianco - fbianco@uder



Rubin Observatory LSST

LIGOMFIRG®esea of localization ~1 00deg square
Ursa Minor contains 255,86 square degrees

A2 £1904252 18% of the skylocali'z'atidr'ﬂ' "

federica bianco - fbianco@iudel.edu
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Rubin Observatory LSST

4 %\ Meredith Rawls
| " @merrdiff

How it started:  How it's going:




Time domain Rubin LSST science

Hares
with sun altitude

Satellite flares ™
can be mitigated:

P'EP!I

[ncrmalized ¥/
-

- orientation of satellite,

- directing flares away from
observer

of flares

Number

Iridium satellite number 35 It up th 2 i : , & o o "‘d‘_:;
pled;\'all?fl;‘:v:'illt;n;z&fd: el‘aJuﬁ. I::I on knOWIng Coordlnates to & '{'? '..::.‘3’:_;.-"":;.‘5"'L; Pl '\:_ >
associate them to alerts L

February 1,1998, Sky & Telescope

Fig. 9. Number of flares for each constellation, simply scaling them to
one-third of the flares caused by the ariginal Iridium satellites (which
had three large antennas) and to the number of satellites. This is the

if not mltlgate there would  number of abservable flares per night, or the number of flares per week

brighter than =5 mag for a mid-latitude site. The colour encodes the sun

be bogus alerts and elevation below the horizon, from 0° (red), ~18° (pale blue), and into

‘ . the night (darker blue to greys).
images ruined b = -
5 y Hainaut & Williams 2020

Ny saturating flares https://arxiv.org/abs/2003,01992
RUUIT Science Collaborations
federica bianco fbianco@udel.edu afechore G ’ it



Static Sky: correlated noise and cross talk

mitigation: simulation of the
Cosmology probes are systematic dominated non-linear crosstalk to measure

the effect on precision
cosmology and effectiveness of
removal algorithms

PR RIS
o - =45 - 1)=5,6 b 1)=6,7
g““* =54 -4 ij=65 -4 ij=16
© 108 ;
E
EI-C"J' | & .
' { ‘ b
ﬁm 4 } ¢
O o L .9 d t .
0
5102 ._- *
c ‘6'-.
u o
1.00 4
Ly
: f
e . .
g 0 25 S0 5 100 125 150 175 200

Satellite streak peak [electrons]  * 1000
Tyson et al. 2020
(image credit: Canada-France Hawaii Telescope) https://arxiv.org/abs/2006.12417

dfedhere G*




Starlink and Kuiper constellations:

Pat Seitzer, from FCC filings

Purpose: direct broad-band internet delivery 24/7



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

©
o0
I

i~
o
I

Fraction of Fields with Satellite in 30s

0.4
0.2 - — 12k, midnight
' —— 12k, twilight
— 48k, midnight

0 50 100 150 200 250 300 350

Night (days
ght (days) Peter Yoachim



Starlink detection trail:
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Basic steps in astronomical image processinc

A raw data frame. Bias-corrected frame Frame corrected for Bright 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.

Faint object Measured objects, Measured objects in Reconstructed
detections marked in masked and enclosed in  the data frame. image using postage
red. boxes. Small empty boxes stamps of individual
are objects detected only objects and sky
in some other band. background from
binned image.




(2) Image Coaddition Image Coaddition

- more complex than might be
expected: need to account
for different PSF and
background

@ Coadd Image Analysis

Detect and deblend sources
- deblending is a complex

Vg Seireo L problem and it gets worse as
Prune Source List
il data are deeper as there are
more objects per unit angular
area
@ Multi-Epoch Object Characterization
Multifit: B/D galaxy model Multifit
Makkie: movng ster mochd - a modeling approach based
Varlabilty characlezaton on Bayesian statistics (hard
Petrosian and Kron fluxes : :
Adepive Momente Forced Sources IN praCtICG)

Surface Brightness




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

- Wwe 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



Tie ASTRONOMICAL JOURNAL, 159:65 (19pp), 2020 February

Observed Image

—D 0
x (pixels)

Best-fit model

x (pixels)

300
280
260
240
220
200

260
255
250
245
240
235
230

C (counts)

2

a (pixels)

Residual

x (pixels)

Slater, Ivezic, & Lupton

Figure 2. [llustration of fitting an tmage generated with noise per pixel of a; — 15 counts, PSI" with a, — 1.5 pix, the intrinsic profile width o, — 1.0 pix. and a
source with C = 1000 counts. With an effective number of pixels of ~40, the S/N is ~ 1 0. The top left panel shows a data image, and the top right panel shows the y”
image as a function of two free parameters, o, and C. The standard 1o, 2o, and 3o contours are shown by the lines; the maximum-likelihood best-fit values of the free
parameters by the xsymbol: and the input values of fitted parameters by the dot. The best-fit model 1s shown n the bottom left panel. and the data-mode! residuals are

shown in the bottom right panel.




The data likelihood given model for the PSF profile:

The maximum likelihood value of C,, denoted as Ci, can be

found by maximizing the log-likelihood In Z,
In L(Cpsf) — lll(p(D|S Cpsf, I))

N ; A 2
—conqt—lz(f gf(“‘) , (6)

2,_1 a,;

!

that is, using the condition d(In L)/dC osf — 0. The associated
uncertainty  of Cpsl could be estimated from

~

oc = (d*(In L) /dC)~'/?, evaluated at Cpgr = Cp.




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

Assuming homoscedastic noise (1.€., o; ~ 0y = constant, as
1s the case when the noise 1s dominated by the background
contribution) yields the maximum likelihood estimate

(7)

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



THE ASTRONOMICAL JOURNAL, 159:65 (19pp), 2020 February Slater, lvezi¢, & Lupton
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Figure 3. Left panel shows the two-dimensional log-likelihood surface (In(L)=—x?/2) for fitting the intrinsic profile width {rry) and normalization (C. sce
Equation (33)) of an image generated with noise per pixel of ¢y = 15 counts, PSF width o = 1.5 pixels, and o, = 1.0 pixels (same image as shown in the top left
panel in Figure 2). The circle marks the true values, and the x symbol marks the maximum likelihood point. Marginal probability distributions for each parameter are
shown to the lefl and below the panel with solid lines. The dushed line in the panel to the left is the conditional distribution of the normalization C given a, = (. (Note
that its peak corresponds to the maximum likelihood value of PSF counts, C,;..) The right panel is analogous, except for a profile with &, = 0 (a noisy realization of
the PSF profile). Note that the marginal distributions for ¢, deviate from a Gaussian shape, especially in the right panel.

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




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)

Bulge Disk Bulge+disk
residuzls residuzls residuals




Faint surface brightness limit reveals more detail:

SDSS

(almost) like LSST
‘depth (but tiny area)

Gawiser et al

-



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)

~10 billion alerts
Alerts can trigger “Followup” observations:
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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
ACDM: The 6-parameter Theory of the Universe

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc. ‘
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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) I

H(z) ~ d[In(@)l/dt, G(z) = a'dpm/pm, With a(z) = (1+2)"

Sl e e = = e R e S P




Cosmology with LSST: high precision measurements

® Measuring distances, H(z), and

q) Tl I L I L ] L
01 L a fem wr - nes . growth of structure, G(z), with a
., : : percent accuracy for 0.5 <z < 3
. : )
e - O _ | rd 0“\ 7 . -
= . o (nG) LAY © Multiple probes is the key!
— e o o © | o |
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