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In most cases the spectral power density Sy (/) of an oscillator can be repre-
sented in the form

Sy(f)=hoaf 2 +hoyf " +ho+hi f+hof?

and the various f*-terms can be related with different kinds of noises:

— h_,: random walk in frequency ().

— h_,: flicker noise in frequency (y), caused, e.g., by fluctuations in the power
supply unit.

— hy: white frequency noise corresponding to random walk in phase.

— h,: flicker phase noise caused by certain electronic devices.

— h,: white phase noise caused by additive noise in the electronics.
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Fig. 10.1 Relations between time scales.
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l. For M > 2,Y and M are left unchanged. For M = 1 or 2, Y is replaced by

Y —land M by M + 12. [E.}-'E@Hastl ]F,‘ "'dlE‘id 2019 9 23
2. In the Gregorian calendar, one computes ~
c P 58749
A = INT(Y /100); B =2—-A+1INT(A/4), [E’.-}-"E@HDE-JCJ_ ,.__,] $ —If'i_ZL ::l]_ l:,;:i:?49_ [::,
where INT denotes the integer part of the number (e.g., INT(3.92) = 3 ). In the 2 [::' _]_ 9 9 2 3

Julian calendar, B = 0. [ o '}r'—-' @HG st _]_ - ] & D
. . S A 15 v |

3. ID is then given by

JD = INT(365.25- (Y + 4716)) + INT(30.6001 - (M + 1))
+ D 4+ B —1524.5.
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UT1 =UTC +dUT1

ERA(T,) = 27(0.779 057 273 264 0 + 1.002 737 811911 354 48 T},).

XMIK S E-SRBFAHERK, BEit, BfESE-FEIMEEAMNE, it
kB ARREN B A BEITIZIE.

GST = ERA(UT1) — EO

EO = —0".014506 —4612".156534 t — 1”.391 581 7 t*+
0”7.00000044 t*> — A cosen + >, Chsinay

GMST = ERA(UT1)+ 0".014506 + 4612"”.156 534 ¢t + 1”.391 581 7 ¢*—
0”.000 00044 ¢* — 0”.000 029 956 t* — 0”.000 000 036 8 ¢°.
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UTC is obtained from about 250 caesium clocks and hydrogen masers lo-
cated in about 65 different laboratories, distributed around the world, and
applying a set of algorithms to ensure a uniform time. It is not determined
in real time, but generated with a delay of about half a month. Real-
time estimates of UTC are computed and provided by different centres,
such as UTC(USNO), from the United States Naval Observatory (USNO);
UTC(NIST), from the National Institute of Standards and Technology
(NIST); and UTC(SU) from Russia. In general, UTC(k) is a realisation of
UTC by a given laboratory k

1
3
4
5
1

The following relations are met
TAI=UTC+1% x n, TAI=TDT-325184
UTC=UT14+dUT1, |dUT1| < 0%9
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UTT1-UTC

#

# FORMAT(I4, I3, 13,16, 2F10.6, 2F11.7, 4F10. 6. I4)

#

# Date NID b v UT1-uTe LoD dF=i dfpsilon X d7 DAT
# (Oh UTC) ” ” g g ” ” ” ” s
#

# vd mm dd rrwmn n nrrewm o, oo G wonnnn 4o, onmnn o, rremn . rrgann. o, onnnnn o rnnn
#

#

NUM_OBSEEVED_POINTS 2086

BEGIN OBSEEVED

2014 01 01 5eeLE  0.033625 0. 318929 )-0. 0970337 J0. 0011952 -0, 031301 -0, 009436 0, 000008 0.000165 3%
2014 01 02 Beeba 0.033411 0. 3196822 |-0. 0982274 0. 0012359 0. 031407 -0, 009496 -0, 000016 0. 000175 35
2014 01 03 beeen 0, 037304 0, 320458 |-0, 0995076 §0. 0013011 -0, 031579 -0, 009268 -0, 000041 0, 000188 3%
2014 01 04 Seesl  0.037059 0, 320811 |-0. 1008557 0. 0013803 -0, 031547 -0, 009064 -0, 000028 0, 000192 3%
2014 01 05 BREEZ 0, 036693 0, 321223 1-0. 1022601 0, 0014192 -0, 0831318 -0, 008993 0, 000004 0, 000195 35
2014 01 06 BREES 0, 036122 0, 321908 |-0. 10366385 |0, 0013885 -0, 081132 -0, 008947 0,000034 0, 000195 35
2014 01 07 beeed 0, 035263 0, 322840 1-0, 1049945 |0, 0012674 -0, 031189 -0, 008865 0, 000064 0, 000196 35
2014 01 08 bBeeehL 0, 034235 0, 323974 1-0, 1061704 §0, 0010994 -0, 0831351 -0, 008877 0,000102 0,000178 35
2014 01 09 SREes 0, 033904 0, 324984 -0, 1071902 §0, 0009721 -0, 081372 -0, 009063 0,000142 0, 000155 5%
2014 01 10 SeeeT 0, 033577 0, 326468 -0, 1080927 0, 0008292 -0, 081506 -0, 009228 0, 000068 0, 000252 5%
2014 01 11 SeeeE 0. 032842 0, 327905 -0, 1088467 J0. 0006654 0. 081499 -0, 009345 0, 000049 0. 000258 36
2014 01 12 Seeea 0. 031625 0. 328991 |-0. 10946493 J0. 0005909 -0, 031491 -0, 009341 0, 000064 0, 000252 36
2014 01 13 Be6TO  0.030240 0. 330037 |-0. 1100268 0. 0005450 -0, 0831485 -0, 009271 0. 000079  0Q.000247 35
2014 01 14 BeeT1  0.029382 0, 330675 -0, 1105745 0. 0005509 -0, 0831392 -0, 009230 0, 000095 0, 000241 3%
2014 01 15 BeeTZ2  0.023560 0, 331788 |-0. 1111660 J0. 00062493 -0, 0311495 -0, 009245 0, 000123 0, 000207 3%
2p1d 01 L6 Begds 0, 027405, 0, 332652 |-0,11183 00007043 -0, 08R496T -0, 009258 0, 00015s 0, 000L6E
I j p’g “of .3335? }' ﬂ:}ﬁ‘ ey ﬁ»/ﬁ "7!',0 32“; g ﬂ..o/j

35
g
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GPS Time (GPST) is a continuous time scale (no leap seconds) defined

by the GPS control segment on the basis of a set of atomic clocks at the
MCS and onboard the satellites. It starts at 0" UTC (midnight) of 5-6
January 1980 (640). At that epoch, the difference TAI-UTC was 19s,
hence GPS—UTC = n — 19°. GPST is synchronised with UTC(USNO) at
the 1 ms level (modulo 1s), but actually kept within 25 ns.

Glonass Time (GLNT) is generated by the Glonass Central Synchro-
niser. The difference between UTC(SU) and GLNT should not exceed 1 ms
plus 3h? (i.e., tGlonass = UTC(SU) + 3" — 7, where |7| < 1ms), but 7 is
typically better than 1 us. Note that, unlike GPS, Galileo or Beidou, the
Glonass time scale implements leap seconds, like UTC.

Galileo System Time (GST) is a continuous time scale maintained by
the Galileo central segment and synchronised to TAI with a nominal offset
below 50ns. The GST start epoch is 0" UTC on Sunday, 22 August 1999.

BeiDou Time (BDT) is a continuous time scale starting at 0" UTC on
1 January 2006, and is synchronised to UTC within 100 ns (modulo 1s).
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» JAU2000138(B1.3, BCRSE #HiskEF K
(Soffel. et al.,2003)

2w 2w?
g{m——1+——€——|—@{c‘ )

4
goi = gio :—Fw 4+ O(c7)

: 2 _
gij = 0jj (1 + p w) + O(c™).

FNROEMNEEKRBRXAEN, ZEEMEAGIEE.
ERMEYIREEREE.
» IAU20007RIYBT.3, KPHAFIL RIkEE RENXH
EMksE R ESR0LRRE—E

lim =diag (-1, +1,+1,+1)
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ML XIkEEH (GCRS)

) |AU2000/;&1>LB1 3ENX THLKREKEEZ (GCRS) |

H =3 8] AL KR FE X FBCRSHY & IEﬂéI:*T\?'fl_B)J%J:%EE%o
mFﬁTHE’JF%M_LE SGCRSEBCRSHE Mok = AN
FIREF—F

2W  2W? .
GOO=_1+ Cz o C4 +0(C )
4 —5
Goa = —5 W +0(c™)

2 —4
Gab:5ab 1+§W +0(C )
WARHLL, 779588, PERAESS .
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R FIRES (IAU) fE1997F8RZITHE23EA
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ICRSTFE 1991 FIAUEWN BRI ERFH. ERNEST
KARBD, BEE XHEXTISRHESRAXTVLBIXN
HITEHNEE. ENRSERESZMIAUREIRE
(LieskeZ A1977) FfnZEzh (Seidelmann 1982)
E MBI E].

|ICRSHR &hFNox 75 [a)FE 37 T 2 2 MR +5 & E 7 = 207450
# (uas) W, ICRSHEJEEEVLBYhIT—HAINE R
BER kB RRYIRE LR, EPRKESEES
(ICRF) 3k3EIf.

ICRSHE] LB F AIERSHEk E[B]S5 % (EOP) E#HEZFEPRBIkSZE R,
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EfRREkSEHELEICRF1, ICRF2. ICRF3

» ICRFERVLBIXUMS AT SNSRI IE AL AR SC T . T 1998 FHIAURR .
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75°

ICRF1: 88 T 6085 EXRTHIERIA
BIN 2k iERY)2000.0VLBIAE FR .

.
-15° el L

ICRF2: IAUEE=-++tEAS (20094
8A) BITHICRF2EE 3414 R ETHE
KIBHIBEMAE, 2ICRFINAEFES.
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Ilustration of the Gaia satellite; from ESA, C. Carreau. Credit: ESA
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Figure 1. ITRF2014 network highlighting VLBI, SLR, and DORIS sites colocated with GNSS.
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From

BTS84
BTS85
BTS86
BTS87
ITRFO
ITRF88
ITRF89
ITRF90
ITRF91
ITRF92

ITRF93

ITRF94

ITRF96

ITRF2000

ITRF2005

A%

M A

BTS&5
BTS86
BTS&7
ITRFO
ITRFS88
ITRF89
ITRF90
ITRF91
ITRF92
ITRF93

ITRF94
ITRF96
ITRF97
ITRF2005

ITRF2008

T |1y
(em)
(em/y)
+54
+3.1
-3.8
+0.4
+0.7
+0.5
=0.5
+0.2
=1.1
-0.2
—0.29
0.6
0.29
0.0
0.0
0.0
0.0
-0.01
+0.02
+0.05
=0.03

N, K A 4

T3|T
(cm)
(cm/y)
+2.1
—6.0
+0.3
-0.1
=0.3
+3.6
=24
+0.4
-1.4
-0.7
+0.04
+0.5
=0.04
0.0
0.0
0.0
0.0
+0.08
—0.01
+0.09
0.00

T;5|Ts
(cm)
(cm/y)
+4.2
-5.0
-1.3
+0.2
0.7
+2.4
+3.8
+1.6
H).6
-0.7
+0.08
+1.5
—(.08
0.0
0.0
0.0
0.0
+0.58
+0.18
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ABSTRACT

Aims. The Gaia catalogue brings new opportunities and challenges to high-precision astronomy and astrometry. The precision of
data reduction is therefore improved by a large number of reference stars with high-precision positions and proper motions. Numerous
precise positions for Triton are obtained from the latest observations using the Gaia catalogue. Furthermore, the new INPOP19a
planetary ephemeris, which also fits the observations from the Gaia Data Release 2, has recently become available. In this paper, a
new orbit of Triton is calculated using the latest precise charge-coupled device (CCD) observations and the INPOP19a ephemeris.
Methods. Triton’s orbital solution is calculated using a numerical integrator, while the orientation of Neptune's pole in particular
is obtained by integrating the simplified Euler’s equations of motion. We determine the orbit of Triton over 170 yr based on 11 040
Earth-based observations made between 1847 and 2016 and on Voyager 2 data. The positions of the Sun and planets are provided by
the INPOP19a ephemeris. We compare our results to those from other previous works to check the influences on Triton’s orbit from
different planetary ephemerides.

Results. A new orbit of Triton is provided here. The root-mean-square of the residuals for the Earth-based CCD absolute observations
are 0.102” in right ascension and 0.142” in declination. Although most different planetary ephemerides have large differences in
Neptune's position, the orbits of Triton using different planetary ephemerides are still close, under similar dynamical models. The
Voyager 2 data add a constraint on Triton’s orbit here.

Key words. astrometry — celestial mechanics — ephemerides — planets and satellites: individual: Neptune —
planets and satellites: individual: Triton
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Maximum allowed error X,Y.s EOPs EOP QOcean tide
Angle Surf/LEO GPS GEO Representation Interpolation corrections
0.7 deg 90 km 330 km 520 km None (GMST Only to 2050) None - -
0.37 deg 46 km 170 km 270 km None (GMST Only to 2025) None - -
10 asec 350 m 1.3 km 2.1 km 4-term X, Y, No s None
1.3 asec 46 m 170 m 270 m 4-term X, Y, No s AUTI1 Nearest No
0.8 asec 28m 110 m 170 m 6-term X, Y, No s AUTI1 Nearest No
0.66 asec 23m 85m 140 m [5-term X, Y, No s AUTI1 Nearest No
0.14 asec 4.7 m 18 m 28 m 15-term X,Y, No s Xp, ¥, AUTI Nearest No
23 mas 0.80 m 30m 4.7Tm Interp, Lagr 7, No s Xps ¥, AUT1 Linear No
2.3 mas 7.9 cm 29 cm 46 cm Interp, Lagr 7, Simple s Xp, ¥, AUTI Linear No
0.19 mas 6.5 mm 24cm 3.9cm Interp, Lagr 7, Simple s All EOPs Lagr 3 Yes
71 pas 2.5mm 9.1 mm 15 mm Interp, Lagr 7, Simple s All EOPs Lagr 5 Yes
37 pas 1.3 mm 4.8 mm 7.5 mm Interp, Lagr 7, Simple s All EOPs Lagr 7 Yes
5.0 pas 0.18 mm 0.64 mm 1.1 mm Interp, Lagr 9, Simple s All EOPs Cubic Spline Yes
1.2 pas 39 pm 0.15mm 0.23 mm Interp, Lagr 9, Simple s All EOPs Cubic Spline* Yes
0.34 pas 12 pm 43 um 68 um Interp, Lagr 11, Simple s All EOPs Cubic Spline* Yes




A AL FR S EH R /RALHR

X (N + h) cos ¢ cos A
X=|Y|= (N + h)cosgsin A
Z (1 —€®) N + h)sing
F— a _ a
J1—e2sinfgp /1 — f(2— f)sing
VX2+Y2
=-— N
Cos @
Z ( , N )1 Y
@ = arctan 1l —e"—= , A = arctan —.
JXZ 172 N +h X —singcoshA  —singsinA  cosg
do M+ h M +h M+h dX
= AT di | = —sin A Cos A 0 N ay
dh (N +h)cosg (N +h)cosg dZ
COS ¢ COS A COS @ sin A sin @

dX = —(M + h)singcosAdp — (N + h) cos g sinidi + cos @ cos A dh
dY = —(M + h)singsin Adg + (N + h) cos ¢ cos A dX + cos ¢ sin A dh
dZ = (M + h)cospdg + sin g dh



Bigierrgk (b &R X)

V4
A
U;
n; n;j n; - X;;
X; | Xij =1 ¢€j | = Ef‘XI'j
| Ujj u; - X;;
@i
A
[ —sing; cosA; —sind; cosg; cosd; |
R; =| —siny; sin 4; cosAd; COS; sinA;
COS 0 sin @,
— sin @; cos A;] [—sin A; | (COS ; COS A;
n;, =|—sing; sind;|{, € =| cosd;|, u; =|cosy;sinA;
Cosg; | 0 | - sing;




iR AL PR RZIRTNAFRFR

uRr €Ex €y €z 1
ur | = [0x Oy 0z J b=
uy ax Qy Oy k

UR = =7 = exl+eyj+ezk

|r

ur =uy X ugp =0xi+dyj+dzk
r* x v* . .
=axi+ayj+azk

11 =
N r* X v*|

0O ~ 0 and [X—x]=|v—

Pt

X — X|gpy = ¥ [X — X]gqg




GNSS# AR A R A FIER

ITRF
(GPS/VLBI/SLR/DORIS)

REEE (RR. EEMRE

A= 8] A [/

ERREIHEL

J

[E| R 2% 2k [X 13
RAEZE

-
e - - I

GLONASS

Galileo



GPS A #1E 4 WGS-84
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» WGS-8489 B R L HILA1987F, @:131000% /&b EMA LI, £
ZRMNRAHEHGZEHER. HELHEL2mM.

» BLER A A LARIATH B RS WGS-84(730) KA LKHH
M EAGCPSE s HEMAE, BITRF2x &, #5E A% £20cm.

» WGS-84 (G873) . WGS-84(G1150). WGS-84(G1674) ##l5
ITRF94. ITRF20004=21TRF20083} &2, f4&-# EA£10. 2. 1cm.

Ellipsoidal parameters of WGS-84 (revised in 1997).

Ellipsoid

Semi-major axis of the ellipse a 6378137.0m

Flattening factor f  1/298.257223563
Earth’s angular velocity we 7292115.0-10"rad/s
Gravitational constant u 3986004.418-108m3/s?

Speed of light in vacuum ¢ 2.99792458-10%m/s
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» AR PZ-905ITRFI73% 4% 5 & — A~ B FRGLONASS K %
IGEX-98 &4+ 4%,

» FRIBIGEXM9L#®, X —APREHPZI0xX, v, 20)5
WGS-8469 33 3

T x [ —3ppb —353 mas —4mas | [ z - 0.07m
v | =| vy |+|353mas —3ppb 19mas y |+] —0.0m

z z 4mas —19mas —3ppb 2z —0.77m |



GLONASS A # 1E 3£ PZ-90.02

» HRIEGLONASSHAARALEY K, A2007F9A208#£, 3t
J & ZEHAEPZ-90.02 AEE T K. ZIEFAPZ-908 AL
B, 2 EEITRF2000,

» PZ-90.025ITRFEZ RIXAH B 5-F#; LR ETHAsedt,
BWEHERZEA

x x —0.36 m
y _ y + 0.08 m Ellipsoidal parameters of PZ-90 and PZ-90.02.
2 J1TRF2000 L # JPZ-90.02 0-18m
Ellipsoid
Semi-major axis of the ellipse a 6378136.0m
Flattening factor f 1/298.257 839303
Earth's angular velocity wg 7292115.0-10"rad/s
Gravitational constant g 3986004.4 - 108 m3/s?
Speed of light in a vacuum c  2.99792458-10%m/s
Second zonal harmonic coefficient J9  1082625.75-107°




b3 A FAE 4 (BDCS . CGCS2000)

L R AR AL RABDCS, L= X E5CGCCS2000—3 (A7 A8 F 49

éiﬂl?trﬁﬁu;‘) ]) . [+ B REGTNETRORHIBNTFRESES

CGCS20005 ITRFI74 5 7T2000.04%k 4 —%, W EH KXGPSIE4H|K20005 E
TR KRR EKESF L5,

GNSS CORS % ¥ CGCS20004% & #4415 5.

3 3-1 BDCS €N E R EE

s £ E X

1 44 #=6378137.0 m

2 BB HER (BEASE) u=3.986004418x 10" m’/s’
3 B # =1/298.257222101

4 MBEEAEE €3 =7.2921150%10° rad/s




GALILEO % # £ & (GTRF)

» FHGTRFAIFZ L GPSKIELAERE, AGTRFH A
By GPSHAGalileo Bl 4. XELAZHABR TR 2
ARG KBEE.

» GTRFZ K5 R A WITRFHF A B 3cm (2sigma) AR . £
ZHGGSP (HMGFZAR K TN RATRYA L) 7,
GTRF5ITRF& %438 L IGS3E A ARE Mo

y e fuk by ;3 L AGTRFAEER T,



T EHEARKBATE W LT AR

» AR ZETHRAFHRE (GastAFH &3 A)

y FMAHFHFEEL T EZEBRALRETES,

» B EZHERBANRELIFR R T

y HLS RIRAAT R 09K IR 248 LR T A s L IR b &
AR, B EEZHE A HE T AELALRER T RAT,

ez -=<. Orbit i inclination
) h W argument of perigee
) Satellite £ arg. ascending node (Aries)
A arg. ascending node (Greenwich)
V true anomaly

1
v /Perigee

© sidereal time

W Y vernal equinox

y A 7| —"’Eduator G Greenwich meridian
/ """" ->\" Ascending

Y »/G node




GNSS /) 1% 2 ) xt 5 69 2 47 &

GPS. BDS. Galileo¥ %X A16 X184 FMEX ARk E TILELE, A FAICDRAEH X
THAILZAESFMAGAETREETHIELE, 259 LABHENLE, W
Omega, | &%, A B2 IFARIERE ZLIEREEZ, M REAIMES L EHE
ZPILE m AL,

B FWGS84, GTRF. BDCS, PZ-90¥ & B AR EAMHESFFITRF, HAELH
EAPHEBRASRE, NEE2FHHITIAKER,

M4 H A LR RA KIBLAR (REEHE, RF) B, 9T & FRARLAH
BEMRLRA ZF, APRER AT ZLFHNS GRS

Glonass broadcast ephemeris and clock message parameters.

GPS/Galileo/Beidou broadcast ephemeris and clock message parameters.

Parameter Explanation Parameter Explanation
toe Ephemerides reference epoch in seconds within the week te Ephemerides reference epoch
Va Square root of semi-major axis x(te) Coordinate at t. in PZ-90
e Eccentricity . i
M, Mean anomaly at reference epoch y(te) Coordinate at te I PZ-90
w Argument of perigee Z(te) Coordinate at te in PZ-90
i Inc\lnlatlon at referejce epoch . Vx(te) Velocity component at te in PZ-90
Qg Longitude of ascending node at the beginning of the week i .
An Mean motion difference Vy(te) Velocity component at t. in PZ-90
i Rate of inclination angle Vz(te) Velocity component at t. in PZ-90
0 Rate of node’s right ascension X" (te) Moon and Sun acceleration at t.
Cuc, Cus Latitude argument correction Y”(te) Moon and Sun acceleration at te
Cres Crs Orbital radius correction 7 M ds | .
Cic, Cis Inclination correction (tE) oon an un acceleration at t.
ao Satellite clock offset Ta(te) Satellite clock offset
a satellite clock drift Yn(te) Satellite relative frequency offset
ar Satellite clock drift rate




GNSSH & 2 27 &

» IGSIREGNSSHIAFE Z Ay £ .

» IGSEET LWL E, HFEEBREHENSFITRF, 5ITRF
Ry 24, AREGHTZHAEIGSERET.

— PSR IIE fo sy £ &, wCODE, Bt
%u b £ b IRBLEAE R o

Ultra-rapid

Products Broadcast Predicted | Observed Rapid Final
(delay) (real time) | (real time) | (3-9h) | (17-41h) | (12-18d)
Orbit GPS ~100 cm ~5 cm ~3 cm ~2.5cm | ~ 2.5 cm
(sampling) ( ~2h) (15 min) (15min) | (15min) | (15min)
Glonass ~5cm
(sampling) (15 min)
Clock GPS ~5ns ~3ns ~150 ps ~T5 ps ~T5 ps
(sampling) (daily) (15 min) (15 min) (5 min) (305s)
Glonass ~ TBD
(sampling) (15 min)







