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NASA | Using Quasars to Measure the Earth: A Brief History of VLBI

VERY LONG
BASELINE

INTERFEROMETRY

MIFSKIE . NASA Goddard.
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file:///Users/Neo/Downloads/Figures/nasa_vlbi.mp4
https://www.youtube.com/watch?v=59Bl8cjNg-Y&ab_channel=NASAGoddard
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Fig. 4.1. Transparency of the Earth’s atmosphere to elect ic radiation 1&5;1%%&&%%5 ?%%E EFI E m
showing the radio and visible regions. The diagram gives the height of the atmo- A .

sph hich the intensity f f 2 (Aft ZRES By .

T{)olflz EL\;“;" ;D((‘)Ol)l'lﬂ‘llblt} of radiation is attenuated by a factor of 2 (After %%Xﬂ'ﬁmﬁzémg-}mwu& :
v<vp, vp/Hz =94N./m=3 AHHEF

R &5 735 (Plasma frequency)

1: XEEO (Atmospheric Windows) [1]
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HiejE (Radio Sources)

BHHREHHIREELE:

Wavelength (m)
'

1. KPHZE K F{& (solar system bodies)
A 3 2. Bla4F= (interstellar clouds)
% O j 3. BkiZE (masers)
° . 4. Bk E (pulsars)
e 10 5. 5tE £ (radio stars)

RS N 0000 6. FAT4PE (extragalactic sources), & #;
Fig. 4.2. Radio spectra of some prominent radio sources. The quiet Sun and the j']fﬁfj] 2 %*Z (AGNS , active
remnant (the rals nebula):  quasar (36 147) and: two rodio galaxies, Cygmss A galactic nucleus)

and 3C84 (After Christiansen and Hégbom 1985)

2: — LRV RAREY SR S 1] BERENX TS ERIREALER
(quasar) (75t iKER ERBIZ RIR) .,
1Jy=10"2 Wm 2 Hz! 5tE = & (radio brightness) )
FHLERAK ERRSTA 1.5 Jy. ~0.1-10 Jy.
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EZNE 1% (Active Galactic Nuclei, AGN) F12£ 214 (Quasar)

Schematic of

Active Galactic Nuclei
Redshift z~0.1to 5
Distance:

billions light years
Parallax = 0

Proper motion

<0.1 nrad/yr

L)
» ,Narrow Line
Region

Broad Line
Region

Centroid of radiation
Gets closer to central
engine (black hole)
As one goes to higher
frequencies, therefore,

Ka-band (32 GHz)
is better than
X-band (8.4 GHz)

Credit: CM. Uty and

B 3: &3 E R A YIERE

CRPEY

NANJING UNIVERSITY

IR
Emission

R~0.1-1 as

UV, Optical Emission
X-Ray Emission
Broad-Emission-Line Clouds
Helical Magnetic Field
mm-Wave Core
| Shock/Superiuminal Knot (Radio to Gamma-Ray)
el et

Narrow-Emission-Line Clouds

Acceleration and
Collimation Zone

0* 10"  Schwarzschild Radii

Tmas
Features of AGN: Note the Logarithmic length scale.
“Shock waves are frequency stratified, with highest synchrotron frequencies emitted only close
to the shock front where electrons are energized. The part of the jet interior to the mm-wave
core is opaque at cm wavelengths. At this point, it is not clear whether substantial emission
occurs between the base of the jet and the mm-wave core.”
Credit: Alan Marscher, “Relativistic Jets in Active Galactic Nuclei and their refationship to the Central Engine,”

Proc. of Science,VI Workshop: & Beyond, Societa del Casino, Como, Italy, 18-22
Sep 2006. Overlay (not to scale): 3 mm radio image of the blazar 3C454.3 (Krichbaum et al. 1999)

4: EHERLRIESXE
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HEEMENFH5E (Angular resolution)

MFEZEMEE RARPKRE), MNEMAELFERNE RLIR, FkBYRERET L
BNERE (ZEEVNER—HER).

BRENASWER

BRI BB A, BRIRE O A 30m, HURHLIRE A 5CGHz (BYTFiREKA
6cm), REERFHATHEAZD 7 (HATY)
IMARABSREINZRMWKTEZER, UHEAKKENEHEK 7

1. #8kD — BEXKORKEL. FHUITFiEKE
2. BuNA —  HEESRISAER_LEWN
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HiELZFHME (VLBI=Very Long Baseline Interforemetry)

“A connected element interferometer is a close analog of the Michelson stellar
interferometer, which manipulates signals with mirrors to produce a physical
interference pattern at the detector.”

——Sovers et al. (1998) [2]

“The technique known as Very Long Baseline Interferometry (VLBI) differs from
connected interferometry in that the intermediate frequency (IF) signals are tape
recorded independently at the two sites of observation. They are later
cross-correlated to produce the interference pattern.”

——Green (1985) [3]

“Interferometry at radio frequencies between Earth-based receivers separated by
intercontinental distances ..."

—Sovers et al. (1998) [2]
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VLBI M uta953 1 [4]
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phical location of the 167 antemnas (sitwated on 126 ditferent sites) that participated in the observations used
nas from the 1VS network (and pre-existing adhoc VLBI arrays that observed a1t S/X band). the blue ones
those from the VLBA, and the yellow omes those from the DSN and ESA. The two-character codes printed mear cach dot comrespond to the short
names of the antennas, as defined in the IVS nomenclatere, T mber of
amsennas (including mobile VLBI stations) bave boen used 10 collect goodetic VEBI data over the years due 10 the seismic nature of these regions

LEFES o1

NANJING UNIVERSITY

Fig. 1. Workd map showin
for ICRF3. The red dots show the ar

g the goog)

two insets show enlargements of western US and Japan where a lar



VLBI 2385t

SAMPLE,
oIGMZE, |

SAMPLE,
DIGITIZE,
RECORD

CORRELATOR

|
A

| pewr |

o— 7
FIG. 1. Schematic diagram of a VLBI experiment. Wave forms
are shown impinging from the direction k on two antennas
separated by a bascline B on the Earth’s surface. They are
followed through the data acquisition system to the point
where the correlator determines the delay 7. The signal wave

forms are exaggerated for effect. The actual wave forms are
random Gaussian processes

& 5% dmo viemmrEE
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VLBI 3;lE (VLBI observable)

XM A H 48T &% (Coherence function)
R = Ag cos (2nv¢t + ¢p) (3)

HIEWME (Direct Observables)
ZLIEE (fringe amplitude) A¢
4L (fringe phase) ¢
Be(t) = ZB(1) -5 + fmecia (1) + fistr (1) + 27k (4)

of taced EHMiME (Derivative Observables)
HERTZE (phase delay) 74 = % =&
s o BPOIE (910Up dela) 7, = 55 = 35
e e el o sl AR (phase delay rate) vf = 0 22
10: VLBI #iEi2 R 74 [1] BRFEZE (group delay rate) 7, = 2=
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AEEHET VLBI LM ?

| VLN st | | ] "B B A SR AT — A E X R B IR 1
— Bk S4E FREATRNE, KEBEXERTEN
calbeaton MEHERENREBRENFRKSHNERSE, BUE
';:: || oention o dcty SEREZEXNFRSHNENSEEHTRORT. B
e ol o : HIREFAEBERGSEMNENKER, HMKESEWN

themal deformation | BREHZERNSEE. AR RA:

' aC
0-C= ﬁdx (5)

EXBENREAE, Hi 0 AMNME: C AFRSURAE
A MERT ESIRIRRE: X AFKSHES:

9% AmMMERHEEERNERENFRSENRS
O-CAMNESEItEZE: dX ARESHES, BF
REYMENKER SIREAEBERSE dX, Xo+dX
Bl HE N E Hr S HEE. "[6]

FASBERE: HRELE (TER). WNELE

11: VLBI #i#E 5 #795% [5]
LR (HER). HIKEESH (EOP) 4



VLBI 2 5

517135, fEEN .-

Wik (G, $, RELEH...)

HER NS B, IRRIES...

ASNE (GLE, &14...)

Muf 2(6LE, $9, RE&LEH...)

517135, fEEN .-

13/77



VLBI EHigHHERE (1ps #5E)

ISR AR, ATLLRIS A ERRER S
Te = Tgeo + Tins + Ttro + Tion + - - - (6)
Tgeo = T+ Tgra + Tant + Tstr + - - - (7)
EERBETMROR T RILARIE. M shEFLEAIE. PHEXRSEREEREEES, 5
TIBEE . RS HIRT RS IEFNR L AT RIS IE A4S B & 7E JL AT ZEAR B A .
JL{TB43E (Geometric delay) 7.,

EY RHRESEREERTTEERNSFR/LARMEEE, ABRFERHE

T3
HERE SREBENNERE. BEENESH, mASHRIESHENEEZEAEER
E=,

gtk ARERRBRE, XFHRREAEL, —FREALFEAHESFTERRIILA
IR KENASD ? (£920ms) MHEFERRIER 7

-
@ﬁxﬁ%
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=S KB Bkt E| 2 (Wave-front Arrival-time Difference)

JLATEHEREY (1) — 155

EmEe (Plane wave front) FRmEEEl (Curved wave front)

STATION #2 /[yt

[t 7 ()]

CENTER
[ 4]

Bylt,-t,]  POSITION OF

STATION #2
STATION #1

AT TIME t,
POSITION OF STATION #2 POSITION OF STATION #1
WHEN WAVE FRONT CROSSES WHEN WAVE FRONT CROSSES
1T AT TIME t,

IT AT TIME t,

12: FEEATH UL TEE (2] 13: BREK TR LA RS E [2]

2 ~ k- [ra(t) —ri(t)] = Fe - [Ro(ty) — Ri(t1)] R.A(7) 9
itk e se s IR (o AT TEr R A

Ac() =[€3 - 2]~ [(Pc - €2)? - (Pc - €1)2]+ (Fc - €2)®
~(Pc-€1)’] - (Fc - €2)e3 + (Fc - €1)€f ]

QAikE  a-nwrn
€2 =[ra(t1) +cpar]/Re(t)

NANJING UNIVERSITY
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JUTBRERESE (2) —3|HBE (Gravitational delay)

5|7B43E (Gravitational delay) z,,

EN FEHETFS| NGRS ESEENREER
(B EEEENSH IR ERIESE) Mol
EAFIMNIES KT RER E .

BUSSREES| Nk p Bt p KIGLE ARIRRS, p 51E
I 5] F1 A ERE FE 24

GRAVITATING
80DY (S38)

Ag =

FIG. 7. Schematic representation of the motion of a gravitat-
ing object (Sun) during the transit time of a signal from the
point of closest approach to reception by an antenna on Earth.
(1 0) Both move between the time ¢, at closest approach R(r,) and
the time ¢, at reception. This motion needs to be taken into

Xj%%‘@%#%ﬁmimg VLBI }E!j]}'ﬂ] . ri/rs — 0' |r.2 -ri |/r1 —0 . account for the highest accuracy.
(10) ATy : 14: 3| AfmirrEE [2]

[1+yppNlpp | (rs +ra(te) +rs2 rs+ri(ty) +rs1 )
3 rs+ra(te) —rs2 rs+ri(ty) —rsi

1+
_ [T +yppNIpp In

(r1 +ry-Fs ) (11)
eI c3 ro+ry s S| MBE A (FEEAHRANEE
SRR PR DAL R 3 AV AAERTE . xE) |

1 Tara = ) AG (13)
é{”f”ﬁk:% AE}‘,, = AGP —[1+yppN]UT (12) P

Ag
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JUTBHERE (3) — Mss24s (Station location)

Wik iR — R EE PR ESERFRT, A ro. LT B KNS AIHEEKE T LNE

EMEIMMTIES), FIMER XS TEahEE.
#55i=5) (Crustal motion)
s tRPIESN (Tectonic plate motion) < 10cm/yr
« B93z (Tidal station motion)
* HbIKE{K#E (Solid Earth tides, EZERMM) Agol < 50cm
« thi# (Poletide, REKHM) Apol S 1-2cm
° iﬁﬁéﬁﬁﬁﬂ (Oceanloading, b’l’é&?ﬁﬂrﬁl) Aoen $1-2mm
 E#BS%R (Nontidal station motion)

kK% (Atmosphere loading) Aaim ~ mm
« JkEAS 3% (Postglacial relaxation) ~ mm

BRI IERT L

Vi =r0+i't[t_ tOJ +Asol+Apol+Aocn+Aatm

-
@ﬁxﬁﬁ

2
SITY

(14)
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JUTEEEE (4) — #BREM (Earth orientation)

M#ESEZ (ITRS) ML KREKSEFR (GCRS) KyFkiksErE (1AU 2006 % 3/2000 Z 3
Al [7]
[GCRS] = Q(t)R(t)W () [ITRS] (15)

Hd, 0(t), R(t) FaAW() 5 BlF TS E-2=5 (Precession-Nutation). #iEkB% (Earth
rotation) FA#%#% (Polar motion). B4, HLKEKSEZDPNELBEREH

re = Q(OR(OW ()r, (16)

P4
@ﬁxﬁﬁ

2
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&{5Z5 T (Lorentz transformation)

BT FABAZR Buls (SSB) HIEREH . ICRS RIEMTA [r(1).1], S5ZHEXIRAY
GCRS KM A [r' (1), '], MEZERIEIRKIR A

[ICRS] — [GCRS], BP [r(t),t] — [r' ('), ¢']

v (") =r(t)+ [y -11[r(t) - BIB/F* - vBt (17)
t' =yt —r(t) - Bl (18)

[GCRS] — [ICRS], BN [ (t'),t'] — [r(2),1]

r()=r' () + [y =110 (") - BI B/B* +yBY (19)
t=y[t' +r (') - B] (20)
Hrp
y=[1-p2""" (21)
hixd

D)
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JUTRAEERY (5) — #bEREMEZEE) (Earth’s orbital motion)

7 ICRS BB JLMTBIRE A © = 1o — 11, $&#RB| GCRS Hi A

to—ti =yl —t]l —ylr2(t2) —ri(t1)] - B (22)
B EESBE MY #1 FOBNE MLy #2 XEERTEIR, MLy #2 7 ICRS & sz iR E A
By, M
th—1t] :Y[l—ﬂz'ﬂ] [to—t1] —y[ra(t1) =71 (t)] - B (23)
E[ETE ) B%], GCRS hRIRZEMTNEY [r/ (1).0] 0 [ (1) .11], B
ra (té) =r) (tl) +[y-1] [’"2 t1 ﬁ] ﬁ/ﬂ +yBt] (24)
ty—ti=y[ry () —ri (t)] - B (25)
ro () =ro (t;) = ﬂ2 (t; - tl) (26)
g
ro (t) —ry (1) =ry (67) =y (¢1) + [y = 1{[r (¢]) = 7 (£)] - BYB/ B 27
~vBy [y (1) =71 ()] - B
ﬁfﬁ% 20/77



STEREAE R E (L (Source Structure) , L 1739+522 45

[ — . . — S 03 . . . 2020
”31‘32?'-. 1 .. | | |
0.5 3 LTV TN S | I 2015
e Ko GBI  a :
o e T ; i okt | | 2010
: T \ 16 i | H 01| ¢ 0o |
$ LY | { ® On 00
H D 99
;:_ 0 D 000
: RO
§ 1995
1 0.0
é 1990
e
1985
SRR 1739+522 4540 T T T
Epx P[r] Aacoss [mas)]

¢ (3kJE: MOJAVE i)
& 15: 58 iR 1739+522 RYHIE 2L [8]

FASMNETE S/X KB FERRMAZAEVRENEN, MXEEHRSLERETWL, NMmE
FATSNE R B R I H BE R 8] Y E

i]ﬁf\% 21/77


file:///Users/Neo/Downloads/Figures/1739+522_i.mpg
https://www.physics.purdue.edu/astro/MOJAVE/

SRS R E It (Source Structure) , L) 4C39.25 445l

1 1 1 | | 1 1 | |
| Nov.79,3.6cm

Sep. 80, 3.6¢cm

0

| Now. 81, 3.6cm

ro

| Jun. 82, 2.8cm

Fig. 7.2. Variation in the observed structure of the radio source 4C39.25. A new
component (b) seems to have been ejected in 1980 (arrow) from the component (¢)
and to move towards the component (a) with a velocity of 0.16 & 0.02 mas/year.
The scale is 0.5 mas per interval of graduation (Shaffer and Marscher, 1987).

e ﬁ f?: J,\ .% 22[17
NANJING UNIVERSITY 16: %’IEELF\ 4C39.25 H’\Jéﬁ’fﬂ’x’"‘% [9] /




JUTEEER (6) — jE45H) (Source Structure)

X5TeE E{5 324 (Dirac Delta/Gaussian functions)

I(s) = Z Skd (x — X, ¥y — Vi) (28)

I(s) = Z

exp( {[x = xx] cos O + [y — yi] sin 6 }> /2ak
(29)
—{[x — x] sin O — [y — yi] cos 0, }?/2b3)

HHEERESHFENAMEE (BT RE)

Zsy = ﬂdQI(s w, t){ }(QnB s/A) (30)

17: 51698 1739+522 fE b = arctan (—Z./Z.) (31)
1% (5kiR: BVID)

%*"ggiﬁjﬂ Tstr j]
Tstr = a¢s/8w (32)

23/77
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http://bvid.astrophy.u-bordeaux.fr/

JUTEEER (7) — K& 454 (Antenna structure)

% R MTIIRG AR, Sk R3] 19: REtnRE [2]
REAY B I JL AT B ZE
Ta=tl/ (33) L=iL%,l=§'L:iL\H—(§’D2 (35)
Tant = Tax; — Taxg = (ll r l2) /c (34)
cos ¢ cos A
%k I= in A (36)
(h"'}% ( COZiS;n ) 24/77



{USEA43EHER (Instrumental delay model)

VLBI g9%h (clock) iR
s SNNEAMIIASRERERE ("H"), AENEEF—RET GPS X¢hH A R EE
¥, BEH~1ps (BZ]) f1=~10"" (EE=EK)
c EEIBRRIMAREYE, SKBETENERHEE
c Hit SR FRNATREX N EE M ER, EEX LSMRERM, BT
SRS EIAR
ATHIEXLERE , FEN AT 8] B2 9 — ARG $hR 1T AL L AR B A9 5 B R el 8 (S
)
Tclo = Tcloy + Tclog [t - tO] + Tclos [t — 1 ]2 /2 (37)

WtrshirE (REUEXMEMLZIRE) VR TR TEK A

Aty = 7010(2) 1 Tclo(l) (38)

P4
Whikd
S
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K SEEEE (Atmospheric delay model)

X SHB$3E (Atmospheric delay)

E N BRESEMIKE R B BT BT

i, XEN R RS S ERRT
HE, NMP~ET—MEXNFEZ N RAEE

KSIrGIxT VLB FitthE R AR E WA R0 2 B HEE 7

BEE (lonosphere) B3t ¥1i#%E (Troposphere) Bf3iE
B (K KER) 3TN FE A E B
7 = gS(E) V2, q= =2 / dl = ”013 (39) o0 = My(E)Zg + My (E)Zy (42)
T (40 S/X RER) Maw FRAKXSHG R (Mapping Function),
Hp—MEEERAEX A
T=ar,s + b1, (40) 1
a=v3/(v3-vi), b=-v7/(v3-v]) (41) M:sinE+ a (43)
1 sin E+ Sm%ﬂ
j]'ﬁﬁ'% 26/77



HERMIERE P ESEEEE

o~ UPPER EDGE OF
IONOSPHERE

RIZEKXIFRA SR B EEE, B
Ri =R+ hi (44)

S BEAMTY #1 F0 #2 B )LABERMIERF A

S(E) = (\/RQ sin? E + 2Rhy + h?
(45)

—JR2 sin E+ 2Rhy + h2| /(hy — o)

FIG. 11. Geometry of the spherical ionospheric shell used for
ionospheric corrections. The slant range through the shell is
1,1, at elevation angle E.

20: (S EAS PR ETEE 2

P4
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VLBI Bf3ERE 53 bE

TABLE I. Maximum magnitudes and present uncertainties of

portions of the VLBI delay model (mm).

Model component Maximum delay

Present model
uncertainty

BASELINE GEOMETRY

Zero-order geometric delay 6x10°

Earth orbital motion 6x10°

Gravitational delay 2x10°
STATION POSITIONS

Tectonic motion 100

Tidal motion 500

Nontidal motion 50
EARTH ORIENTATION

UTPM 2x10*

Nutation/precession 3x10°
SOURCE STRUCTURE 50
ANTENNA STRUCTURE 10*
INSTRUMENTATION 3x10°
ATMOSPHERE

Ionosphere 10°
Troposphere 2x10*

20

21: VLBI B EEARE A1 & AR 53 By L 51 [2]

P4
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2
SITY

BT
1. JLARTB SE RO R TS M A SE (B R &
315
2. BEIEHEEENERIRERER: Xt
MEXSHIE. AINREIRTE. RS
HISIREAIRTEE . (X SRAT E R RYAEER S
B3
3. HHEESTH (RFI) H2HM{ELE VLB
RN EZRR

BHEIE A VLBI B ZE W & Hore 7= 7k T
(WRMS) 4 20-30ps

T—R2Bk VLBI WMZE S (VGOS, VLBI
global observing system) 1Ltk
1 mm ZKERIERFEEFD 1 mm/yr YR EAE
B, ANEEERNE R ATERIRER-

28/77



HRHEN TR

THEIRIE R RS Feit T BRI A S LIRS B R 2 B AR AN A AREIEIE. —
BRI T EA [2]

HEESEENE 1 %], ERNLE7EM E S2 R PR ARIELER.

Xt ah RARBETARBRIZ S . B R F B TULE -

R Nh BAREIR E WO RIKSE LR,

#4T Lorentz ik, FMEsARIELITM MO RIKSEREREXBRBORKSER.
HEXRARFORKSERDPITEES AL 1 EEZE N 2 WAERE, FHHEITIRSE
¥9F05| SR ERLIE .

6. £ Lorentz TG G EMORIRSELR, HILSEIER IS AR LT ZE

7. HZIJLAREHTHERS . BRERMNESEMMENIE, SLEIELHNE.

L H W=

P4
@ﬁxﬁﬁ
R or vas

D)
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Bt (8] R G e 4k

10X IEATE SB[ & At At 5 Et (Coordinated Universal
Time, UTC)

XML AR E L ERET (Terrestrial Time, TT) 3Rit&dyr:
TT = (TT - TAI) + (TAI - UTC) + UTC

i A A44RAT (Geocentric Coordinate Time, TCG) Skit&:
drog = drr/(1 - Lg), Lg = 6.969290134 x 10719

Bl 4R R 3T B R JU AR ZE X B2 T RO &2 4REF (Barycen-
tric Coordinate Time, TCB) drcg = drcp X (1 + Le),Le =
1.48082686741 x 1078

-
@ﬁxﬁﬁ
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VLBI 3L E 1Y R B EE (1)

HERERIRRT, ANERAERE s IEBLXE r, 274

X, cos g COS Uy Xb cos dy, cos ay,

»

day,
s=| ys |=]| cosbssinas |,rp(t) =| y, [=d| cosdpsinay |, we= (i} (46)
Zs sin &g Zn sin &y,
ML AR AL FNBERT 2E A
d
P = —b s+ 2wk = — [sin &g sin &, + cos 8 cos Oy, cos (ay, — ag)] + 27k
3 ‘ (47)
Ty = L= [sin 8 sin Sy, + cos &5 cos Oy, cos (an, — as)]
dw c
N}
arg  d .
= — €08 s cos Oy, sin (o, — ag)
dag ¢
aT, d (48)
—£ = Z [cos 8 sin 8, — sin 8, cos 8y, cos (ar, — )]
bs ¢
VLBI 5@.%%5@ s *u s g1’tﬁ@ﬁﬁ@*¥§
rSen cor, B cor, (49)
f}: X '%O-as S d cos Oy, sin (ap, — ag) L d [cos Js sin 8y, — sin Jg cos Oy, cos (ap, — as) ]|
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VLBI 3£ 1Y R B EE (2)

T d = 5000 km FUELLE, 7 XK (A=3.6cm) I,
WA, WTIRERTEA RIS A or, = 0.01ns

HEXAEYRIFEE—HRH 10%

22: RAEEL (6, = 0°) EMREE 23: FdLE L (5, = 80°) EM R E

% 5 T
ap — as (deg)

% 5o T
ap — as (deg)
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4 #5r% (Coordinate system)
EN ARRERATREMENALE. EshFLSH—HEs=T A [10].
HEA XMFERERZIE, —MERRNEX SFLHRES (origin) BME. 3FFHE

(reference plane) F#1ZE & (zero point).

Z*% % (Reference system)
TN B& AEIMET B () BHELRER.
oIl SERNES. EAEAESLMASE "W (determinability), Huis
MRAMRBTEAE MSEAERY "B G, ELFEAS
HIEMEET, ERNEH—MXRME (F—NiE) EzSEZPHLER.

Z#28 (Reference frame)

Y HEETEN—EEES (fidudal point) ARMAESR, WER. HE.
B BES (BERK) WEERRESERNE N RISIES (T EE.
A BERAMMESRAR (OTEE. (M%) MeEmkT.

O
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3 K &M= (Absolute astrometry)

X VLB B#RfZERY LR A, REREMIRE

d d
T=—rp 8= — [sindsin 8y, + cos & cos &y, cos (a, — ag) | (50)
c c

AT E B A HI + FHATRER -
7 =B+ Acos(wet + ¢) (51)
Hr

B= %i sin dg sindy,, A= % cos Jg cos Oy,

Wel + ¢ =ap(t) - a, Q{) =ap(t =0) — as (52)

—% VLBI Wil == —AMAE 1 = ZAKRME (AL B, ¢) X
SR VLBl &= ZAMME 1 = ZAKHME (A, Bi, o)) ¢
B B EEE— BRI S RN, IR SHWME A, B, ¢
B2, (A B ¢) = (a6, d, ap(t=0)),8) X
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3 K &M= (Absolute astrometry)

B BB W % U NI -

MIMNESE FEVNEE SHEHE KAOSHEHE
1 3 3 5
AL,B, = 64,48, X
¢ = a1, o X
2 6 6 7
A1, B, A2, By =  04,02,d,8, V
b1, 00 = g1, As2, A X
3 9 9 9
A1, Bi, Ao, Bo, A3, By = 84,06, 053,d, 8 V'

O1, P2, 3 = Qs1, A2, As3, A X

U _ERISHATSASNRFRELIRG (0sF16,). BEKE (d), URASNREERLZ. A5
REMINEZ BRIFREER (o —ap Mas —ay), BRBZE—TISMISEER: FEES.
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HEAMESERNFEER

« FIRAIMNERIEALE
. $53C273B (1226+023) 7 J2000 B ZIEIFRZ(EIZ H 12839™06°.6997 [11]

© XF—AimSNR (ICRF1ESET 23 ), BE R EHHERMKLT E

1 . .
ﬁ Z (all"adio - a(lth) =0
i

L ' . (53)
D(Aa) = N Z [(a’ +AQ), 4o — agpt] = min
 FFAMEEE) VLBl #0 LLR L&
- (XFgTR AR
o IHASMNBEFIARPARAITE . MTEFIRNSFTAIEES VLA B
o IHRMEEFIAIMERIZE S VLB S
* FIARHER VLBl L8 ryisr FTTEHALE rear
rpaT (A, f) = Ry (e + Ae)R (Aa)rvipi(a, d) (54)
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Accurate Radio and Optical Positions

of 3C273B

C. HAZARD & J. SUTTON

Institute of Theoretical Astronomy, University of Cambridge

A. N. ARGUE & CECILIA M. KENWORTHY

The Observatories, University o

L. V. MORRISON & C. A. MURRAY

Royal Greenwich Obscrvatory, Herstmonceux Castle, Sussex

dut 3C273B and the nsodned quasi-
object are coincident

positions. On cxamining the optical position, hovever, we

found that the usually quoted value was based on

made by JaBecy' for the purpose of proper motion studies

and that no accurate optical position had been

We therefore out ocw position messarcmcats of the

QSO both at the Cambridge Observatorics and at the Royal
Greeawich

Tre small angular size component (3C273B) of the radio
source 3JC273 is generally considered to coincide with the
associated quasi-sellar object (QSO), and the most accurate
published optical and radio positions' are consistent with this
interpretation. Neverthel they do differ by 0.7 arc s, a
which is just outside the combined estimated errors,
and the possibility of & small but significant displacement
between the QSO and 3C27JB cannot be excluded. In an
attempt to reduce this uncertainty we have therefore carried

oul s measurement of the position of 3C273B based on
obwvanom mln; lhe GIRO 210-foot telescope
at PIM Australia, and the foot telescope at Arecibo,

Puerto Rico. We had not lousl carried out this analysis
bnu:llmmmbklomlmlmfuumlmm
o{ which these hig

Lunar Ephemeris’ proposed an
values for ATWIMDCI’M 1963 to Imanlmhbk
it seemed possible to reduce the error in the radio position
to sG2arcs. As it turned out, our new position measurement
only increased the discrepancy between the optical and radio

(RGO) to permit an accurate com-
parison with the new radio position.

Radio Position
The method of observation and an account of the structural
mrmm obtained from an analysis of ail m occultation
have been given elsewhere™*. For the present investi
nl-on we sclected only those occultation curves for which he
signal/s

corresponding s

limb of 503 arcs. The relevant data relating 10 these selected
curves are listed in Table | together with the estimated times
of coruktation. all of which have

equlpmull In lheunnlmemziuowﬂmmlhemud
ion time corresponds 10 the time of closest approach.
For the other occultations the occultation times were deter-
mined using the restoration technique described by Scheuer®,
which gives the brightness distribution across the source as
seea by a fan beam of arbitrary width. The widths of the
restoring beams used ranged from a minimum of 0.18 arc 5
for the occultation of June 7, 1965, to & maximum of 3.5 arc s
for the occultation of September 7, 1964, where the occultation
occurred during the day and close to the Sun, and the observa-

©1971 Nature Pubiishing Group

ik Z

NANJING UNIVERSITY

24: & 3C273B K=

— 4472

TEPT 7 430 MM

440

ocr
26410 e
|

N oM

+02° 19"

— 43.4

Dec.

RGO
OPTICAL

| S (TR S SN N S— |

3332 33.30 3328 33.26
+~—— RA 12" 267

Fig. 1 Corrected lunar limb posmons (1950.0) defining lines

along which the source 3C273B must lie. (The position for

September 7 has been discarded in deriving the final radio

position.) The separate optical determinations are denoted by

C and RGO (from Table 3). M and vH, The radio positions of

Moffer and von Hoerner; J, The opueal position given by
von Hoerner' based on data by Jefferys.

(BiEmRs) Fug (Ged) G0E [11]
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SEZA () B (quasi-inertia) ST (Non-rotating)

WMAEX—1 (#) BESER?
1. Z1HSFF X (Dynamical definition)

EY MBHE—NSEZEH, —MIMERZRIEEF S (Coriolis force) FAEiH
(centrifugal force) HWIMER, HizzhBREFME—FFE _ERE, MFXHR

2. izEh%FE X (kinematic/static definition)

E XL RERNSEREN T FEOE MRS R BEIEER.
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A9pRERkEE R (Extragalactic celestial Reference system)

UISNE ASZRRIRIKSE R EREMER <

1. EHETHMNBEET, FEBRLARE 2. AL MNEET, WMNEEEEXH
H4T (proper motion)

THE ROTATION AND DISTORTION OF THE UNIVERSE

C. B. Collins and S. W. Havwking 'TF)':LIQ MBS FEABIEEE D = 100 Mpc
(Communicated by D. W. Sciama) MEEEE Hy = 75 kms™ Mpc™!

(Recive 975 Jamry 59 Jnug EEEREH V. =Hy-D = 7.5x 103 kms™!
BRHEOREESFREEEHRLY: V=V,

The isotropy of the microwave background is used to place upper limits on
the large-scale anisotropies of the Universe. This is done by considering the 3 (1.5 X% 108 km | [ 365.25 x 86400 s
behaviour of the mi din all types of spatially homogeneous Vi = 7.5x%x10 AU

models that could reasonably represent our Universe. If the Universe is
closed, we find that it is rotating at a rate of less than 3 x 10711 second of

y if the d was last scattered at a redshift of _ 3 2 -1
about 7 and less than 2 x 1014 second of arc/century if the last scattering =1.6 x 10" AUyr
was at a redshift of 1000. We also calculate how far back in time the Universe 55
must have been nearly isotropic. In the case of one extreme hyperbolic model, (55)

) AUyr!
lyr

it seems that it could have been highly anisotropic at a redshift greater than AN
about 4. The significance of these results for galaxy formation is briefly ﬁ 1T j]
discussed.

<102 masyr™?

(56)

§ 25: #R#E Collins # Hawking Byit& [12], FF W 1.6 x 102 (AU n
%%‘Wﬁﬁ%dﬂi 1079 masyr=! = D 108 E yr

CRPEY
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EESERIE LR

- BEY: PR ERERTINERIEARK EREE R
- TS
« Wix#E (0>20) BBEWHTEER (W>2yr)
- GIERERTEAI T L
- BT, MREINERIK ARG A AL, SRR T T v R AARRO R
Bz %
* BB T RS TR

© RS HAI AN

B 26: ZZiE (£) SERE () [4]
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Ghi

RE IR L E B 18 3 [13]

Right Ascension (mas)
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1991 5 IAU X2XFEE R (3R) 19 Ad R (1)

Resolution No. A 4
Recommendations from the Working Group on Reference Systens
Recommandation du Groupe de Travail sur les Systémes de rétérence

Recommendations I to [X

The XXist General Assembly of the International Astronomical Unfon,

RECOMMENDATION [

considering,
that it is appropriate to define several systems of space-time
coordinates within the framework of the General Theory of
Relativity,
recommends
that the four space-time coordinates (0 = ct. xl. k2 i
be selected in such a way that in each coordinate system centred
at_the barycentre of any ensemble of masses, tne squared interval
ds? be expressed with the minimun degree of approximation fn
the form:
ds2 = -clar?
== 2 @D s e &) e s a4 e,
18 g
< <

where c is the velocity of light, T is proper time. and U is
the sum of the gravitational potentials of the above mentioned
ensemble of masses. and of a tidal potential generated by bodies
external  to the ensemble, the latter potential  vanishing

RECOMMENDATION 1

considering
3) the need to define a barycentric coordinate system with spatial
origin at the centre of mass of the solar system and
2 geocentric coordinate system with spatial origin
at the centre of mass of the Earth. and the desirability of

defining analogous coordinate systems for other planets and for

the Moon,

b) that the coordinate systems should be related to the best
realization of reference systems in space and time, and,

©) that the same physical units should be used in all coordinate
systems.,

reconmends that,

1. the space coordinate grids with origins at the solar system
barycentre and at the centre of msss of the Earth show no
global rotation with respect to a set of distant extragalactic
objects,

2. the time coordinates be derived from s time scale realized
by atomic clocks operating on the Earth,

3. the basic physical unfts of space-time in all coordinate

systems be the second of the International System of Units (SI)
for proper time, and the SI meter for proper length, connected
to the SI second by the value of the velocity of light ¢
= 299792458 ms"!

at the barycentre

EX ™ MARMHRHESE T A
=R B RS

ABAZR BulFIER Bl
EASERGNES,
HEXF—2HimINE T £ BhE

the desirabi

RECOMMENDATION IT1

considering,
ty of the standardisation of the units and or
coordinate times used in astronomy.

recommends that,
1

igins of

the units of measurement of the coordinate times of all
coordinate systems centred at the barycentres of ensembles of
masses be chosen so that they are consistent with the proper
unit of time. the SI second.

the reading of these coordinate times be 1977 January 1.
o 0" 32.184° exactly. on 1977 January 1. 0" 0" 05 TAI exactly
(JD = 2443144.5, TAL), at the geocentre,

3. coordinate times in coordinate systems having their spatial
origins respectively at the centre of mass of the farth and
at the solar system barycentre, and established in conformity
with the above sections m and (2), be designated
as Geocentric Coordinate Time (TCG) and Barycentric Coordinate
Time (TCB).

ARARET R BRI R S —
5|\ TCB #1 TCG

RILA LI https://www.iau.org/static/resolutions/IAU1991_French.pdf ‘
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1991 5 IAU X2XFEE R (3R) 1 Ad R (2)

RECOMMENDATION TV RECOMMENDAT ION V1
RECOMMENDAT 10N
considering. considering
.
considering.
) that the time scales used for dating events observed from  the desirability of  implementing  a conventional  celestial
a) that the new conventional celestial barycentric reference frame

the surface of the Earth and for terrestrial metrology should  barycentric reference system based upon the observed positions of
have as the unit of measurement the SI second. as realized  extragalactic objects. and,
by terrestrial time standards,

should be as close as possible to the existing FKS equator and
equinox and the dynamical equinox which are referred to

. J2000.0.
b) the definition of the Internations) Atomic Time, TAI, approved  hoting, 1
by the 1dth Conférence Générale des Poids et Mesures (1971) and  the existence of tentative reference fromes constructed by varfous ~ ° ot '€ should be accessible to astronetry in visual as wel
completed by a declaration of the 9th session of the Comité fnstitutions and combined by the International Earth 3s in radio wavelengths,
Consultatif pour 1a Définition de la Seconde (1980). o "
Rotation Service (IERS)  into o freme  used  for  Earth . oo
cecomnends tha rotation series,
1) the time ref . . 1. that the principal plane of the new conventional celestial
be ,cr,estr,é,e;f;:e ppor cpearent geocentric - ephemerides o ommengs, reference -system be as near as possible to the mean equator
o 2t J2000.0° and thet the origin in this principal plane

i f ot T X 1 '3
1. that intercomparisons of these frames be extensively made in be 5 near as possible to the dynamical equinox of J2000.0

2) TT be a time scale differing from TCG of Recommendation 111
order to assess their systematic differences and accuracy.

by a constant rate. the unit of messurement of 1T being chosen 2. that the positions of the extragalactic objects selected in
S0 that it agrees with the SI second on the geoid. 2. that an IAU Working Group consisting of members of Comnissions reoraance i recommendaion 1 eresanting
3) at instant 1977 Janvary 1, O 0" 05 TAI exactly. TT have 4. 8. 19. 24. 31 and 40. the IERS. and other pertinent experts, the reference frame be computed initially for the equator 2nd
the reading 1977 Januzry 1. 0" 07 32.1845 exactly. in consultation with all the institutions producing catalogues equinox J2000.0  using  the best  ovailable  values  of
of extragalactic radio sources, establish a 1ist of candidates the celestial pole offset with respect to the 1AU expressions
RECOMENDATION ¥ for primary sources defining the new conventional reference for precession and mutstion.
frae. together with a 115t of secondary Sources that may later
3. thet a great effort be made to compare reference frames of all

be added to or replace some of the primary sources, and, !
considering. types. in particular the FKS, solar system and extragalactic

that important work has already been performed using Barycentric  requests reference franes,

Oynamical Time (T08), defined by IAU Recommendation 5 (1976) of IAU
Commissions 4, 8 and 31, and Recommendation 5 (1979) of IAU
Commissions 4, 19 and 31,

that observing programmes be undertaken or continued in order
to relate planetary positions to radio and optical objects, and
to determine the relationship  between  cotalogues  of
extragalactic source positions and the best catalogues of star
2. that the objects in this 1ist be systematically observed by all positions, in particular the FK5 and Hipparcos catalogues

VLBI and other appropriate astrometric programmes

1. that such 2 list be presented to  the XXIInd General
Assembly (1994)  as a part  of  the definition of  a new
conventional reference system,

recognizes,
that where discontinuity with previous work is deemed to
be undesirable, T08 may be used.

BINTT B ETAMNEMRALEE X NS EZGFHWERIIRS
|H TDB BB R 4RI E A MEXRODKEKSER S [H&#£ %% (FK5) Z [BIfX &R

W hikd

NANJING UNIVERSITY
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ICRS BYEIBTE X

EfrRIKSER ICRSHEBRENREHF LHMEX, FHEUATHEE:

- ICRS ABULE, Bl ICRS WZ HARRRSKERRDESR:
- KK ICRS WSEREXN F—HEBZHIRT RIS E L FEE (£58) ¥ (global

rotation);
- IEBGAIMNEIEASE 52 ICRS E XK —E34Y

- ICRS MEAEZERTAEM I J2000 B ZIK ERE, EAEEHNERERTREMER
J2000 B ZIMEN FES R (5 FKS REFESME)

- FIRRAREXT AU $ ZEHEBMRIRHEETH, 8T J2000 B ZIKFREFEF S
=, WERRSZRATINEGE

- ICRS Zidid e S FGTER i B AR AT LU AR S B 525k 503
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ICRS vs. FK5
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1994 5 IAU X2XFEE R (3R) 19 B5 R

Ansnexe to Resolution 85

Resolution No. B 5 sl Ay iy
on the Working Group on Reference Frames a4 be ddded or o
The participants of Symposium 166

sur le Groupe de Travail Reference Frames

ces which define

Les participants au Symposium 166 Name Al
d 0003066 0 PKS 0003-066
4 +106 0 HIZW2, PKS 0007+106
d +17 0 4C+17.04
The XXiInd General Assembly of the International Astronomical Union d 264 0 PKS 0008-264
o - d 405 0 B3 00104406
Considering that the [AU Working Group on Reference Frames consisting of members of d 0013005 0 PKS 0013-005
Commissions 4, 8, 19, 24 and 31, the International Rotation Service (IERS) and other d 00144813 0 §5 0014481
pertinent experts has been formed to produce a list of candidate extragalactic radio d E:::z:;”; ; ;’;\?(‘I;;g"“m
sources for defining the new conventional reference frame and secondary sources that OG‘?@,J;'G 0 3
may later be added to the primary sources or replace some of the primary sources, d 00394230 ©
. . . ) d 0047579 0
Noting that a list of sources which define the conventional reference frame together 4 0048097 0
with list of candidate sources which may, at some future date, be added to or replace d 0056572 0 PKS 0056572
the defining sources has been made, 4 0056001 © 4C-00.06
4 0059+581 1
Recommends that this list of defining sources be adopted by the XXlind General d 0104408 1
Assembly (1994) as the first stage in the definition of the new reference frame, and d 01064013 1 4C+01.02
d 01094224 |
Requests that the Working Group on Reference Frames be continued and its 4 0114021 1
membership be reviewed by Commissions 4, 8, 19, 24 and 31 and the [ERS to d 02017 PKS 0112014
) 0113118 1 PKS 0113-118
1. define the positions of the radio sources on the list, d 01194115 1 PKS 01194115
X X ) ) d 094041 1 IRAS FOI177+
2. determine the relationship of this frame to an optical frame defined by stars, and d 01234257 1
3. recommend to the XXIlIrd General Assembly (1997) that a way be found to 4 e FES 013155
organize the work for the maintenance and evolution of this frame and its d 0135247 )
extension to other frames at other wavelengths. d 01344329 1 3C48, 4C+3
d 01464056 1 PKS 01464056
d 01484274 1
i 01494218 1 PKS 01454218
d 0150334 1 PKS 0150-334
Iy =RV A1 RI=Eo o =\ d 01534744 |
EBR—HENE, UHEIFSEROEN bl
d 02014113 2 PKS 02014113
1 d 02024 2 4C+15.05
“ J, - d 0202172 2 PKS 0202172
PA l WL https: //www.iau.org/static/resolutions/IAU1994_French.pdf ‘ d 02024319 2 B2 0202+31
d 008512 2 PKS 0208-512 46/77
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1997 5 I1AU X2XFEE R (3) 19 B2 0 B5 Rl

Resolution No B2
On the international celestial reference system (ICRS)

Sur le systéme céleste international de référence (ICRS)

“The XXIfird International Astronomical Union General Assembly

Considering

a. That Recommendation VII of Resolution A4 of the 215t General Assembly specifics the coordinate system for
the new celestial reference frame and, in particular, its continuity with the FKS system at J2000.0;

-

That Resolution BS of the 22nd General Assembly specifies a list of extragalactic sources for consideration as
candidates for the realization of the new celestial reference frame;

That the IAU Working Group on Reference Frames has in 1995 finalized the positions of these candidste
extragalactic sources in a coordinate frame aligned to that of the FKS to within the tolerance of the errors in the
latter (see note 1);

d. That the Hipparcos Catalogue was finalized in 1996 and that its coordinate frame is aligned to that of the frame
of the extragalactic sources in (c) with one sigma uncertainties of + 0.6 milliarcseconds (mas) at epoch J1991.25
and 4 0.25 mas per year in rotation rate;

Noting
That all the conditions in the IAU Resolutions have now been met;

Resolves

a. That, as from 1 January 1998, the IAU celestial reference system sball be the Interational Celestial Refecence
System (ICRS) as specified in the 1991 IAU Resolution on reference frames and as defined by the International
Earth Rotation Service ([ERS) (see note 2);

b, That the corresponding fundamental reference frame shall be the International Celestial Reference Frame (ICRF)
constructed by the IAU Working Group on Reference Frames;
That the Hipparcos Catalogue shall be the primary realization of the ICRS at optical wavelengths;

That [ERS should take appropriste measures, in conjunction with the AU Working Group on reference frames,
10 maintain the ICRF and its ties to the reference frames at other wavelengths.

'S

Note I: [ERS 1995 Report, Observatoire de Pasis, p.11-19 (1996).
Note 2 “The extragalactic reference system of the International Earth Rotation Service (ICRS)", Arias, EF. et al.
A & A 303, 604 (1995).

Resolution No. B5S
On the international celestial reference system (ICRS)
And the Hipparcos catalogue
Sur le nouveau systéme céleste international de référence (ICRS) et le catalogue
Hipparcos

The XXIIrd International Astronomical Union General Assembly

considering

1. that the International Astronomical Union (IAU) has adopted m International Celestial Reference System
(TCRS) in which the axes are fixed relative to the distant back d as implied by of
sources,

2. that the realization of the ICRS is based on observations made from the Earth, the axes of which precess and
nutate relative to the [CRS,

3. that there are significant differences between the nutation adopted by the IAU in 1980 and astronomical
observations,

4. that a rate of variation of the obliquity is observed, which is not predicted by the 1980 IAU precession-nutation
theory,

S. that there is a difference in the precession rate of about -3.0 milliarcseconds per year (mas/year) between the
observed and adopted values,

recommends
1. that Division I form a new Working Group to report o the [AU General Assembly in 2000 which will
a examine and clarify the effects on astrometric computations, of changes such as the adoption of the
International Celestial Reference System, the availability of the Hipparcos catalogue, and the change
expected in the conventional precession-nutation model, and

b. make to be used,

regarding the

2. that this Working Group study these questions jointly with the International Earth Rotation Service (IERS) and
maintain a close connection with the IAU Working Group on Reference Frames, the JAU Working Group on
Astronomical Constants, and the IAU-TUGG Working Group on Non-rigid Earth Nutation Theory (up 1o its
discontinuation at the 1999 UGG General Assembly), through exchange of representatives.

[EEXXR A ICRS # ICRF {E ARHIR A S E R 1% |
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Fig. 6.1. Distribution of the 212 best-observed extragalactic sources comprising

the new IAU celestial reference frame (ICRF). An Aitoff equal-area projection is /:'_E7}(EF
used. Note the relatively sparse population at negative declinations (After Ma et N
al. 1998) #0.02 mas,
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Resolution No. B1.1

Mais and establi of
reference frames and systems
Suivi ef construction de repéres
Et de systémes de référence

The XXIVth International Astronomical Union General Assembly,

Noting

1. that Resolution B2 of the XXIIIrd General Assembly (1997) specifies that “the
fundamental reference frame shall be the International estial Reference Frame (ICRF)
constructed by the IAU Working Group on Reference Frames™,

) specifies “That the
onal Celestial Refer.

2. that Resolution B2 of the XXIlIrd General Assembly (1997
Hipparcos Catalogue shall be the primacy rcal:-allou of the Interna
ence System (ICRS) at optical wavelengths”

3. the need for accurate definition of reference s brought about by unprece-

dented precision, an

Recognising

1. the importance of continuing (\pr‘h\lmnnl observations made with Very Long Base-

rferometry (VLBI) to maintain the ICF

line

2. the importance of VLBI ob
eeded 1o specify the time-va
al Reference Frames,

pters
and Terr

3. the progressive shift between the Hipparcos frame and the ICRF, and

4. the need to maintain the optical realisation as close as possible to the ICRF,

Recommends
¢ 1AU D e Working Group on Ce
formed from Divi t consult with the International lan\ Ro

(IERS) r n intenance of the ICRS,

2. that the IAU recognise the Inter
trometry as an IAU Service Organisation

2000 & IAU X2XFEEZ (3) 19 B1 Rl

3. that an official representative of the IVS be invited to participate in the IAU Work-
ing Group on Celestial Reference Systems,

4. that the AU continue to provide an official representative to the IVS Directing

Board,

5. that the astrometric and geodetic VLBI observing programs consider the require-
ments for maintenance of the ICRF and linking to the Hipparcos optical frame in the
selection of sources to be observed (with emphasis on the Southern Hemisphere), design of
observing networks, and the distribution of data, and

6. that the scientific community continue with high priority ground- and space based
observations (a) for the maintenance of the optical Hipparcos frame and frames at other
wavelengths and (b) for links of the frames to the ICRF.

Resolution No. B1.2
Hipparcos celestal reference frame

Le repére de référence céleste Hipparcos

The XXIVth International Astronomical Union General Assembly,
Noting

1. that Resolution B2 of the XXIIIrd General Assembly (1997) specifics, “That the
Hipparcos Catalogue shall be the primary realisation of the International Celestial Refer-

ence System (ICRS) at optical wavelengths”,

2. the need for this realisation to be of the highest precision,

3. that the proper motions of many of the Hipparcos stars known, or suspected, to be
multiple are adversely affected by uncorrected orbital motion,

4. the extensive use of the Hipparcos Catalogue as reference for the ICRS in extension
to fainter stars,

he need to avoid confu;wn between the International Celestial Reference Frame
ucnn ‘and the Hippaccos frame,
6. the progressive shift betwen the Hipparcos frame and the ICRF,

Recommends

1. that Resolution B2 of the XXIllrd IAU General Assembly (1997) be amended by
excluding from the optical realisation of the ICRS all stars flagged C, G, O, V and X in the
Hipparcos Catalogue, and

2. that this modified Hipparcos frame be labelled the Hipparcos Celestial Reference
Frame (HCRF).

G UNIVERSITY
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Resolution |
Adoption of the Po3 Precession Theory
and Definition of the Ecliptic

oction of the IAU 2000A precession-nutation
= 2003 by rescltion
bused c0 improved

. ot

H
i3
t
g
¢

Resognizing

that the gravitational attraction of the plasets make o significant
contributicn s of the Earth's equacor, making the terms
bunisclar precession and planctary preecssion esisleading,

the neod for a definition of the edliptic for both sstronomical and civil
rposes, and
thet i the past, the ecliptic has been defined both with respect 10 an

observ definition) and an obserw
comoving with the edliptic (rotating definitsoa),

mqn

the r Working Group on Procession aed the

Eiptie wu.u. . Mech- 94, 351), and

Recommends

L. that the terms lunisolar precession s planetary precession be replaced
by pecvession of the equator and preccssion of the ecliptic, n;,-\n\-l

it of the IAU

o 3 by the Fo3 precesion
theony. of Caplaine el (3005, ABA, 412. 367386 fot the preccsion of
the equator (Eqs. 37) and Uw’vm-)nw A the ecliptic (Eqp. 38); th

paper provides th Jal developtmests for the POg prissery sngis
and  of Gefived quaTIRIes or w1 bokh the equin e s

that the choice of peosession parametors be lef 1o tha user, and

that the clptic poe should be exlicly defied by the rasse ool

angedar momentum vector of the Earth-Moon

Buryoeric et Reforence Sywtem (BCRS). o this et sboukd
pxplicitly stated to avoid confiusion with other, older definitions.

coomrusing tbe peeomsion mtrix
siven in B 1,6 ot 52 of Pt
ecommended i Soviopmoeats for the wetom
parscoeters re given I Tabl 1 o the sarne paper, Incuding the ro3
expressions sct cut in expeessions (37) to (41) of Capitaine et al. (200:
2273 Tables 35 of Capitaine ct ol (2005).
2. The time rate of change in the dynamical form factoe in Pog is

P

 Wallace, P.T., & Chapront, J.
sine, N, Wallace, P.T., & m.,w

pit
Mruu T., Getin, J.
Wallace, P, % Williams, J. 2
Actio

|)(L|h-\!rylh(1»u ral Secsetary u[vnm\p{ 10 the Resciution:
idoption of the P03 Precession Theory and Definition

rmal

eitg imatititions sheedd receive
Her Majestys Neutiol Almanc Offcn, Ik
e phimirides, nsis of Applied

N
ekl Cbesrvasoey of Jupan (NAGY), Noutinl Almanie Office of the
4 Sates Naval Obwarvatory

Rcs«ﬂmwn 2
ment to the IAU 2000 Resolutions o

ference systems

RECOMMENDATION 1. Harmo

me of the pode and origin 0o

o General Asserntly

1. the adopion o reschuicas LAU Bt through BL by the IAU Oeners
Asson}

ot the -um.l Earth Rotation and Refereaco System
(IERS) and the Standards Of Fundamental Astronceny (SOPA) activiy
have made sudable the model, | ;-nmm.m data and software to
implerver thesn rescitions o the Almarse Offices
hive begu o I plemert thess begianing vith thel 2006 63k,

rodations ¢f the IAU Working Group ca “Nemenclature for
ik whonit s ceomy” (IAU Transactions XXVIA, 200s), and

Recogaizing

if
H

1 the design. ermediate” to tefor 1o both the prole and the
celgin of the bew sywtes isked to the Celescil Itermediate Pele and the
B

Celential or Terrestrisl Ephemeris

BLS, P , and
5 ot o mame “Conventiona nternational Oviga” with he potentaly
conficting oromm CIO Is no longer commanly used to refer 10 the

Tolovnce pole oy memcing poler taction & K e in the pask by the
Infernational Latiude Service,
Se—.

nation “intermediste” be wied to describe the
celestial and tervestrial refereave systems defined I the 20
Resclutions and the various related e

tht ch ey "t

ermediate Origin™ (C10) and “Terrestrial
be used in place of the peoviously intmoduced
Erbemors Origt (CB0) s “Terresr Eghemerts Orign’

3. thet suthors caredully define designate entithes of

astroncmical reference systeass

seotle cociamicn

RBCOMMENDATION 2. Dofault orientation of the Baryeeniric Coesial
Reference System (BCRS) and Geocentric Celestial Reference
‘The XXVIth Internatéonal Astroncmical Union Gerersl Asseesbly,

Noting

1. the adoption of resolutions IAU BL1 through Brg by the IAU General

2000,

2. that the International Earth Rotation and Reference Systems Service
(IERS) and the Standards Of Fundamental Astroncmy (SOFA) activity
have made avsilable the models, proodures, data and software to
implement these resctutions operationally, and that the Almanac Offices
‘have begu to implement them beginning with their 2006 editsans,

3. that, in pastiodar, the sysetss of spaco-tme cooriates defined by IAU
2000 Resolut a) the solar system (callod the Barycentric
Celestial Tadervne Syslum BCRS) and (b) the Earth (called the Geocentric

lestial Reference Systetn, GCRS) have begun to comse into use,

4. the recommendations of the TAL
Fundamental Astronomy” (IAU

Working Group on “Noemendiature for
nsactions XXVIA, 2005), and

5 8 recommendution from the LAU Wnrhn; Group on *Relativity in Celestial
Mechanics, Astrometry and Metrology

Recognizing

1. that the BCRS definition does not determine the orientation of the spatial
coordinates,

2. that the natural choice of orientation for typical applications is that of the
ICRS, and

3. that the GCRS is deflned such that s spatial coondinates are kinematically
non-rotating with respect to those of the BCRS,

Recommends

that the BORS definition s compltad ith the fowing

<prliatioos, uel ess otherwise stated, the BC
to the ICRS axes.

|L Mvuu.m\] BCRS.'

‘or all practical
s assumed o be oriented
The orstation of toe GCRS s deried froms the

‘adopted by the 26th IAU General Assembly state
2, that the International Earth Rotation and Reference Syst
and the Standards Of Fundamental Astrosomy (SOFA) setivity e i
availsbie the models, procedures, data and software to implement the 1AU
operationally, and that the almanac offices have begun to
imploment ther beginning with their 2006 editions.
2006 i the year ofthe edition for which most o the workdwide- acessiblo
almanacs have implemented the IAU 2000 resolutions. However, it should be
poted thet the Polsh Almanse of the Insttuls of Geodesy and Cartography
(Warsaw, Poland), began implementing the IAU 2000 resolutions in their
4 et We o pleased to acknowledge the efforts that our Polish
colleaues made to implement the changes with o e desy.
Chair of the IAU Division 1 Working Group on
sture for Fundamental Astronomy (NFA) (2003-2006)

u \u(.nx
ERS)

BRI
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IAU 2009 RESOLUTION B3
on

the Second ization of the Celestial Frame

The Intemnational Astronomical Union XXVII General Assembly,

noting

7. that Resolution B2 of the XXIIT General Assembly (1997) resolved “Tha, as from 1 January

4. that a working group on the ICRF formed by the International Earth Rotation and Reference
Systems Service (IERS) and the International VLBI Service for Geodesy and Astrometry (IVS), in
conjunction with the IAU Division I Working Group on the Second Realization of the
International Celestial Reference Frame has finalized a prospective second realization of the ICRF
in a coordinate frame aligned to that of the ICRF to within the tolerance of the errors in the latter
(see note 1),

5. that the prospective second realization of the ICRF as presented by the IAU Working Group on

thc Second Reali of the I Celestial Ref Frame rep a sig;

1998, the IAU celestial reference system shall be the I I Celestial R
(ICRS)™,

System

2. that Resolution B2 of the XXIIT General Assembly (1997) resolved that the “fundamental

reference frame shall be the International Celestial Reference Frame (ICRF) constructed by the

IAU Working Group on Reference Frames”,

3, that Resolution B2 of the XXIII General Assembly (1997) resolved “That IERS should take
measures, in with the IAU Working Group on reference frames, to

maintain the ICRF and its ties to the reference frames at other wavelengths”,

4. that Resolution BT of the XXIIT General Assembly (1997) recommended “that high-precision
astronomical observing programs be organized in such a way that astronomical reference systems
can be maintained at the highest possible accuracy for both northern and southern hemispheres”,

5. that Resolution BL.1 of the XXIV General Assembly (2000) recognized “the importance of

continuing operational observations made with Very Long Baseline Interferometry (VLBI) to
maintain the ICRI™,

FreogmIIng

1. that since the blish of the ICRF, 4 VLBI ob s of ICRF sources have
more than tripled the number of source observations,

2. that since the blish of the ICRF, d VLBI obs s of agal: sources

have significantly increased the number of sources whose positions are known with a high degree
of accuracy,

3. that since the establishment of the ICRF, improved instrumentation, observation strategies, and
application of statc-of-the-are astrophysical and geophysical models have significantly improved
both the data quality and analysis of the entire relevant astrometric and geodetic VLBI data set.,

hikd

b in terms of source sclection, coordinate accuracy, and total number of sources, and
thus a in the fund: I reference frame realization of the

ICRS beyond the ICRF :doptcd by the XXIIT General Assembly (1997),

resolves

of the I

1. that from 01 January 2010 the d 1 i i I Celestial
Reference System (ICRS) shall be the Second Reali of the Celestial R

Frame (ICRF2) as constructed by the IERS/IVS working group on the ICRF in conjunction with
the IAU Division 1 Working Group on the Second Realization of the Intemational Celestial
Reference Frame (sce note 1),

2. that the i ponsible for and geodetic VLBI observing programs (c.g.
IERS, IVS) take appropriate measures to continue existing and develop improved VLBI observing

and analysis programs to both maintain and improve ICRF2,

3. that the TERS, together with other relevant organizations continue efforts to improve and
densify high accuracy reference frames defined at other wavelengths and continue to improve ties
between these reference frames and ICRF2.

Note 1: The Second Reslization of the International Celestial Reference Frame by Very Long Bascline Interfesometry,
Preseated on behalf of the IERS Working Group, Alan Fey and David Gordon (eds.). (IERS Techaical Note ; 35)
Frankfure  am  Main: Vi Bundesmts  fur  Karogrsphic  und  Geodisic, 2009,  See
<www.icrs.ong/MainDisp.csl?pid =46-25772> or <hpicrs.obspm.fi/icrs-pe/>

g des
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Figure 4. Distribution of the 298 ICRF2 “defiamng™ sources on an AlolY equal area peojection of the celestal sphere. The dashed line represents the galactic equator
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recognizing

&

'ﬁan:m:'mns IAU, Volume XXXB
oc. XXX IAU General Assembly, August 2018

4. that since the establishment of ICRF2, continued and new VLBI observing programs

« 2019 International Astronomical Union
1mm Lago, ed. DOI: 00,0000/

THIRTHIETH GENERAL ASSEMBLY

RESOLUTIONS PRESENTED TO THE XXXth GENERAL
ASSEMBLY

RESOLUTION B2

on The Third of the Inter I Celestial Frame

Proposed by the IAU Working Group on the Third Realization of the International
Celestial Reference Frame

The XXX General

bly of the ional ical Union,
noting

1. that Resolution B2 of the XXIIIrd General Assembly (1997) resolved “that, as from
1 January 1998, the IAU celestial reference system shall be the International Celestial
Reference System (ICRS)";

2. that Resolution B3 of the xxvmh Geneml Aswmbly (2009) resolved “that, as from

1 January 2010, the of the International Celestial
Reference System (ICRS) shall be the Second Realization of the International Celestial
Reference Frame (ICRF2)";

3. that Resolution B3 of the XXVIIth General Assembly (2009) resolved “that the orga-
nizations responsible for astrometric zm:l gcoduu. VLBI observing programs (e.g. IERS,
1VS) take appropriate isting and develop i d VLBI observ-
ing and analysis programs to both maintain and improve ICRF2";

iR F

NANJING UNIVERSITY

ducted by relevant (e.g.IVS, the VLBI Service for geodesy
and astrometry) and individuals on various VLBI arrays and at multiple radio frequen-
cies, have almost doubled the volume of astrometric and geodetic VLBI data collected
on ICRF2 and add-on radio sources;

5 that sinoe the i of lCRI-z, p inst. i network coverage,
ies, an: d deling h im-
Droved the VLBI data quality and subsequent astrometric analysis of those data;
6. that an IAU Working Group was formed in 2012 to generate the Third Realization
of the International Celestial Reference Frame usmg the entire astwmetnc and geode-
tic VLBI data set and state-of-the-art and ) d with the
mandate to plete that realization for at the XXXth General Assembly
(2018);

7. that the aforemennoned Working Group has generated a prospective Third Realiza-
tion of the Icsnal Frame, in a di frame aligned onto
ICRF2, which a in terms of source characterization,
position accuracy and (olal number of sources and thus reprcsems asignificantimprove-

ment in the of the ICRS, d to ICRF2 adopted at the
XXVIIth General Assembly (2009);

resolves
8.that, as from 1January 2019, the d 1 realization of the ional Celestial

Reference System (ICRS) shall be the Third Realization of the International Celestial
Reference Frame (ICRF3), as constructed by the IAU Working Group on the Third Re-
alization of the International Celestial Reference Frame;

9. that the izati ible for ic and geodetic VLBI observing pro-
grams (e.g. IVS) take appropriate measures to continue and develop such programs, at
multiple radio frequencies and with a specific effort on the southern hemisphere, to both
maintain and improve ICRF3;

10.thatthe izati i defining high h
wavelengths take appropriate measures, together with the Imemanonal Earth Rotation
and Reference Systems Service (IERS), to align those reference frames onto ICRF3 with
the highest possible accuracy.

K F ICRF3 {E AT E AR IR S ZHESE
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Fig. 13. Sky distribution of the 303 ICRF3 defining sources. Each

source is plotted as a dot color-coded according to its position uncer-

tainty in the S/X band frame (where the position uncertainty is defined

as the semi-major axis of the error ellipse in position).

Fig. 14. Distribution of coordinate uncertainties of the 303 ICRF3 defin-
ing sources at /X band. Right ascension is shown in blue while dec-
lination is shown in salmon. The superimposed portion of the two
distributions is shown in purple.

29: 303 i ICRF3 EXFHI £ X5 [4]
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ICRF3 S/X IRERE R

Fig. 6. Left: dastribution of the 4536 sources included in the ICRF3 §/X band frame on a Mollweide projection of the celestial sphere. Each source is
plotied as a dot coloe-coded according 10 its position uncertainty (defined as the semi-magor axis of the emror ellipse in position). Right: distribution
of coordinate uncertainties for the same 4536 sources. Right ascension is shown in blue while declination is shown in salmon. The superimposed
portion of the two distributions 1s shown in purple

30: ICRF3 S/X KR ERGITIEM [4]
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ICRF3 K RERER

Fig. 7. Left: distribution of the 824 sources included in the ICRF3 K band frame oa a Mollweide projection of the celestial sphere. Each source is
plotied as a dot color-coded according 10 its position uncertainty (defined as the sema-magor axis of the error ellipse in position). Right: distribution
of coordinate uncertainties for the same 824 sources. Right ascension is shown in blue while declination is shown in salmon. The superimpased
portion of the two distributions is shown in purple. It must be noted that the scale for the y-axis (number of sources) is different from that in Fig. 6
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ICRF3 X /Ka JEEB B3R

&

CRF 35A MRS A

Fig. 8. Left: distribation of the 678 sources included in the ICRF3 X/Ka band frame on a Mollweide projection of the celestial sphere. Each source is
plotied as a dot color-coded accordang 1o its posation uncertanty (defined as the semi-major axis of the error ellipse in position). Righr: distribution
of coordinate uncertaintics for the same 678 sources. Right ascension is shown in blue while declination is shown in salmon. The superimposed
portion of the two distributions s shown in purple. [t must be noted that the scale for the y-axis (number of sources) is different from that in Fig. 6.
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RESOLUTION B3

On the Gaia Celestial Reference Frame

Proposed by the IAU Division A WG "Mullti- band Realizations of the I ional
Celestial Reference System’

The XXXI General Assembly of the International Astronomical Union,
noting
1. that Resolution B2 of the XXIIIrd General Assembly (1997) resolved “that, as from

1 January 1998, the IAU celestial reference system shall be the International Celestial
Reference System(ICRS)™;

2. that Resolution B2 of the XXIIIrd General Assembly (1997) resolved ‘that the Hipparcos
Catalogue shall be the primary realization of the ICRS at optical wavelengths’;

3. that Resolution B2 of\hc XXX(h General Assembly (2018) resolved “that, as from 1 January
2019, the fund: ion of the ional Celestial Reft System (ICRS) shall
be the Third of the Celestial Ref Frame (ICRF3), as

constructed by the IAU Working Group on the Third Realization of the International Celestial
Reference Frame”;

recognizing

4. that since the establishment of the ICRF3, the ESA space telescope Gaia has conducted relevant
optical observations of extragalactic sources and made available a high quality astrometric
catalogue for these sources;

5. that the observational
requirements;

ic sources meet the ICRS

les of Gaia regarding the

o

. that the Gaia reference frame in the visible (Gaia-CRF3) and the radio ICRF3 are aligned to
each other thanks to a set of common sources in the optical and radio bands;

CRPEY

NANJING UNIVERSITY

7. that the Gaia-CRF3 and the stellar Gaia catalogue have largely superseded the Hipparcos
Catalogue;

8. that the Gaia-CRF3 is de facto the optical realization of the Celestial Reference Frame in use
within the astronomical community;

9. that the Gaia-CRF3 data has been released in December 2020 within the Gaia EDR3 and is
accessible in the Gaia archive;

resolves
10. that as from 1 January 2022, the d: 1 of the I 1 Celestial
Reference System (ICRS) shall the Third Realization of the Celestial

Reference Frame (ICRF3) for the radio domain and the Gaia-CRF3 for the optical domain.
Reference

Gaia Collaboration, Gaia Early Data Release 3. Summary of the contents and survey properties, A&A,
649, A1 (2021), https://doi.org/10.1051/0004-6361/202039657

Gaia-CRF3 {3 ICRS e 3 ERBOSEH |

RIYELR
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5 (Precision). 4% (Trueness) F1#54fE (Accuracy)[16]

A y and p ion (2): 1ISO iti A and precision (3): C il

* Accuracy: The closeness of agreement between a test result and the accepted high precision Jow precision

“atestresult” = an observed, calculated or estimated value

> “the accepted reference value” = the true value

= Precision: The closeness of agreement between independent test results obtained high trueness " W&/
under stipulated conditions
> repeatability: nder similar conditions )
» reproducibility: precision under different conditions | (high accuracy) |
Trueness: The closeness of agreement between the average value obtained from a N o
large series of test results and the accepted reference value (cf. bias, unbiascdness) low trucness ) ) .

Accuracy = precision + trueness

35: tHXEEA =B, iEhttp: //www.astro.lu.se/~lennart/statistics1.pdf

- BERERESTHEEUBEREE, RIETHUMNERMBRREXDMEE.
- ETEREMITENHESHEFHEZE, RUETUMNERNARIRERNEE.

- FREEREMARENANR, REVMNERSHEAEENEIREE, GEMUERSEYF
PEEIEENYFHES HRENRE.
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ERUERE

Quantiles for the normal (Gaussian) distribution

68% of the area is within +15

frequency
4

=306 -20 -l 0

32%

+lo +20 +30

of the area is outside +10

.6% of the area is outside +20

0.3% of the area is outside #3¢

* value

The Central Limit Theorem

Assuming that E[X] = ¢ and Var[X] < =, we have

The Central Limit Theorem:
The limiting distribution of (&, ~&) n'? is N(0,1)

where N(0,1) is the standard normal (or Gaussian) distribution (mean = 0, variance = 1),

Roughly speaking, we can also express this as
1 vy Var[X]
) ”Zv ~ .\(l.\.\.T>

where ~ means “is distributed as” and N(j , o) is the normal distribution with mean value
1 and variance o

Note that (1) is a limiting distribution for large n. However, if X itself has the normal
distribution, then it is valid also for small n (including n = 1)!

& 36: #gHEhttp: //www.astro.lu.se/~lennart/statistics3.pdf (7Z)

- BEE
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Hr) SHRIESERRE

RELN B98GN, WL

EH: fCspo0) =

ERHBE

%IH

Fahttp://www.astro.lu.se/~lennart/statistics2.pdf (&)

w Ko
L exp (- 5545 );
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Astrometric Accuracy during 2000 Years
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B 38: &4 HM", 1§ “
Bhttps://www.astro.princeton.edu/~strauss/ 0
perryman/perrymanl-astrometry-hipparcos
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Z=(0,90%)
“

wx

X=(0.0 ‘l) “ "Ct Y =(90°.0)

Fig. 3. ICRF modeled as an orthogonal vector triad C=[X Y Z]. The
transformation from C to C = [X Y Z] is obtained by applying the spin
@ = [wy wy wy], which is a combination of rotations around the axes X,

Y.and Z.

42: SER R TEE [21]
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- SEZRIRIRIIEEZES (orientation angle) -
lig%% (Rotation) K& R = (Rx,Ry,Rz)", XfRBk&
FREY R0 A

VRE=Rxu

Aa* = —Rxsindcosa — Ry sindsina + Rz cos §
Ad = Ry sina — Ry cosa
(57)
- SERNENERTLE - B% (spin) £
o = (ox, 0y, 0z)T, FFRIKLERAINE A
VR=wxu
Lo = —x SN J cos a — wy sin dsin @ + wz cos §

Us = wx sina — wy cos

(58)
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ICRF B9%5 E E i F14E¥F (maintenance)

ICRF RYF5 A BT 45

- WRGREMBETMRA

* VLBI BRHIREFA KT
VLBl ER IR EME T
SERMTEE T

AR E
* VLBl ERHISMPFFE KT
RGIRER LR

xt ICRF BEREE AT, AR HIBR R B h E R A AT F BEr s R R kR
FMEST ICRS BEHHIAR R . BUNRGIRESIR. PSRRI S 2 R AR LR I,
#2 ICRF BY%4EH:

2
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ICRS IR GIRE - LAKBE R RO BYIE BN A B
— AR, TSR BESHRNWESATAERE (Local group) FIFHMELES

(Cosmic microwave background) Z[g].

! e Local he univirse

Supercluster
the Local Group

T the Miky Way Galaxy

TABLE VI. Solar System velocity relative to various stan-
dards of rest.

Velocity
Reference (km/s) I (deg) b (deg)
Local standard of rest* 20+1 57 23
Galactic center™® 240+5 90 0
Local group® 308+23 105 7
® Cosmic microwave background?  370+3 264 48

the sclar sysiem “Kerr and Lynden-Bell (1986).
(not 1o scalo) YFich et al. (1989).

“Yahil et al. (1977).

9Kogut et al. (1993).

B 43: FHOSRER (&) MAPRBOAENT & MERIEAREREE [2].

Thttps://www.pinterest.fr/pin/266556871673047219/
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ICRS RZFIRE (1) -MEBN

ARZRGROWNEIZF AL A 2.4 ZF, SHNREEA

2 _s B .
WSSB ~ TAX 105 2.6 x 10" ° rad/yr = 5.2 mas/yr (59)
RIZKPRZR ZISRORIEERS A
d=85+1kpc~27x10%ly (60)

FRTRAROEES d HEMEER, MBITHA 5.2mas/yr.
xFiASNE, RBRIGHEREA 107y, HMBITHA

5.2 mas/yr X ~ 5.2mas/yr x 3 x 107° < 0.16 pas/yr (61)

109 1y
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ICRS B R Gti%

&
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=% (2)

Galactic plane

. Proper motion field of QSO-like objects induced by the cen-
galactic acceleration. There is no effect in the directions of the
galactic centre and anti-centre, and a maximum in the plane passing
through the galactic poles with nodes at 90-270° in galactic longitudes.
The plot is in ic coordinates with the Solar System at the cen-
tre of the sphere, and the vector field seen from the exterior of the
sphere. Orthographic projection with viewpoint at / = 30°, b = 30° and
an arbitrary scale for the vectors, See also an online movie.

B 44: KHA5
FkZ

- KAk

KHSE AT ERRHE BT AP & B B3 i shE S =80
%, EMEEHa, MRAEFTH LY = a

TER M XHASNRERAE

avy
= o
c
400 - I=270°
ool
150/
[4ac0 6c )
o
200 ¢
300 ¢
e

Fig. 1. Galactic aberr

n over 500 Myr for an observer looking
towards G north. The curve shows the apparent path of a hypo-
thetical quasar, currently located exactly at the north galactic pole, as
seen from the Sun (or solar system barycentre). The points along the
path show the apparent positions after 0, 50, 100, ... Myr due to the
changing velocity of the Sun in its epicyclic orbit around the
centre. The point labelled GC is the position of the quasar as
an observer at rest with respect to the galactic centre, The point |..m1.u
CMB is the position as seen by an observer at rest with respect to the
cosmic microwave background. orbit was computed using
the potential model by MeMillan (20 4), with current
velocity components derived from the references in Sect. 4.1. The Sun’s
velocity with respect to the CMB is taken from Planck Collaboration 11
(2020).

see also §

Declination (%)

Declination (*)

TE% R (Galacitc aberration effect)

B3R TINEALE 175

8

N . . L N J
60 120 180 240 300 360

60 120 180 240 300 360
‘Right Ascension (°)

Fig. 3. (Top) The proper motions of the 555 sources, and (bottom) the
estimated dipole component of the veloci
sents the equator of the Milky Way, whose center is indicated by the
blue marker.

s (ZEFHE) [22] UK VLBl BB (AE)[23]

field. The green line repre-

70/77



ICRS IZSZIRE (3) - ROBISINEHE

- SFHE VLB, —RAFEZEAEREZXME (K. 172, #IKFAZK) #9555
SEhR b, SRIAHRD (Mo = 1 x 10 Mo ) B3| Nt SBEIMITE.

- RIREIKRE S B MRTRRER 2/3, BIROEA 8.5 Kpe, ATLMEE RO XYM BTx
RN S S Y 5| IR REAS R APRRY 40 AR

- HESHEEEROKRY 10° AR, [RO5INERBERESENAA RS 4 8.
- B2, AFABERFROEERIE (FHNAH2.4125F), Z—RHEEFHZLRN.

- Bk, AEAAEHE, RORETFAXNKRERIESER-EERTIETR, X—R iR
BEMINELAES, BHERKESERESD.
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ICRF ERMAEFSKFRE

ERMNEFA KRB O 5 ool
AR FRIREZANHAREE O NI P
— — . L IR ey - S ia
- HEESE. REEREEY AN ATRE : ¥R
- HERIMHE . RS R Z ARHETRE . L

-90 -60 -30 0 30 60 90

.
Declination (degrees)

A:I-" = . Fig. 6.3. The effect of tropospheric gradients on declinations as a function of
*_‘_‘L IJ\JEEI,% . declination. The sense is declination with gradients estimated minus declination
without gradients estimated (After MacMillan & Ma 1997)
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ICRF 2RI EIREMRE ST (1)

RN MG —MRERIEFZRE (0-C) RAIE

&9, (BEFFELE VLBl REREEFESY

Mt EXMEHMERIRE, B/ 58
BHRHHNSHEXNIREZRERBKMER, B
FEFREI M EFERE .

VLBl 2RZHXFTE VLBI 752 W B A4 a9 2
RN ST R, —MRIAA VLBl RE
RRIAINREALEIRE o R EWA MBI, WU
LSRR EFETREE &

£ enflls 1003+ 2 (62) Ly,

L EES 46: VLBI (T B2 2475 [13] -
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ICRF ER{IEIREMHEMETFM (2)

T"’?025 éoz5 :?
E o020 © 0.20 of'
BT VLB WAIEREHL oo
S HMBRENTL, 53 §oo foo
AIE, IBRIR VLBl ER ioos ‘ :‘;005

fEZ EMFFATRE (10 e Sy

Number of Sessions Number of Sessions

s == 4 E-g‘-:n E*da
WRMS) ;Ei’fﬂi :':IJ\IJE B Figure 21: Wrms noise (solid circles) for subsets of 50 sources in each solution as a function of the

minimum number of sessions a source was observed. The median formal uncertainty (red triangles)
)1 o in each subset is shown for comparison. These were derived from differences between positions in the

two decimation solutions.

L 25— o} §25¢
;o | &
F20- . 1 320}
2 A L S 8 |
f5lan, *$F ICRF2, s=1.5, §1st ; of i @ast
b |l i S f
o §10; Mr"‘ 1 2o}
f =40 HaS, T L Ay e i g ! ]
Zos! e 205! ——
a 4 i £ i 1
t ] L
%0 10 102 « %00 10! 102
Number of Sessions Number of Sessions

Figure 22: Error scaling factor (solid black circles) for each subset of 50 sources in each solution as
sions a source was observed. The residual scaling factor

a function of the minimum number of s
(red triangles) after application of a scale factor of 1.5 to the formal uncertainties followed by a
root-sum-square increase of 40 jas.
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ICRF #13 5E 1 A ¥ (i

|CRF %3 E 17k F 248 B F & SRR B BE T 8] B9 2 (L SR AR AR SNR1E A TE SR T
SHMS RS B R EHIKTE.

25

20

]

Stability (uas)

Mean declination (%)

100 200 300 400 500 600 0 300
No. defining sources No. defining sources

Figure 35: Axes stability and average declination of various subsets of sources Figure 36: Axes stability and average declination of various subsets of sources
of increasing size tested on annual catalogs. of increasing size checked on randomly-selected subsets.

48: ICRF2 B 1T A [13]
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ICRF ERHIMEFFSKFEELE

ERNNEFAKTERRERE
« MITMHBIREEZEHNFEEE
* FRSHAENFERE
* FRAERHNHEREE

wNESERMAENGKFRE
RIS E AR .

Fig. 6.4. Vector differences between JPL and GSFC catalogues. The lengths of the

R Mz T vectors represent the magnitude of the difference of the positions (as indicated by
H ﬁﬁy& H:ll JPL imu“ﬂﬁ&ﬁ:i:i*m the key) while the orientations of the vectors represent the direction in which the
ﬁ*ﬁ{l/\ﬁﬁ—e'rﬁﬁl‘] gé}'ﬁ%% positions differ on the sky
T RE °
49: JPL 5 GSFC gy VLBI ERLEL%: [1]

P4
Whikd
S

76/77



Wi BARER

« BHETE:
() BZEE—FERIMNULERESRERIRE dtrve + Ac® = Aobs,  Strue + Ac® = Sobs
(2) BRig— B IMER n N UMALE :

Aa+ Acf = (dons); — 0, AS + Ac = (8obs); — 00si=1,...., n (63)
(3) BRIRERMEBMBMEERMNESST: I wiAcf =0, L wiAc =0

o WM
(1) M RMMFITEMBE, HiTBHSE
(2) BEBHSHE, FIARMEHNNNEETIMNEFILE.

* IERS BREGATTE:
(1) FIRE—EHNTNREHETHES;
Q) BEETHERSEAERTAGEENRE: s = ROs,
(3) Big M EHEsE HE zhww”(xs=Lz3
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