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yggRAg\ SATCON1 Report Published g

« On the NOIRLab website:
https: //n0|rlab edu/publ|C/news/n0|rlab2022

* On the AAS website: | ‘
httos //aas orq/satcom -workshoo reoort

Also press release dlstrlbuted via AAS Pres_s LISt (etc ) and |s o
_ onllne at httos //aas orq/news and ihtt” ' |rl,ab edu/oubllc



https://noirlab.edu/public/news/noirlab2022
https://aas.org/satellite-constellations-1-workshop-report
https://aas.org/news
https://noirlab.edu/public

‘Ralph Gaume, NSF
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Satellite Constellations 1
(SATCON1)
Report Overview

Jeff HaII (LoweII Observatory) & Connle Walker (NSF S NOIRLab)

| Co chalrs SATCON1 SClentlfrc Orgam;mg Commlttee (SOC) | |
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Vera Rubin Observatory and 30-meter telescopes coming online
In the next decade will address fundamental questions and
substantially enhance humankind’s understanding of the cosmos.

For reasons of expense, maintenance, and instrumentation, such
facilities cannot be launched into, or operated from, space.
Ground-based astronomy is, and will remain, vital and relevant.

o

Ground-based observatories require dark night skies!



EE%IRA% About the Workshop

250 attendees from astronomy and industry
Focus on scientific & teoh'nical matters, not policy matters
Four workrng groups prepared reports in advance

“Summary report + WG reports reIeased today
https://noirlab. edu/publ|C/news/n0|rlab2022 and

https //aas orq/satoon1 worksho,-;,;_e_ort_ e
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https://noirlab.edu/public/news/noirlab2022
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S Findings

No Co'mbin-ation of mitigat‘ion"s will eliminate the impact
of satellite constellations on optical-infrared astronomy.
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Findings

Options™ to reduce impact are:

1. Don’t launch them

2. Keep them low (less than 600 km altitude)

3. Darken them

£ Orient them to reflec’t Ié‘s's Sunlight

5. Remove or mask tralls |n |mages
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6 Avoid them
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+3 Recommendations

For observatories:

. Support development of improved software tools to predict
satellite positions and to mask or remove trails from images.
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For satellite operators:

Meet re_commended targets for satellite brightness, absence of
flares, and optimal post-launch configuration and attitude.
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For observatories and satellite operators collaboratively:

- Develop a comprehensive observing network to monitor satellite
constellations and provide data needed to optimize mitigation
tools; also greatly improve the preC|S|on of publlcly avallable

posmonal information.
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t';’.,'“ﬁ% Working Group Reports RS

Lori Allen (NSF's NOIRLab) — Observations WG

Pat Seitzer (U Mlchlgan/AAS LPRISD) - Simulations WG

Tony Tyson (UC DaV|s/Rub|n Observatory) Mltlgatlon WG
Richard Green (U Arlzona/Steward Observatory) Metrlos WG
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SATCON1
Observations Working Group

Lori Allen, Chair
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) E'é’b"‘ A é\ Observations of LEO satellites o=

Why observe LEO satellites?

Tens of thousands may be launched in the next decade
Even with mitigations, they will land in our data
Predict their impact on astronomy now
Quantify ways to minimize satellite |mpacts
Develop, test and reﬂne solut|ons

A wide-field /mage (2 3 degrees across) from the Dark Energy Camera on - .
the Victor M. Blanco 4-meter telescope at the Cerro Tololo InterAméHcan ol e e
- Observatory, on 18 November 2019. Several Starllnk satellltes cfb’Sse'g“-?he . : <
field of view. e ;
' Image credit: CTIO/NOIRLab/NSF/A URA/DECam DELVE Survey

! e
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Observing LEOsats has its challenges
* Accuracy of predicted position and timing

* Fast motion_ of satellites

Mitigation attempts are measurable
* DarkSat (Starlink-1130) is about 2x fain

Large telescopes are not reqwred

e Many can participate

S Findings RS

bl
o

w
N

1
IS

(9]
o 0]

ter

o
o

o
©
=
>
S
©
c
o

=
©

B
2]

°
O 5.6

4
O
@
—
o
Y
2
%]
©
=

—

<

o
[N

58 59 60
Phase angle (deg)

Apparent stat/onary g band magn/tude of five recent Starlink satellites in the

! mam operatlona/ phase exi‘rapolated to zenith as a function of

se angle. DarkSat (black) was measured to be 1 magnitude fainter
Hght siblings launched in January 2020 (blue), which are in

turn about 0.5 magnltude fainter than the older v0.9 Starlinks. Measurement

errors are the symbol sizes. (Tyson et al. 2020)



;.';.-":;'.;.N0|R AlA

“QLab Recommendations AR
S

1) A coordinated effort to observe LEOsats now, for characterization and
understanding of their impacts

* Multiple measurements of satellite brightness at a range of deployment
stages and illumination angles and in multiple filters

« Measurements of flare and glint behavior

« Measurements over satellite life cycles

Left: Two Starlink satellites, launched together. -
Difference in brightness is likely due to
different orientations with respect to the Sun.

Right:vStarlink-1 352 in flare on 7 June 2020, . -

Images from Pomenis Observatory A
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2) A comprehensive satellite constellation observing network

* Connect observers with telescopes

* Provide coordinated observing protocols and data analysis standards
» Coordinate ongoing observations of satellite constellations

* Prepare for the next generation of LEOsats - |

Starlink Brightness
6 4

281 measurements of Starlink
- visual magnitudes (left), imaged
by the Pomenis Telescope (right).

L. CreadltHarrlson Krantz (U. Arizona)
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SATCON1
Simulations Working Group

= o '.Patrick Seitzer' Chair"l o

UnlverS|ty of Mlchlgan -
AAS Comm|ttee on L|ght Pollutlon Rad|o Int@rﬁ@fence and Space Debrls
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Some large constellations represent > 70% of estimated 107,000
LEOsats planned

Constellation Altitudes (km) Inclinations (deg) # of satellites
Amazon/Kuiper 590 - 630 33.0-51.9 3,236

SpaceX (Starlink) 328 - 614 30.0 - 148.0 34,408

Data from public FCC flllngs

Simulations: How many of these satellites Will' fi/Sible’? How br/ght will they be?
Are some constellation architectures more challeng/ng for astronomy?



Hi
‘fgﬂ“% Individuals and Groups Undertaking Simulations  ijrreS
« Cees Bassa (ASTRON Netherlands Institute for Radio Astronomy)
« David Galadi (Icosaedro working group of the Spanish Astronomical Society SEA)
 Olivier Hainaut (European Southern -Observatory)
« Jonathan McDowell (Center for Astrophysics | Harvard & Smlthsonlan)
* Patrick Seitzer (Unrversrty of Michigan) |
. Jan Srmrnskr (European Space Agency Space Debrls Offlce)

Brightness eim‘ulationsby DanieI Kuehars;k’i_ andMerlbaJah -(UniverSity*of'TeXas)

B ‘~‘-'.:5~ 3
T "‘k- i : ¢
..‘,,,._\’_? .

Each group or individual worked completely mdependently — n‘eshanng of algorrthms
and/or software. Test constellation’ of“10 000 sate _Iltes_.gat 1 OOO km and 53 degree
ésults agreed very well.

inclination — 100 planes with 100 satellites egeh.
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=waLab S 100 planes with 100 satellites per plane — inclination = 53 deg ARA
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Summer at 30 deg latitude - 10,000 satellites at 500 and 1000 km altitude Satellite elevation > 30 deg_

astro twilight

1000 km

P o i, = 1= B S
o0 el

Results from all groups
agreed very well.

Astro twilight — Sun 18
degrees or more below
" horizon: darkest part of the
night.

sunset UMl Extensive simulations of
" ' ' : ' ‘ : : ' real constellations in WG
report.
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« The fraction of satellites of each constellation that will be visible at any
observatory at any one time is typically around 5%.
« Higher altitude constellation shells will have a greater fraction visible
(7-8%), lower altitude constellations a smaller fraction (<4%).
« Most of these satellltes appear at low eIevatlon over the horlzon
~ (typically 50% below 10 degrees). ' |
» The number of satellites visible is a functlon of thelr orbrtal mclrnatlon s
peaking at a latitude close to the mclrnatron e |
. The constellation with the greatest mpact{"’frﬁny observatory In terms of
the number of satellites VISIb|e will beone at hlgher aItltude and with an
orbital inclination lose to'thé latitudelBfithe ﬁ_fA_bservatory




Large Magellanic Cloud (LMC

a Largest satellite galaxy of our own Milky Way Galaxy =~ AURA
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1. Simulate the impact on science of these constellations: how often will a
specific observation of an astronomical object be lost due to a satellite
trail.

2. Simulate the other two phases of a constellatlon I|fet|me
-+ Initial mission phase parklng orblt and orbit ralse
 Deorbit phase - '

3. High f|deltty S|mulat|ons of the observed f?é_tghtness mcludlng the i
defocus expected for satellltes at small ranges
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SATCON1
Mitigations Working Group
| Anthony Tyson, Chair

| University of Califorlnia., 'Dévis"_ e
& Vera C. Rubin Observa'tgry‘ o
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All optical-infrared observatories and
their science will be impacted by tens

of thousands of brlght LEOsats.

 All optical astronomy observatorres will be affected to some degree by

‘the light pollution generated by LEO satellites. The issue |s frequenoy of
LEOsat trails |n their data and the|r brrghtness

e Rubrn Observatory will be partloularly rmpacted because of its

unprecedented product of |ts Irght colleotrron,fand rts W|de f|eId of \rrew
perexposure e e T
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Bright satellite trail in
the Rubin
Observatory camera
iInduces image
artifacts.

If LEOsat darkened
to 7" magnitude,
special pixel =
processing can
remove the “ghost”
trails.




S@NoR A|A
Qlab s TS

cles
+00

e SpaceX is working with us to address mitigation

e Making Starlinks 10 times darker than v0.9 may remove some
satellite trall artifacts in LSSTCam '

° However even If that Works the satelllte tralls themselves WI||
clearly be in the data — compllcatlng data anaIyS|s and I|m|t|ng
dlscoverles o s

30
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« With tens of thousands of LEOsats, we find that generally no combination of
mitigations can completely avoid the impacts of LEO satellite trails on the
science programs of the coming generation of optical astronomy facilities.

. These facilities are designed to probe the dark sky in new ways for dynamic
events to unprecedented faintness. They" will requwe fewer and fainter
LEOsats to realrze their s0|ent|f|c potentlal ol

* Rubin Observatory S LSST opens the prospeet of dlscoverlng the unexpected
especially in the time domain. Iti |s prec:|sel-;§?t'hrs‘i dlscovery space that is most

at risk from artlfacts arlsmg frog tens of thousands of LEQsats
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« Darken satellites in all phases of the orbit, including launch, parking orbit,
final orbit, and decay.

« Darken satellites on station to fainter than 7th mag. Incorporate
corresponding 44 W/sr radiance in the satellite deS|gn process

* Fewer satellites. 7l
« No satellltes far above 600 km

~* High accuracy orbit posmon tlme data App for LEOsat posmon tlme
prediction for observers. R o

s v,.'l'.’ & e N,
: R R A

* Advanced pointing algorlthms for av0|dance of br'rght satellltes

. Predictive model'for satellite bright} orbit relative to observatory.

« Support for full simulations of smence |mpact by research community.
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~ Steward Observatory, Univer

SATCON1

Metrics Working Group

- U Richard Green, Ct
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« Context: Nighttime images without the passage of a Sun-illuminated satellite will
no longer be the norm.

« The Metrics Working Group distilled the proposed mitigations and findings from
the other Working Groups into a set of specific recommendations.

. They fall into three general Categoriee'

0 Astronomers WI|| need software tools to handle data W|th satelllte trails and
provide optlons for dynamical schedullng for porntlng av0|dance and |
shutterlng when possible. S A - '

o Operators are strongly encouraged to desrgnrhi,:nfd operate to keep refleoted
- sunllght onto telescopes below a specmed I|m|t and Iower |f p033|ble

‘?

X # ;'.' :‘ k. "
o Operators and.astronomers will needdig€ollak
of positions and reflections.

34
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Recommendation 1

Support development of an application available to the general astronomy community to identify
and mask satellite trails in images on the basis of user-supplied parameters.

Recommendation 2

Support development of an application for observation planning available to the general astronomy
community that predicts the time and projection of satellite transits through an image, given
celestial position, time of night, exposure length, and field of view, based on the public database of
ephemerides. Current S|mulat|on work prowdes a strong baS|s for the development of suchan
application. - » : o ;

'Recommendation 3

Support selected detailed simulations of the effects on data analysis systematics and data
reduction impacts of masked trails on sctgntlflc progre ms affected by satelllterconstellatlons
Aggregation of results should identify any lower thré@helds for the brlghtness or rate of occurrence
of satellite trails that would significantly reduce theif# gat .~e'°|mpact on the observations.
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Recommendation 4

LEOsat operators should perform adequate laboratory Bi-directional Reflectance Distribution Function
(BRDF) measurements as part of their satellite design and development phase. This would be
particularly effective when paired with a reflectance simulation analysis.

Recommendation 5'
Reflected sunlight ideally shou'ld’be slowly varying with orbital phase as recorded by high etendue

(effective area x field of view), large-aperture ground- based telescopes to be falnter than 7. O V
+2.5 x log(r ../ 550 km) equwalent to 44 X (550 km /1, t) watts/steradlan |

Recommendatlon 6

T I ¥ 'A,__‘:;.. 4’
.‘.,.‘,' o

Operators must make best effort for no. specular reflectlon (flares) |n the dlrectton of observatorles If
such flares do occur, accurate tlmlng mfor‘ﬁatlon fropad Jro und;based observmg will be required for
avoidance. e S

36
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Recommendation 7

Pointing avoidance by observatories is achieved most readily if the immediate post-launch satellite
configuration is clumped as tightly as possible consistent with safety, affording rapid passage of the
train through a given pointing area. Also, satellite attitudes should be adjusted to minimize reflected

light on the ground track.

37
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Recommendation 8

Support an immediate coordinated effort for optical observations of LEOsat constellation members,
to characterize both slowly and rapidly varying reflectivity and the effectiveness of experimental
mitigations. Such observations require facilities spread over latitude and longitude to capture
Sun-angle-dependent effects. In the longer term,.support a comprehensive satellite constellation
observing network with uniform observihg and data reduction protocols for feedback to operators
and astronomical programs. Mature constellations will have the added compIeX|ty of deorbiting of
the units and on- orblt aglng, requiring ongoing monltorlng -

38
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Recommendation 9

Determine the cadence and quality of updated positional information or processed telemetry,
distribution, and predictive modeling required to achieve substantial improvement (by a factor of
about 10) in publicly available cross-track positional determination.

Recommendation 10

Adopt a new standard format for ephemerides beyond two I|ne eIements (TLES) in order to‘include -
covariances and other useful information. The appllcatron noted In Recommendatlon 2 should be
compatible with thls format and |nolude the approprlate errors e : ,
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For all orbital heights, the visibility of sunlit satellites remains roughly constant between sunset
and astronomical twilight (Sun 18 degrees below horizon). The key difference between lower
(~600 km) and higher (~1,200 km) orbits is the visibility in the dark of night between astronomical
twilights: higher altitude constellations can be visible all night long during summer, with only a
small reduction in the number visible compared to those in twilight.

Mitigation of the most damaging impaots on scientific prOgrams is now'being actively explored by
the professional astronomy community worIdW|de These |nvest|gat|ons have beneflted from
CoIIaboratlon with SpaceX | | o

If the 100,000 or more LEOsats proposed by many companres and many governments are
deployed, no comblnatlon of mitigations can fully avoid the: rmpaots of the satellite trails on the
science programs of current and planned ground based optr.’-‘al_-ﬂ‘_,IR astronomy faC|I|t|es

The organizers hope that the collegiality and sp|r|t of partnershlp between these '/e} oommunltles
will expand to include other operators and&)bservat rie: and contlnue to prové useful and
productive. ' 3

40
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NQIR AR SATCON?2 TS

Satellite Constellations 2 (SATCONZ2), which will tackle the
significant issues of pollcy and regulatlon IS tentatively planned
for early to m|d 2021.

Watch for announcements from NOIRLab and the Amencan |
Astronomical Souety i 0
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" Richard Green: rqreen@emallﬁ'arlzona edu

Contact Info

Connie Walker: cwalker@noao.edu
JeffHal: ~  jch@lowell.edu

Lori Allen: IaIIen@noao edu

- Pat Seitzer: © ° oseltzer@umlch edu
.‘Ton:y.;-'.ll'-ys.c')n:" - tvson@ohvsms ucdaws edu
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