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. (weird) minor
bodies In the
Solar System

. Asteroids, comets,
Interstellar objects

. Cometary activity
In pathological
cases

NASA: Deeplmpact
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Satellite constellations?!?
Why do we care?



24 May 2019: first batch of 60 Starlinks

Giancarlo Foto4U

Why 'sso_serious @reddit

Simon King

: . Marco Langbroek
Yuri SmityukTASS
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We were taken by surprise...

(our fault: everything had beenannounced and documented)

After SpaceX Starlink Launch, a Fear of
Satellites That Outnumber All Visible The Death of Astronomy?
Stars :

Images of the Starlink constellation in orbit have rattled

Probably not, but forthcoming commercial satellite constellations herald a new era for our

night skies

astronomers around the world.

HERLANDS MAY 24 MARCO LANGBROEK VIA REUTERS

ann19029 Announcement

On the increasing number of satellite
constellations

youTube link: VideoFromSpace
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http://www.youtube.com/watch?v=ytUygPqjXEc

+

+ES+ Effects on
Q Astronomy and Astrophotography

Eckhard Slawik

——

CTIO/NOIRLab/NSF/A‘U‘RAlBE‘Q@m DELVE Suney
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How many?
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Satellite constellations?
How many sat?



Telecom Mega-Constellations

Starlink Initial Phase

1,584 satellites into 72 orbital planes
of 22 satellites each

O.Hainaut

= Why so many satellites?
» low latency = low altitude

» low altitude + global
= many satellites

= 1 shell: Walker configuration

» N ~ 1000+ satellites

» n ~ 60 planes (N/n sat each),
spread in longitude

» Inclination (typical 50-80deg)

m One constellation
= several shells
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How many In orbit?

Reportto ESO Council COU-1928 2020-Nov

Constellation (Registering Nation) Altitude (km)  Number of satellites ...planned telecom mega—constellations
Starlink Generation 1 (US) .

- G5 as of 2021.:

1,110 1,600 .
1791 > 130 w2 » ~30 (sub-) constellations
1.325 450 .

Starlink Generation 2 (US) e ~100 000 satellites

328 7,178

334 7,178

345 7,178

373 1,998

499 4.000

604 144

614 324

360 2,000
OneWeb Phase 2
(LS D10 100 1500 23402504

_ 1,200 2340-23,040 As of today:

Amazon Kuiper (US) . . .

gs;g . ;gg ¢« ~2000 satellitesin LEO constellations

630 1,156 * Not all have filed application paperwork
Sat Revolution (Poland) 350 1,024 . i i i i i
CASC Hongyan (Chinay | Lo 350 Boing + Leosat withdrew thel_r application
CASIC Xingyun Lucky Star (China) 1,000 156  OneWeb bankrupted and revived
CommSat (China) 600 800
Xinwei (China) 600 32 e OneWeb downscaledto 6300 sat
AstromeTech (India) 1,400 600
e o

20oda uxempourg A3 e — .
Samsung (Korea) 2.000 4,700 Caveat: 5 _
T S anada) 5t e « Fewfilings end up in launches (~10%) |
Total «  MANY more non-telecom constellations have filed
* (but they are much smaller spacecrafts)

+GuoWang GW-A59 480-1728 12992 « (but but they still contribute to crowding)
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Observable satellites
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* In sight:
» ~5% above horizon

» ~0.5% above 30°
elevation

Alt [km]

 |lluminated:

Zenith
_________________________ A
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"""""" Horizon b‘!W
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el

............ o
10%x5% above 30°
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Observable satellites

Starlink generation 2 at 2020-06-21T23:00:00

B60°N
30°N
00

30°s
Sunlit
Eclipsed
Sunlit and above horizon
sunlit and above horizon
Rubin Observatory
London

180° 120°*W 60°W 0 60°E 120°E 180°

Bassa+ 21
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Observable satellites

PARANAL EQUINOX =S In range (495) )
Observatory latitude: -25.0° EEN llluminated (435) : :
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How many?

e
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Above horizon
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| nral snllar time

— All Satellites  —— llluminate —— mag<6 —— mag=<>5
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How many?

Aztronomical

<Summer
Night >
< Winter Night

10°

Total

"""Samsun
h ]
~ h\_/s ry thh.,_H_H
b

10¢

Log number

of llluminated Satellites
above 20 degrees of the Horizon

10!

0 ; -48 -60 72 -84

P All foreseen constellations Sun elevation below horizon

Starlink {Gen.1) 11927 sat.

Starlink (Gen.2) 30000 sat.
OneWeb {all} 6372 sat.

Kuiper (all) 3236 sat.

Sat Revolution 350km 1024 sat.
China CASC 1100km 320 sat.

China Lucky Star 1000km 156 sat.
China Commsat &00km 800 sat.
China Xinwei 600km 32 sat.

India AstromeTech 1400km 600 sat.
LeoSat 1423km 108 sat.

Samsung 2000km 4700 sat.

Yaliny &00km 135 sat.

Telesat LEC 1000km 117 sat.
Current Upper LEO 1055km 2115 sat.
Current Lower LEQ 505km 688 sat.

Al 62330 sat.
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+

+ES+

0 How many?
+

- |In orbit
» Pre-constellation: 2800 LEO sat
» Now: +1400 SL+OW = 4200 LEO sat
» 2027 full SL+OW = 50 000 LEO sat
» Foreseen: ~80 000 LEO sat

- Above horizon: 5% of constellation
Above 30° elevation: 0.5%

-« Visible (V<5):
» 2027 twilight: few to few tens
» 2027 midnight summer: ~10
+ additional mitigation: ~few
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Satellite constellations?
What iIs their effect?



Effect on the observations

e Effect of magnitude
 Photometric model

* Angular motion --> Tralls --> reduced effective brightness

Limiting magnitudes

Effective Magnitudes For stars and forsatellites
for telescopic observations (for camera astrophoto)
” £ 0
5.0 T —_— 15
7.5 1 3s 2 -
63
10.01 12s 4-
S 125 ~ 30s . @
2 5ol — 60s — 9 —— Lim. mag. for sat at 30° elev. E
% | 120s s —— Lim. mag. for point sources g
Z175] . 3008 ——— g ©
n 1200s
22.5 1 —— Apparent 101
2501 | o, .
500 1000 1500 20000 3 12— . . : . r
Satellite Altitude 0 20 40 60 8o 100 g, 10

Exn.time
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Effect on observations

. n H
Observatory: VLT Lat.: -24.6° Constellation: LOSt d ata 5 W|d e
Instrument: FORS2 Img SL1+2, OW2r, GW1+2, AK
Fov: 6.00'x6.00' N Total 64526 sat. . "

Exp.t: 3005 s »

o
N
Fraction lost

+0.05

-0.02
-0.01
-0.005

Sun: 3
Loc.time: 19:28 V1000km = 7.0
5:0.00°, Elev: -20.00° Vst in [10.3, 4.6] Ve in [22.9, 17.8]

Selection: all satellites, scaled for effect

PSZ1 G232A3'+49Ag‘ g
Detected: Ve < 26.9  Bleeding: Ve < 18.5

<--- Twilight Dark night --->

Sun‘ Elévation: -12°, -18°,0.44% —24°,0.23% -30°,0.12% ~36°, 0.06% —42°.0.01% —48°, 0% _54°, 0%
Average: 0.56%
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Effect on observations

Sunset Cilv(iilf Astron. [Nl B
Sun Elevation [deq]: 0 - -24 -30 -36 -42 -48 -64 -60 -66... -84
Local Solar Time [hh:mm]: Winter|] 17:14 17:13 18:11f 18:39 07 19:34 20:01 20:28 20:55 21:22 21:48 22:15... 00:00
Equinox 18:00 18:36 18:53 19:19 46 20:13 20:41 21:10 21:40 22:13 22:51 00:00 MK
Summer| 18:45 19:45 19:46| 20:18 40:53 21:31 22:18 0O0:00 HHHHIN T T
Field of view
length width ExXpTime  Trails per exposure
Imaging Average over equinox night
Classical imaging (FORS)
All sat. garcmin 5min 0.03 0.227| 0160 0070 0.048 0024 0.006 2.7E-05 0 0 0 0
Bright sat. 0.0021 - 0.022 0 0 0 0 0 0 0 0 0
Ultra-wide-field imaging (LSST/VRO)
All sat. 3deg 5min 0.9 6.954 4919 24185 1481 0746 0.188] 8.0E-04 0 0 0 0
Bright sat. 0.063 — doo3 0 0 0 0 0 0 0 0
Spectro Average over equinox night
small IFU (ELT Harmoni) Losses
All sat. 9.1" 62" 10min 0.0015 0.011| 0.0080 0.0035 0.0024 0.0012 0.0003 1.3E-06 0 c -
Bright sat. 0.000104 0.0039( 0.0011 0 0 0 0 0 0 q
Long-Slit spectro. (FORS) < 1%
All sat. 5’ 2" 20min 0.10 0533 @235 0159 0.080 0.020 B.9E-05 0 i
Bright sat. 0.007 | 0072 0 0 0 0 0 0 ¢ < 304
Multi-fibre spectro. (4MOST)
% of fibres (2380) -
All sat. 0.0014 0B4% 0.23% 0.11% 0.03% 0.00% 0% 0%
Bright sat. 0.00010 0.37%| 0.10% 0p0% 0% 0% 0% 0% 0% 09 -
Other Average over equinox night
Thermal IR (VISIR)
Single DIT 60" ms 0.000012 | 1.2E-05 1.2E-05 1.2E-05| 1.2E-05 corfstant with solar elevation
Frame 60" bs 0.0006 | 6.3E-04 6.4E-04 6.4E-04| 6.4E-04 corjstantwith solar elevation
Occultation/Transit/VLTI
All sat. 3" 10min 0.0005 0.004 0.003 d.001 0.001 0.000 0.000 4.4E-07 0 0 4] g

\_ J
--> Effectis worsefor wider field, longer exposure, larger telescope
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Radio Astronomy

% e Satellites are active emitters
» 24h, no shadow

| % « Geometry: antenna side-lobes

X Diects direct pointing o Frequency bleeding into protected bands +
observations out of protected bands

o No protected geographic areas

o Some freqguency bands protected for astro

@g@ * : Mitigation possible

B

J 2 4
7 | /

s ——

O

x X X
. : . Disclaimer:
Direct+ side lobe pointing Side lobe + side lobe pointing not mv field
Likely Very frequent y
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. Space traffic
» Collision avoidance

. Space debris
» Controlled de-orbitting

. Sustainability

Objects < 100 kg in LLEO

Rocketl Stages

:Today: ESA ops
1~2000

TPy

58§45 883888
s & 88 35 g 8 3
e 5 e e 8 o e

Disclaimer:
not my field

0 _
2006 20 201 2020

0. Hainaut JMcDowellAJ 2020  ,;  =ygan:e
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Satellite constellations:
What can we do?



Starlink mitigation

o Attitude Control during orbit raise
P 3-5 mag fainter; No more bright string of pearls since mid 2020

o Attitude Condrol on operational orbit:
> adjust solar panel angle to keep it out of sight

o DarkSat: black coating (1 satellite experiment)
P 2x fainter in visible, less in IR, not sufficient
» Problems with thermal control

e VisorSat: sunshade VISORSAT
> 3 f . V 7 . h ANTENNAE MITIGATION ON STATION
X Tainter ~mag V=/ at zenit
> A” sat Since On station, sun shade blocks
mid 2020 sunlight from antennas,
> S X preventing reflection.
pace
iterating

design

O.Hainaut




Mitigation

Object: a: 12.00°, 6: -49.70°
]

® Mitigation: Satellites o e
. Nov. 5 g
P Low altitude (<600km) .5
Sep. 1 g
» Darken satellites ;A 05 2
1:3 Jul. 5 0.2 E
o Mitigation: Tel T\ s &
. Apr. 0.02 HE
» Schedulingtools - - -> or or &
Feb. el 7ok, 5 0.005 3

P Shuttering e ! :

Constellation: SLLL2: QUar, GW1+2, 26 sat ) Local Solar Time

* Forecast + Field of view MOiuwiny vancia

P post-image analysis / find+flag trails

No combination
of mitigations

e Atthe policy level will avoid all
P SatCon conferences Impacts!
P |AU/UN Dark&Quiet Sky --> UN-COPUOS

- -> Awareness, recommendations + best practices,
International treaties, laws
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Sociletal benefits

Soon: Starlink (USA), OneWeb (UK), Kuiper (USA), Samsung (Skor
more internet providers
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The Way'_ah_e"ad;,sharedStewardshipl

i Ralse awaren'f "S"of astronomy and souety
o | 'Encourage States Industry, Astronomers and other affected

| stakeholders to collaborate on pr|nC|ples rules and
_ _' |nformat|on sharlng | |
. Encourage future national regulatory processes to consider
astronomy concerns as part of environmental impact
assessments; launch approvals and/or frequency approvals



Further ?{'@ reading

. SatCon starter web page
» https://www.eso.org/~ohainaut/satellites

« ESO Council COU-1928

» PDF bit.ly/ESOcoul1928
« AAS SatCon Report to NSF
» SatConl Main report bit.ly/SATCON_ report

» SatConl Technical appendix bit.ly/SATCON_appendix
» Soon: SatCon2 report

o IAU Dark & Quiet Skies report to UN-COPUOS

» D&QS1 Book bit.ly/IAU_DarkSkies
» Soon: D&QS2
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