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Why observe PHEMUSs? - Astrometric accuracy

Kind of observation Accuracy 1n mas Accuracy in ki

Eclipses by Jupiter
Old photographic plates
Transit circle
Plates newly reduced

CCD observations

or 60 km at the distance of Jupiter. Moreover, Robert et al. (2017)
have recently demonstrated, for the inner satellites of Jupiter, that
the positional accuracy derived from photometric observations still
remains more precise than that derived from direct astrometry,
even if the use of the most recent Gaia-DR1 catalogue (Gaia

Collaboration et al. 2016) allowed them to eliminate the system-
atic errors due to the star references. Thus, our work is crucial for
current and future spacecraft navigation (Dirkx et al. 2016), and
for dynamical purposes, since the ephemerides are improved by
adjusting the new astrometric positions to the theories.

Institut de Mécanique Céleste et de Calcul des Ephémérides (IMCCE, Paris)




PHEMU15 Pro-Am photometry campaign — Galilean satellites
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This page has been prepared and the calculations made thanks to the European FP7 program "ESPaCE".

2015: equinoxe on Jupiter
THE CAMPAIGN OF OBSERVATIONS PHEMU15 OF THE MUTUAL PHENOMENA OF THE SATELLITES OF JUPITER (Aug. 2014 - Aug. 2015)

A mutual occultation: the photometric signal

IMCCE and Sternberg Astronomical Institute (Moscow)



PHEMU predictions

Mutual events of the Galilean satellites of Jupiter (2014-2015):
Timescale: UTC

distance to
begin: h m s end: h m s Type Dur Impact limb (") sat(")
minutes arcsec
17 21 39 8 22 37 14 304 58. 444
10 17 20 33 17 38 56 4E3 18. .949
11 20 23 23 21 41 42 4E3 78. .158
17 39 13 18 21 2 3E4 41. .625
20 36 29 20 43 21 204 .681
23 30 0 45 6 3E4 .057
7 515 8 48 403 .938
13 21 22 25 58 402 7174
119 4 20 203 .943
8 30 11 37 204 .869
24 28 30 9 104 .085
31 53 40 2 203 .535
22 40 26 17 103 .868
26 31 37 45 4E3 .044
36 30 56 5 4E3 .318
12 1 15 25 301 .792
48 54 54 21 401 .706
53 16 12 7 401 .268
35 52 51 34 401 .009
51 40 5 54 403 .647
28 14 38 203 .164

IMCCE and SAI
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PHEMU predictions
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PHEMU predictions

Planet Satellites

® = Europs
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@0 @o @ @ © @ © o & L oo
22:57:23 22:58:13 22:59:03 22:59:53 23:00:44 23:01:34 23:02:24 23:03:15 23:04:05 23:04:55 4
lo (1) eclipses Europa (1) Event time: 23-:01:34 Combined magnitude: /2 Constellation: Leo
Error in time: 35 sec Star magnitude: 6.1 m

Position: Satellites of Jupiter mutual event Star altitude: 12 gzs0° Moon:  (below horizon)

Max duration: 5.9 min Magnitude drop: 0.3 m

(& View details on the web

Io (I) eclipses Europa (II) on 20156 16 at 22 1 34

‘PlanetH m HSate]ite IHEH Satelite 2 ||DurationHMag Dmp|

‘JupiterH-l.TH Io (I) “Eu:ropa (I[)|| 352sec H 0.3 |

‘ Type H%Ill”Separation from Planet”Plauet DiameterHPA”Min Sep aratiﬂn‘
[Partial||73.2]| 68.1" | 3340|201 o0.561" |

Event Times

‘Penumbral Start”Partial StartHT{)tal Start| |_\-de-Time||T0tal End‘ ‘Partial EndHPenumbral End‘
| 215838 || 2207 | | 22134 | | 2230 | 22420 |

OccultWatcher (Occult)




Ganymede (III)

SatWatcherFeadGen 12.0.0

OccultWatcher (Occult)



PHEMU predictions

o7 Jupiter: 2015 1 2418 54 39 (IV] ecl (I} - predicted light curve

with Plot.... @ Help X Edit M ranspare m

Jupiter: 2015 124 18 54 39 (V) ecl {I}) - predicted light curve

S4m Sem
UTC [minutes]

Occult




Hardware and software

20 cm /10 SCT (C8)
28cm /10 SCT (C11)
f/3.3 and /6.6 focal reducers

Watec 910 HX/RC video camera

IOTA-VTI (GPS)

OccuRec —recording
Tangra — bias, dark frames and\flat fields .

Tangra - analysis



QHY5L-11 mono video camera
CMOS sensor | |
| /
USB 2.0
1/3-inch format 2

Up to 200 fps at 320 x 240 pixels =

14-bit | .
Max QE ~ 74%

\ \ N '
FireCapture — recording — SER files — 0.2s > EXposures — 640 x 480

PC clock — Dimension4 -NTP

Tangra - analysis



2014 Dec 24 — Europa eclipsed Ganymede




2014 Dec 24 — Europa eclipsed Ganymede

2014 12 24 634 49 (1Y ecl (i) - predicted light cunve

Zerolevel =0

| Transparency hesit
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2015 Feb 20 — lo eclipsed Ganymede

i Tangra v3.5 - 002937 ser, SER.16

File  Frame Actions Reduction Tools Settings Help

2015 000 20 003831.647




- 2015 Feb 20 — lo eclipsed Ganymede




- 2015 Feb 20 — lo eclipsed Ganymede




2015 Apr 6 — lo eclipsed Europa
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Observations sent to PHEMU15

/
/

18 events submitted —

1 event rejected — eclipse and occultation—

. —_

- Bad weather — clouds, strong winds, rain

\

Received 609 light curves of 442 events from 75 observers



PHEMUZ15 paper in MNRAS
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The PHEMUIS catalogue and astrometric results of the Jupiter’s Galilean
satellite mutual occultation and eclipse observations made in 2014-2015
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PHEMUZ15 paper in MNRAS

ABSTRACT

During the 20142015 mutual events season, the Institut de Mécanique Céleste et de Calcul
des Ephéméridea (IMCCE), Paris, France, and the Sternberg Astronomical Institute (SAI),
Moscow, Russia, led an international observation campaign to record ground-based photomet-
ric observations of Galilean moon mutual occultations and eclipses. We focused on processing
the complete photometric observations data base to compute new accurate astrometric posi-
tions. We used our method to derive astrometric positions from the light curves of the events.

We developed an accurate photometric model of mutual occultations and eclipses, while cor-
recting for the satellite albedos, Hapke’s light scattering law, the phase effect, and the limb
darkening. We processed 609 light curves, and we compared the observed positions of the
satellites with the theoretical positions from IMCCE NOE-5-2010-GAL satellite ephemerides
and INPOP13c¢ planetary ephemeris. The standard deviation after fitting the light curve in
equatorial positions 1s £24 mas, or 75 km at Jupiter. The rms (O—C) in equatorial positions is
£50 mas, or 150 km at Jupiter.




AU Natural Satellites Data.base

b Natural Satellites Data Center CIrs /‘w’

UNION

orted b'}f ESPaCE European Satellite Partnership for Computing Ephemerides

NSDBI-Access to Natural Satellites Astrometric Data Files

Observations of the mutual phenomena of the Galilean Satellites of Jupiter - Raw data

guide for observations of the phenomena of the satellites

Period Number Sites Download Available
of observations References files as
of observations of observation standard

content datal data2? data

1973-1573 94 obser 27 sites Arlot et & 1, Aks Content Datal Datal na
1979-198@ 22 obser 11 sites Arlot et al (1982), Aksne Content Datal Data2 no
1985-1985 167 ocbser 25 sites Arlot et & Content Datal Data2 na
1998-1991 375 obser 55 sites Arlot et & Content Datal Data2 na
1996-1997 275 obszer 42 sites Arlot et & Content Datal Data2 no
20@3-20a3 377 obser 42 sites Arlot et a Content Datal Data2 no
2@a9- 2089 457 obser 74 sites Arlot et & Content Datal Datal YES
2@14-2015 6@7 obser 74 sites Saquet et Content Datal Datal no

MNote: datal= data on the timing of the mutual events: date of the maximum in UTC and observed magnitude drop (except for the 2882 and 2815 occurrences)
datal= data on the sstrometric positions extracted from the mutual events (for the 2889 and 2015 occurrences)
data2= data of the observed photemstric lightcurves; date and magnitude drop for each point
back to NSDB home page computations of positions through the ephemerides server

http://nsdb.imcce.fr/obsphe/obsphe-en/fjuphemu.htmi




Observatories and telescopes

Observatory code with geographic coordinates
and telescope parameters.

Longitude  Latitude Altitude® Diameter Focal Observatory name, country,
degrees degrees meters Telescope length TAU code if awvailable
to the East

LF7E591

LAB9222 LB48417
57308 . 996321
.BE3889 -23.7125@8
352208 JA7841e
783308 7. So80@a
Sl5aee 215653
896111 . 155556
LETETEE 221245
733756 .B38825
LA93088 7. Te1754
Sl5aee 251944
. 739167 . 137588
Ldgaaes . BE5998
.533333 258998
369008 581243
186778 481361
186778 481361
324444 . 345833
883333 L F550a8
LE@7B981 372869
364594 . 6985506
364611 .B2@639
LB49380 198694
. FEE889 991111
LAGEZ0E . 285838
L3ETTeR . 882850
.583333 218667
Fo6408 345828
T oaaee 7. 80@9aa
744488 . 35191
5.838222 387944
3E71e8 7. 791148
. 739167 . 137588

P

Mikolaew, Ukraine BE9

Arnold, UsA

Alma-Ata, Kazakhstan 21@
Cesert Springs, Australia
Armagh Obs., Morthern Ireland 281
Athens, Greece @66

Baronniss Provencales Obs., France Blée
Toulon, France

Bucharest, Romania A%2
Cabudare, Venszusla

La Couyere Astro. Center, France J23
Cogolin, France

Marseille, France

Como, Italy C13

Cogolin, France

Dax Obs., France 958

Darfield, New Zealand
Darfield, New Zealand
Dienville, France

MNaperville, USA k@3

Elgin, USA 448

Chaneyville, USA

Chaneyville, USA

Flynn, Australis

Fouras, France

Iguacu, Brazil X57
Gardnerville, USA

Gassin, France

GisGa Obs., Italy 283

Athens, Greece @66
aGretz-Armainvilliers, France &
Horice, Czech Republic

Z@lvia Obs., France I73
Marseille, France
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Explanation of astrometric results

Astrometric results of observations of mutual occultations and eclipses
of the Galilean satellites of Jupiter in 2014-2015.

Explanations.

Version 2017.01.27

Explanations to the Table of astrometric results (first type).

Obs - observatory code (see below).

Type - the type of the phenomenon {eclipse or occultation)
including the satellite numbers in the form "nem” or "nom”,
where n is the number of the occulting or eclipsing satellits

and m - is the number of the occculted or eclipsed satellite.

Date - date of observation.

UTC - the time instant in the UTC scale (h, m, s).

X, ¥ - X=Deltalalpha)®cos{delta), Y=Delta{delta)

(occulting satellite relative to occulted one
or eclipsing satellite relative to eclipsed one)
in arcseconds in ICRF.

sigmaX, sigmay - rms of X, ¥, correspondingly, in arcseconds.
This is because of random errors of the photometry.

O-C_X, O-C_Y - differences of ¥, ¥ from the results
of the satellites motion theory { V. Lainey V2.0 ), in arcseconds.

s, pos - apparent distance {arcsec) and positional angle {deg.),
accorsding to X, Y .

Q - index of the result gquality, fellowing from processing:

Q=0 - normal result,
Q=1 - doubtful photometric data
Smin - minimum of the normalized modelled flux.




Astrometric results

Astrometric results of observations of mutual occultations and eclipses
of the Galilean satellites of Jupiter in 2014-2015.
Version 2017.01.27

These astromeric results are obtained from the photometric data arrived from the database

These are results of the first type obtained from the observations
where two coordinates could be successfully determined.
(The results of second type see below ).

(See Explanations and observatories codes)

Obs Type Date uTcC X

fL]

araph

ADS 4e3 11 2@ 57
PEKI 3ed4 ¥ B B
PKI 203 21 2 3
FCO 1o4 24 8 27
LAV 30l 811 @
FCO 30l 811 @
ADS 1o4 18 17 46
5C0 1o3 12 13 11
P26 403 12 3 5
PHA 403 19 3 5
PZA 403 12 3 5
ADS 1o2 1% 15 14
KUR 30l 22 1a 34
ADS 1o3 26 18 37
PKI 30l 6 22 15
AAT 2e3 9 22 43
ARM 2ol 12 43
£92 Zol 12 42
GLY 3ol 14 11
TUN 30l 14 11
CAL 3ol 14 11
PKI 30l 14 31
PRA 2e3 17 32
PUL 4el 21 22
TUN 4el 21 22
PUI 30l 21 17
TUN 30l 21 17
BUC 3ol 22 13

1469112823 de3
141@a6233a_3ed
141@218281 203
1413248827 104
14711a31e8a_ 3ol
1411831181 3ol
1411181746 104
1411121382 _J1o3
14111398382 403
1411198382 403
14111398382 403
1411191758 102
1411221531 3ol
1411261534 1o3
1
1
1
1
1
1
1
1
1
1
1
1
1
1

413862211 3ol
412892237 Ze3
412122368 2ol
4123122388 2ol
412148168 3ol
412148168 3ol
412148183 3ol
412142855 3ol
412178224 Ze3
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12218313 4el

12218318 4el

4
4
412218412 3ol
a1
a1

218414 3ol
30l
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2015 March 18- Europa eclipsed 1o (2el)

| Leeds %
| 28cm SCT ¢ | Archenhold | Biesenthal
QHYS5L-11 20cm refl ' 15cm refl

L L
1364 1366 1368 1374 1376 1378 1366 1367 1368 1369 1370 1371 1372 1374 1375 1376 1364 1366 1376 1378

| Horice Rokycany
150cm refl ' 51cm refl

1362 1364 1366 1368 1372 1374 1376 1355 1360

Selected from 17 observations




2015 March 18- Europa eclipsed 1o (2el)

).6157

| o

21.081| | 0.6389

0.391

031
2

).004:

).0049

Sep Flux
ABSO-CY |arcsec Q |min
21.080

drcsec

C X

0007

drcsec

0

sigmay
arcsec
0.0046

Lo ] [5a] | o3 Lol
x| = ~ S IEEIETE
= = =it= =
D (] (] [ I | 4 _.l.._
W
[=a]
<],

kd A sigmaX
arcsec |arcsec |arcsec
0.1442| 0.3741| 0.0099( 0.0082) 0.0092 0.0169| 0.0098 0.03217| 0.4009

r =
_1 1
_n_

All 17 observations



2015 January 7— Europa occulted lo (201)

0.75

Haute Provence
120cm refl

1425

1430 1435 1440 1445

1450 1455 1460 1465 1470

095 |

09 F

075 F

07

Pic du Midi
100cm ref

1435

1440 1445 1

1460 1465

038

0.75

20cm SCT
Watec 910

0 5 10 15 20 25

075 L L L

Haute Provence
80cm refl

1435 1440 1445

1460 1465

1470

Pic du Midi
100cm refl

1455 1460

1465




2015 February 20— lo ecl

Leeds
+ 20cm SCT
QHYS5L-II

13

36

GiaGa
28cm refl

35

Ipsed Ganymede (1e3)

43cm refl

32 34 36

Pic du Midi
100cm refl

Cogolin
20cm refl

48 50

I-Ilof'ilce |
150cm refl

42

44

Biesenthal
15cm refl

_Malerﬁort-dU-Com'tat
28cm refl ..

44 46 48




2015 March 4—- Europa eclipsed 1o (2el)

28cm SCT
Watec 910

1090 1092

1094

1096 1098 1100 1102 1104

1"

La Couyere
35cm refl

Pulkovo
65 cm refr

| Tunis
20cm refl

s s s ' ' s

1094 1096 1097 1098

Pulkovo
32 cm refr

Pulkovo
33 cm refr

1090 1095 1100 1105

Maidenhead
19cm refl

Tielt
14cm refl

Nonndorf
25cm refl

1095

1097 1098 1099 1100

1090 1092

1098 1100




2015 Marc

Leeds
28cm SCT
QHY5L-1I

1425 1430

h 9— Ganymede eclipsed Europa (3e2)

Armagh
43cm refl

L
1412 1414 1416

1418

1420

1426

1428

1430

[}
1410

Nonndorf
25cm refl

L
1412 1414 1416 1418

1420

1422

1424

1426

1428

1430

- Newark
25cm refl

14 1416

20cm rngl

1422

1424

Pulkovo
65cm refr

1410 1415

Pulkovo
33cm refr

0 L
1400 1410

Trebur
120cm refl

0
1395

L
1400 1405 1410

1415

1420

1425

1430

1435

1440

1445

Toulon
10cm refr

L I

L

"

1425

1430




PHEMU15

AB50-CX AB50-CY

Observatory mas mas
Archenhold 34.6 53.6
Armagh 28.2 : 34.4
Biesenthal : . . 159.1 29.5
Horice 20.5 : 51.0
Leeds . . 27.0 . a0 .4

Pic du Midi : . 23.2 20.7
Prague . 38.6 47 .8

Rokycany : : 6.7 78.1
9.7 14.2

31.3 43.0

22.7 . 43.2

Data quality — selected stations



PHEMUZ15 paper in MNRAS

7 CONCLUSIONS
The IMCCE and SAI organized the 2014-2015 PHEMU135 inter-

national observation campaign of the mutual events of the Galilean
satellites. All the photometric observations of mutual occultations
and eclipses were reduced. 609 astrometric results were calculated.

The standard deviations after fitting the light curve in equatorial
positions are 23.6 and 24.6 mas in right ascension and declina-
tion, respectively. The rms (O—C) in equatorial positions are £39.2
and £60.7 mas in right ascension and declination, respectively, ac-
cording to NOE-3-2010-GAL satellite ephemerides. These results
are better than those of the previous PHEMU(O9 campaign, and
confirm the high value in observing mutual events.

The next campaign will begin in 2021 January and end in 2021
November. The occurrence will be less favourable since the max-
imum of events will occur at the conjunction of Jupiter with the
Sun, and 192 events will be observable. The 2021 campaign will
be more favourable to the Southern hemisphere, due to Jupiter’s
declination.




PHEMUZ21

Jupiter — 2021 August 15




What can we do better in 2021...? |

Predictions

Hardware 'and software

Accurate ‘timestamps — GPS—NTP
| Integration time
Bias, dark frame and flat field calibrations

Sensor linearity

Submit observations

. —_



With grateful thanks to...

IAU Natural Satellites Database

http://nsdb.imcce.fr/obsphe/obsphe’-eﬂn/fjuphemu.html

The use of the data contained in the NSDB astrometric data base is free for scientific research under the condition that the users acknowledge
IMCCE/Paris observatory and the FP7-ESPaCE program of the European Union under ESA grant agreement contract 263466.
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