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Light pollution from the Starlink satellites

[ ] SpaceX launched the first 60 Starlink
satellites on May 24, 2019 for high-speed

internet communications.

[ ] However, the mega-constellation including the
Starlink satellites pollutes the environment of

astronomical observations (orbital height: 550 km). §

- AU expressed the concern on that incident.

[ 1 SpaceX plans to launch 12,000 satellites until \\\\\Q\\ i

mid 2020s. S e o o )
©CTIO/NOIRLab/NSF/AURA/DECam DELVE Survey
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Light pollution countermeasures by SpaceX - Darksat and Visorsat -

©SpaceX ©SpaceX

VISORSAT
ANTENNAE MITIGATION ON STATION

I VisorSat Mallama (2021)

[ Visorsat not s

' . . _ 1 Original Starli k

Original Starlink

_

. Darksat

',origian Starlinks |8

Magnitude at the orbital height of 550 km o——— .
(e.g., Horiuchi+2020; Tregloan-Reed+2020) | _ Aoparent Magniude

» Origial Starlink (STARLINK-1113)
5.33 (9), 5.60 (Rc), 4.25 (lc)

- Darksat
6.10 (g°), 6.00 (Rc), 5.65 (Ic)

I\/Iultlcolor magnitudes of Vlsorsat are

not well known. == Our motivation !



%bservatlon with the OISTER collaboration
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© OISTER

0 Simultaneous multicolor observations with the
Japanese OISTER collaboration

— capture the trail of Visorsat and
STARLINK-1113 (original satellite)

[] Telescopes/instruments:
 Murikabushi and Akeno 50 cm/MITSUME (g, R, I)

- SaCRA/MuSaSHI (r, i, z)

- Kanata/HONIR (B, V, H)

- Nayuta/NIC (J, H, K)

* Kyoto 40cm (B) .I 2 bands
» Prika/MSI (U)

- PROMPT6@CTIO (V; other than OISTER)




Magnitude estimation |

Using “Projection” in DS9, we
estimated average cross section

counts of satellite trails (£,t)

8 The observed flux is inversely proportional
to the satellite velocity, Vsat.

Elongated reference stars
(;gt[a_ruay tracking off

———|

Vo = 15 cOSO arcsec s

(b) DARKSAT on 2020/05/18

| Cross section

Counts
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L HortChi(PRE) -
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Apparent magnitudes of the satellites, mg,

msat — mstar - 2.5 log

Vaat St
Vstar f;tar




(b) DARKSAT on 2020/05/18

Magnitude estimation 2

Using “Projection” in DS9, we | Cross section
estimated average cross section Counts

counts of satellite trails (£,t)

8 The observed flux is inversely proportional
to the satellite velocity, Vsat. | HOrUChis(ROR0) s
1

2 3 4 5 6 7 8 9

Apparent magnitudes of the satellites, mq,:

f sat ‘/;attexp )
f exp

Satellite trail (streak)

VS.
Point source Msat = Mstar — 2:9 log(




Typical magnitudes of Visorsat s

« Magnitudes at a 550 km

Band Visorsat
height. (mag)

« U band magnitude was not B
able to obtain because of the V
sensitivity of Pirka/MSI g
(Hokkaido Univ.). P

Ic

« Visorsat is dimmer than ,

STARLINK-1113 as a trend. :
z

- The longer the observed T
wavelength, the brighter the
satellite magnitudes become. H

K

6.77 £ 0.48
6.61 £0.12
6.07 £0.12
5.32 £ 0.04
4.94 + 0.07
4.90 £ 0.02
4.76 £ 0.02
4.65 + 0.02
3.80 £ 0.24
3.38 + 0.06
3.65 +0.11

STARLINK-
1113

(mag)
6.11 £ 0.33
5.25 +0.13
5.12+£0.17
4.40 £ 0.08
4.04 £0.12
4.26 £ 0.03
3.79 £ 0.03
3.57 £ 0.02
3.70 = 0.08
3.47 £ 0.05
3.55 + 0.07



Phase angle dependence on magnitudes

(a) Visorsat 1 (b) STARLINK-1113
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MITSuUME, g' band
MITSuUME, Rc band
MITSuUME, Ic band
MuSaSHlI, r band
MuSaSHI, i band
MuSaSHI, z band
HONIR, V band
HONIR,H band
HONIR, B band
NIC, ) band

NIC, H band

NIC, K band
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[1 The satellite magnitudes are minimized around solar phase angle (Sun-Sat-Observer) of 90°.

[ 1 The magnitudes of Visorsat are ~ 1 mag dimmer than those of STARLINK-1113.




Blackbody model of the satellite flux *'

the starlink satellites, we construct the . _ aE( Ro )2{1_( Ro )2 (g) o
blackbody model of the satellite (AB) Re +hr Re+hr ) | p(O)Ur
sat : A2
flux. Frs = WG(ZT ) B, Tsat)
. FrE = Te o 2B()\ Tx) a iat LS
[ Assuming a,,,g(STARLINK-1113) ~ RE =EE B 3 S imed g o N @

anoq(Visorsat), we estimated covering

foctor, C;, of the sun visor on Visorsat : :
(where U; = 1 - (). Frs : sunlight reflection

Fre, - €earthshine reflection
F;s: thermal radiation of the satellite
Fre: reflection of Earth’s thermal radiation



Blackbody fitting to the satellite flux (ex1)'913

[] Model fitting tor, i, and z
band flux obtained with
SaCRA/MuSaSHI
(Saitama Univ.).

[1 Together with the results
with other telescopes, the
range of the covering
factor is 0.18 < ¢, <0.92.

AB Flux (Jy)

AB Flux (Jy)

10—1 .

—
o
1

—

107 5

1003

1n4

(a) STARLINK-1113 (2022 Jan. 26 MuSaSHI)

I STARLINK-1113
fa o =0.06

o

p
~.p(p)=0.017

a=0.06 * 0.00]]
(6)=0.555

~,
\.

4 ===+ Thermal (Satellite, 280K)
i == Reflection (Sun, 5772K)

1 — Total

(b) VISORSAT (2021 Mar. 11 MuSaSHI)
------- Thermal (Earth, 290K)

—— Reflection (Earthshine)

o —

' .Visorsat;’ '
Amod — O,.O6

Cf=0.72 = 0.03
a=0.06 * 0.001
p(6)=0.111
p(p)=0.339

- —
-_—

g

Cf=0.57 + 0.04
a=0.06 + 0.001]
p()=0.111
p(@)=0.337

(d) VISORSAT (2021 Nov. 15 MuSaSHI)

Visorsat

p(0)=0.064
p(p)=0.422

Wavelength (um)

10

Wavelength (um)

10

100
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Flux model for B and H bands (ex2)

(g) STARLINK-1113 (2022 Jan. 24, HONIR) (h) STARLINK-1113 (2022 Jan. 24, HONIR)

[] B and H bans flux obtained
with Kanata/HONIR
(Hiroshima Univ.)

a=0.09 % 0.03]
e p(6)=0.131
~. p(9)=0.308 |

N
~

. p(©)=0.124
~._p(@)=0.318
RY

AB Flux (Jy)

3
I}
I
1
1
°
1

STARLINK-1113

- The albedo of H band is

about twice larger than that ’
Of B band. e ¢ (i) VISORSAT (2022 Jan. 19, HONIR)
B ~ *IFit to B band flux
* * The reflectivity of satellite ~ ={ _ 59 /e _. :
surface materials likely 31 crmo200 051] Cf = 0.29 | crmozss 09
become higher at the 2o AT 77 SE1=0.076 THo | ermones
Q 100 { S~ Pl9)=0.398 i G B ~ Plp)=0.42

longer wavelength.

Visorsat | Visorsat |

Wavelength (um) Wavelength (um)



The relation between covering factor, brightness, and phase angle

‘ @® MITSuME, g' band
. . I v o)
11| (@) Visorsat t % | b)Visorsat * © ® + ¥ ®  MITSuME, Re band
& 1 ‘# g * @ MITSuME, Ic band
re=0.495 % e o
s— . & MuSaSHI, r band
o v - 4— v .
o L L v &  MuSaSHI, i band
= p=0.07225 DY *Ut] A A MuSaSHI, z band
T " @ HONIR, V band
10 '} ¢ o o o v HONIR, H band
$ MITSuME 4 HONIR, B band
¢ NIC NIC, J band
@ HONIR < NIC, H band
- Y  MuSaSHI - NIC, K band
100
(c) STARLINK-1113 (d) STARLINK-1113
¢ *
o
G [m] * "‘ ’ ‘ W
& 0 . By 4+_ oo o @
<
v $ % o ¢ o Q ’A AA
10 50 40 60 80 100 120 180 7 6 5 4 3
Solar Phase Angle ( °) Magnitude at 550 km

The smaller the covering factor is, the brighter the magnitudes of
Visorsat tend to become.



We observed Visorsat and STARLINK-1113 with the OISTER collaboration.

- In most cases, Visorsat (~ 6 — 7 mag) is dimmer than STARLINK-T113
(~ b -6 mag) as a trend.

- By assuming the blackbody radiation, we estimated a covering factor, Cf,
and its range of 0.18 < ¢ < 0.92.

- The reflectivity of satellite surface materials likely become higher at the
longer wavelength.

¢ While we showed the shading effect of the sun visor of Visorsat,
the observational impact from Visorsat is still profound (Horiuchi+

submitted). | ‘

© OISTER



Blackbody fitting to the satellite flux (ex3)

(a) STARLINK-1113 (2021 Feb. 5, Murikabushi/MITSuME)

(b) VISORSAT (2021 Feb. 14, Murikabushi/MITSuME)
=== Thermal (Satellite, 280K)
~~~~~~ Thermal (Earth, 290K)
—-= Reflection (Sun, 5772K)
—— Reflection (Earthshine)
— Total

.............
........
.....
el

(d) VISORSAT (2021 Mar. 14, Murikabushi/MITSUME)

10° 1
— 103 e I T iy | P N S A 7
2 o I N 4 i I S R " il R
e - Cf=0.92+ 0.01 alf=0.13 = -
=S5 10! a=010 + 0.01 : Restsls
= = | p(6)=0.396 | p(6)=0.059
o 10°] vk p(@)=0.077 | p(p)=0.435
] ..' .
< 10-! H i
l__‘
1074 i —1
e ~
N
1mn3 — L — T .
J 1 10 10 1 10 100

Wavelength (um)

Wavelength (um)



Blackbody fitting to the satellite flux (ex4)

(@) STARLINK-1113 (2021 Nov. 02, NIC) (b) VISORSAT (2021 Feb. 15, NIC)
] ===-- Thermal (Satellite, 280K)
Thermal (Earth, 290K)
—-— Reflection (Sun, 5772K)
i —— Reflection (Earthshine)
—— Total

= 10

= Cf=0.70% 0.05
o - a=0.47 + 0.04 a=0.47 + 0.04
w p(6)=0.03 . p(6)=0.132

2 100 - P(p)=0.509 \‘\_\p((p)=0.307

~

1073 T T T T
0 1 10 100 1 10 100

Wavelength (um) Wavelength (um)

[1 The albedo of near infrared bands (J, H, and K) is somewhat
higher than that of optical region.



Az, El dependence of magnitudes
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Figure 21: The modelled apparent magnitude of the visorsat across the sky using updated best-fit parameters for the
June 2021 dataset. This plot is for the pointing mode with the solar-panel at a fixed angle with respect to the local

vertical at the spacecraft, in this case 5° towards the Sun-azimuth. The modelled solar azimuth is 90° and depression
angle 15°.



Simulation of the impact on astronomical

observations with a large telescope

Tygn et al. (2020)

Tyson et al. (2020) simulated the impact from the Starlink
satellites on LSST observations

- Using artificial satellite trails at the level corresponding to
v0.9 Starlink satellites, they showed the negative impact on
CCDs

-- the main trail is ~1000 times brighter than important
astronomical signals.

1 12 23 34 45 56 67 78 89

Figure 11. Top: the image that results when an artificial satellite trail at the
level corresponding to v0.9 Starlink satellites (bright, but below pixel
saturation) is projected onto a e2v CCD in the laboratory. Four of 16 channels
of a single raw CCD image arc shown, and six crosstalk stripes induced by the
main trail are visible. Below: the same image after a preliminary nonlincar
crosstalk correction algorithm has been applied (see Section 7.1). While the
crosstalk trails are nearly removed. the remaining trail itself 1s several hundred
pixcls wide and has a surface brnightness ~1000 times that of important
astrophysical signals.



Simulation of the impact on astronomical

observations with a large telescope

0% 8 LSST e ¢
. . Py ® ¢
Tyson et al. (2020) simulated the impact from g ..'33" o T
. . . o @ :
the Starlink satellites on LSST observations 5 00,%°28s | '
Q 0s0 0, 33 Saturation = 100000 e- @ z
Lo e k] PR REE ey !
praa { .:. .. " o Yy
% Dark Sky, 550km .:3'.0. "'
-a satellite magnitude - CCD counts (e-) S TR BIET arrca 33';-..'3"
. « o . . Q
relation was verified in six passbands: u, g, r, I, X 1 '%"..'8.
z, and y bands = 82005322,
v Ranges of correctable crosstalk o.° “.I
a 0.
3 | Tyson et al. (2020) .0..
° 10 Ll Ll Ll Ll Ll 1 *
-- the CCD will saturate at ~3.5 and ~1.5 mag 0 1 2 3 4 5 6 7

in g and y bands, respectively. Satellite apparent magnitude



Relation between time of day and number of satellites

r illuminated above hon

200 -
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e ————

0
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e ———— e —
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The Starlink satellites can be observed even in the middle of the night.




The relation between covering factor, brightness, and phase angle

@ MITSuUME, g' band
@® MITSUME, Rc band
(a) = . 31 @ MITSUME, Ic band
_ £ A MuSaSHI, r band
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(&) 7o) |
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=2 O 00704 $ - — v B HONIR, V band
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> 1; # MITSUME £ 6] ST —— ® B HONIR, B band
o ¢ NIC | > B A O g NIC, ] band
' B HONIR T =7 || = ° * NIC, H band
Y MuSaSHI % NIC, K band
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The smaller the covering factor is, the brighter the magnitudes of
Visorsat tend to become.



