Analytical simulations of the effect of satellite
constellations on astronomical observations

Cees Bassa (ASTRON), Olivier Hainaut (ESO) & David Galadi-Enriquez (Calar Alto)

, @cgbassa

Based on https://arXiv.org/abs/2108.12335
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Discrete simulations of all-sky impact

Starlink generation 2 at 2022-06-21T23:00:00 Rubin Observatury London
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* Constellation/satellite properties » Solar declination (time of year)
* Observatory latitude « Solar elevation (time of day)

See McDowell (2020), Hainaut & Williams (2020), Lawler et al. (2021)
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Discrete simulations of observational impact
100 4 5 , L S N
Count trails per exposure: o - =
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Analytical simulations of observational impact

100000 satellites at 53 inclination

|

P((;bs is hsal) =

27%(Re + hsar)> \/(5in i + sin $)(sini — sin @)

Satellite density is uniform with
longitude but strongly peaked with
latitude (arcsine distribution)

Use analytical probability density to
define orbital shell density (nsa/km?)

Transform to sky density psa (Nsa/deg?)
for sight line at distance d, impact
angle a, field-of-view A, and Nsa
objects in orbital shell

d’A

cosa

Psat = Nat P(P, 1, sar)

Applicable to fully populated shells
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FORS?2 (6'x6’ FOV) e E & E E & F B * B ~65000 satellites
300 S from ESO Paranal - : : Nzomberoftrails per exp. (Starllnk’ Oneweb’ KUIper)
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Octobe O
Simple photometric modelling
« Apparent magnitude: 3 o3
5.0 1 ———
Mgt = M11000km T 5 10g1o (dsat/looo) + kdsat/hsat 7.5 4 : 25
s
Depends on distance dsa, altitude hsy; and . 10.0 e
extinction k T 125 T 30s
(m1000km~7 for Starlink and OneWeb) 5 15.0 \—\__ 'i’g;s T —
2175, . 00— —
» Effective magnitude: 20.0 e ?gg;s
Mgt = Mgy — 2.5l0g,q Teff = Mgy — 2.5l0g,, r 22.5 —— Apparent
exP wsattexp 25 0 .
Depends on instrument resolution r, 500 1000 1500 20000 30000
exposure time tex, and angular velocity Satellite Altitude [km]
Wsat See afternoon talk by Olivier Hainaut!
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Effect on observations

Definition:
* Mex < 10 detection limit: no effect
* otherwise, area of 5 arcsec wide trail
lost from detector or slit
* if mer > heavy saturation limit,
entire observation lost
Check of all orbital shells, all constellations.

Fraction lost is the fraction of observations
or pixels in observation lost due to
satellite trails
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FORS2 (6'x6’ FOV) ~65000 satellites
300 s from ESO Paranal (Starlink, OneWeb, Kuiper)
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~65000 satellites

FORS2 (6'x6’ FOV)
(Starlink, OneWeb, Kuiper)

300 s from ESO Paranal

Fraction lost
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FORS (VLT, ESO, Paranal) 25.2 1.5m G96 (Catalina, U.AZ, Mt. Lemmon) 21.4,
Average: 0.16 trail, 0.44% loss 0.47 trail, 0.030% loss

WY ————

OmegaCam (VST, ESO, Paranal) 23.9, SST Cam. (SST, VRO, Pachon) 21 .4,
1.60 trail, 0.22% loss 0.41 trail, 22.0% loss
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FORS (VLT, ESO, Paranal) 25.2 Average: 0.64 trail, 8.8% loss 4MOST-HiRes (VISTA, ESO, Paranal), 0.33 trail, 0.018% loss

4MOST-LowRes (VISTA, ESO, Paranal), 14.7 trails, 0.78% loss HARMONI (ELT, ESO, Armazones), 0.007 trail, 0.70% loss
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Numbar of tralls per axp. raction lost
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Summary

* Derived analytical expressions to assess observational impact

* Analytical simulations allow for fast computation of observational impact for an observatory
and satellite constellation(s)

* Impact on sky brightness: see afternoon talk by Olivier Hainaut

» Satellite trails will impact all observatories (both imagers and spectrographs)

* High sensitivity, large field-of-view instruments and/or long exposures are worst affected

Further information

* Paper: arxiv.org/abs/2108.12335 (A&A under review)
* Online simulator: www.eso.org/~ohainaut/satellites/simulators.html
» Github repository: github.com/cbassa/satconsim
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Impact on observability of specific sources

Dark and Quiet Skies ffeif'Sf:fiem:e and S'Qc_ietyfll_'

VRO (-70.40, -30.24) LSST: LMC (80.89, -69.76) VLT (-70.40, -24.62) FORS2 Img: GC (266.41, -29.01)
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