Subroutine EARTH —- calculation of barycentric position and welocity

L Lindegren (1984 June 8)
Lund Observatory

Introduction

The Fortran subroutine EARTH is a self-contained implementation of the
formulae given by Chapront, Francou and Morande in "The Calculation of the
Positions and Velocities of the Earth During the HIPPARCOS Mission™ _
(Buresu des Longitudes, May 1984). It calculates the Earth's barycentric
positien (r) amd velocity (v) relative to the equatorial J2000.0 frame

for any given time in a 2000-day interval from September 1987 to February
1

1993. The accuracy with respect to DE200 is 15 km and .06 m s @ (max
" errors). B

Argument list

SUBROUTINE earth{t, r, v, lerr)

INPUT: t = time from J1988.0 = JD2447162.0 = 1988 Jan t, 12 h TDT,

' [s] NOTE RESTRICTION IN RANGE BELOW!
OUTOUT: r{) = 3-vector containing the components of position in the
equatorial J2000.C frame, [m]
v(} = 3—vector coutaining the compoments of velocity in the

"

equatorial J2000.0 frame, [m s

ierr = 0 on normal return

-1 if t is not in the permitted range (see below)

NOTE 1: t, r, and v are DOUBLE PRECISION (REAL*8}
NOTE 2: r = v = 0 are returned if ierr = -1
Restriction

The time argument (t) must be in the range -10 540 800 & t < 162 259 200,
ci.e. 2447040 £ JD < 2449040 or 87/09/01.5 £ date < 93/02/21.5.




Execution time

On HP9000 at Lund Observatory, 36 ms per call.

Tests

The velocity v, before conversion to equatorial coordinates, was compared
with the portion of the BDL82 ephemerides listed by Chaprent et al. The
comparison was made for every 25th day (66 points per component) with the

following results:

velocity component: XPG YEG ZPG

rms differences 0.0068 0.0071 0.0036 ms '

The consistency between the calculated r and v was c¢hecked by cemputing, for
every Sth day of the permitted interval (400 points per coordinate), the

difference between v and the numerical derivative of r{t). Results:

velocity component: XPG " YPG ZPG
rms difference: 0.0034 0¢.0042 0.0012 m s
maximsm difference:  0.0302 0.0596 0.0136 m s "

The subroutine makes use of five different Fourier approximations, depending
on which 400-day interval contains t. Consequently, there are discontinui-

ties at the separation times, Ar = g(tsep+) - ;(tsep—), and similarly in v:

tsep AXG AYG AZG . AXPG AYPG AZPG

[s] {m] [ (] sl [ms '] [ms)
24019200 4836 2049 - 1397 ¢.021 0.004 —0.012
58579200 -10082 =333 4549 -0.020 0.008 ~0.002
93139200 12480 ~18929 2684 =0.003 -0.005 ~(.000
1276992007 11149 11403 3506 -0.011 -0.008 G.Q02 -

The various tests are thus consistent with the accuracy claimed by Chapront
et al. $till, a direct comparison with DE200 and with FAST's implementation

of the same formulae should be made.
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SUBROUTINE earth(t, rs vs igerer)

***%***i*****************************************i***************%**

HIPPARCOS - NDAC - General routines - Earth ephemeris

Calculates the Earth's barycentric position and velogity
at & given time

Input:
t = time in seconds from J1988.0 (JD 2447162.0 12h TOT)
(-10340800 <= t < 162259200 or 2447040 <= JD € 2449040)
0ufput: y?'gég ~— ?2:§%{

r{i) = barycentric rectangular equatorial coordinates Cmd
v{i) = barycentric equaterial velocity components Em/s3

(i =1 te 3
ierr = 0 on normal returns =1 if t is out of range
Scurce: “The caltulation of the positions and velocities of the

Earth during the HIPPARCOS mission™, by J Chapronts
& Francou and B Morando (Bureau des Longitudess 1984 May)

Accuracy: < 10000 m and 0.05 m/s compared with BDLE?
Execution time: 36.2 ms per call C(HPF 9000 Lund Obserﬁatory)

L Lindearen 1984 May 28

i**i*******************************ﬁ*****************l**************

IMPLICIT DOUBLE PRECISION {a-hio-z)
DIMENSION r(3)s w(3)

DIMENSION af2Z): ap(22)s an{22), phil2i)
DIMENSION {8y bp(8)s am(B)+ psild)

PARAMETER (pi = 3.1415%92653589793238d0y twopi = 2dD%pi}
epsdeg = mean obliguity of equator at J2000.0 Cdegl
PARAMETER (epsdeg = 23d0+26d0/460d0+21. 448d0/3600d0
1 epsrad = epsdeq¥pi/i80d0;
ceps = deos{epsrad)
seps = dsin{epsrad)

Convert time argument to julien years from J2000.0:

ti = -12d0 + t/3155760040

T S T i e o L B o o e e e Bk o e . (TP ok e o e e e e P B i

Compute the Earth's position and velocity wrt Earth-Moon barycentre:

xts yty 2zt = rectangular ecliptical coordinates Ckm3
itpts ypts zpt = ecliptical velocity components Ckm/s]

DATA  « alids ap(ids an{il» pni(i), i=1,10)/
1 44653,7d0, ~012387d0y  BIZ.99684730d0, 0.4656875d0s
z 383.2d0: . 00000940 0.70793300d0:  1.45670d0,
32 - 128.5d0 LD00681d0s 1467,.28374200d0, 3.02430d0,
& 73.8a0, .000028¢0s  11.85622000d0, £.05200d0-
5 39.4d0» -.000D&8d0.y ~71.4307000040+ 5.9750080,
& 28.3d0, .000%40d0s 156.41374800040, Z.432700d0,
7 9.3d0s -.000G25d0, -84.467248000d40s 3.6960040,
8 9.2d0; .D00070d0y 239.42439000005  &4.78300c00-
g 7.5d0+ .0000418eDs  77.74377000d0s  0.73100d0,
a 7.3d0, .000021d0,  90.27992000d0. 3..7670D0d0/

DATA | calils ap{idy antid, phiCid, i=11.22)/




dJun & 18540 1+ earth.t age ¥
1 5.3dDy -000D42d0y 250.57048000d0s 5.38000d0,
2 3.2d0s -000002d0s  18.13930000d40. 2.00%0040:
3 3.46480 .000011dDs  95.44313000d0,  4.40800d0,
4 2.840, -.0DDDB&6d0s -465.147462000d0s - 5.93400d0,
5 1.9d0s .DO00DDAD, 6.99301000d0s 1.41200d0»
& 2.4d0, -300000d0, 6.28308000d0y»  4.75400d0»
7 1.8d0s -.00000540, -82.57698000d0y 2.24200d0s
& 1.4d0, .D00007d0s 149.85440000d0, 2.47000d40.
2 1.140> .000006c0s 141.00846900040s J.06800d0
a 0.9d0; 80000060, ~5.57314000a0, 4.8040040,
4 0.8d0 .000004d0, 1732.56684000d0s &.12300d0>
2 G.3d0s -0oD0GTd0s 322.71131000d0y,  0.8550040/
o : .
. DATA b{j)s bp(il, am(jds Psiljy §=1.8)/
1 418,380, .001118dDs  B4.33444620020; 4.76950d0,
2 34.0d0- .000001¢0, 1.0477300060 5.55600d0 5
3 15.5d0, .000035d0, 71.D0%288000d0» 5.&2700d0,
4 141.5d0+ -000061d0, 167.462158000¢0; 0.84200d0,
5 5.5¢0s ~,000002d0+ ~12.194030D00d0: 3.27200d0»
& 2.5d0, -000013d0s 156.47529000d0, 0.24500d0,
7 0.8d40y ~.00000280y —464.80981000d0, 3.75400d0y
8 0.84d0. LO00006d0, 239.7622000040 Z.46800030/
[~
i = 0d0
vyt = 0dO
zt = Od0O
xpt = DdO
ypt = 04O
zpt = 0OdD
c
DO 10 1 = 1, 22
arg = an(idxtj + phi{i)
sarg = dsin(arg?
carg = deos(arg)
xt = xt + alid#carg
¥yt = yt + alid*sarg
pt = xpt - ap(il*sarg
ypt = ypt + ap(il*carg
10 CONTINUE
o
Do 200 j = 1. 8
arg = am(j)*ti + psi(j)
zt = zt + b{jirdsintarg)

t

zp zpt + bp(ji¥decos{arg’
20 CONTINUVE

c R L BAE dhn ok b ek o e e e e o o 4 o e e e o e e [ T [ T TR e e ey o e o - ot o S P oy
c Compute the position and velecity of the Earth-Moon barytentre

¢t wrt the Solar System barycentre:

c x» ¥» z = rectangular ecliptical coordinates [kml

[+ ¥p: ypr zp = ecliptizal velocity components Ckm/s3

c

Bifferent Fourier approximations apply in each 400-day interval

ird

gl = twopi#dmod(tjs1.d0?

g2 = Zd#*gl

a3 = 3di#*g1

g4 = 4d0xgl

k = int(1.30%40 + t/34540006040)

GO TO¢ ¢100s 200, 300. 40D+ 500 K

G0 TO 9000
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interval: Jh =

400 CONTINUE

=]

2nd interval:

x = 17467306d0

+ { 124679.53d0

L

y = -~7052773d0

+ (=318062.22d0

. e u o

&£704d0

+ ( 438.07d0

[ R

p = 0.00414740

+ ( .00000228d0

e a e oa

yp =  0.019229d0

+ ( .0D2475084d0

L T IR |

zp = 0.044116d0

+ ( .00094315d0

- o ow o

G0 TO 400

Jb =

200 CONTINUE

b 4 =

3446586046dD

+ ( 274530.85d0

3
Kl
)
¥
]

y = ~49%592463d0
3

L3

+F 4+t o+t 4+ o+

4+t ok

++Eh+E

++ + 5 +4

+
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2447040 to 244744D -

149873097d0+dsin{g1+3.3215601463d07}
1214054d0%ds5in(q2+32.23701927d0?
15497d0*dsin(gq3+3.2344605407
247d0%dsin(q4+3.2907d0)
37333.93d0%dsin{g1+2,.1984546d0)
5708.16d0%dsin{gZ+1.087956740) I*tj
149880435d0%dsin(gi+4.75395672d40)
1275547d0%dsin (g2+1.699987946d0)
1561580%d5in (q3+1.677850d0)
- Z13dD*dsin(g4+1, 6298000
272533, 88d0*dsin{ni+1.374492d0)
2489.36d0*dsin(g2+1.118104¢0) 1%t
20490d0xdsin (g1+3. B84580494D)
4698d0%dsin(gR+4. 71744233400
20d0+dsin(g3+4.700716d02
4Hod0%dsin (g4+0.9551d07
17460.55a0#dsin{qi+5.746100d0)
401.74d0%dsin (g2+4. 688597400 d*tj
29.824738d0*dsin{gql+4.89225134dD)
0.480865dD*dsin{g2+4,82073070d0)
0.009243d0*%d5in {g3+4.807645d00
0.000194d0*dsin (g4+4,B4I7d0)
201401472d0%d5in (gl+3.672392d40)
L001994631d0#dsin(q2+2.43028280)  I#*tj
29.8036854d0%dsin{qgl1+3. 3242485000}
0.499325dD#dsin (g2+43.28330890d0)
D.009257d0%dsin(g3+3.249232d0)
0.000174d0%dsin{g4+3.1732d0)
-D0368281d0xdsin(gi+2.282847dD)
-000411645dD*dsin (g2+3.344957d0)  J#tj
0.017059d0%dsin{g1+0.34820501c¢0
0.004363dUxdsin(q2+5.42413917dD)
0.000017d0*dsin(g3+5.791498d0%
D.000003d0*dsin (ge+2.22046d0)
.001510418d04cdsin{gi+0 . 3364258400

L00037042d0%dsin(g2+5.399474d0Y  d#tj

2447440 to 2447840 -

143 Sc0*dsin{g1+3.32272388401

35827
2178620d0xdsin{g2+3. 98770143d0)
15732dD*d51n(q3+3.253ﬂ30dﬂ)
Z227d0*dsin{g4e+3.2954d0)
37482 . 42d0%dsin (g144.703852¢0)
2908.2z2d0*dsin{q2+0.00952140)

Ixtj
149934542d0%dsin(gi+1.75149582dD)
1150332d0#dsin{ql+1 . 684122446002
15643d0%sin(q3+1.683764d0)
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% .
s+ (~131259.53d0
3
[~
z = -46452d0
T
]
1+ -4245.41q0
4 .
L
tp = 0.00319540
k]
]
3
s+ (-.00051843d0
. .
c
yp = 0.066823d0
1
k]
4
v+ ( 00656412840
]
+] I ..
~ 2p = 0,00109540
L]
3
o+ .00041493a0
3

G0 TO 600

+ + F &+ + ++ + + 4+ + + 4

+ + F+ + + +

+ o+

ﬁage 4

230d0*dsin(g4+1.6841d0)
54628 .96d0*dsin (g1+0.8193646d0)
6407.5100%dsin (q2+5.3601463d0) I *tj

5215d0»dsin(q1+3.40926807d0D) .
F11d0%ds in(q2+1.64697412140)
3d0xdsin(g3+1.3346907d0)

5753.77d0*dsin(qi+4.017750d0)
82.36d0*dsin(g2+1.562483540) ) *tj

29.776074d0%dsin (ql+4.89324372d0)
C.4822604d0xdsin(q2+4,85804766d0)
0.0093B7d0*dsin(g3+4.828933d0?
0.000180d0xds in{gh+4s.8568d0)
.DD82328%d0*dsin(qi+3.277024dD)
-00139938d0%dsin (g2+1.603583d0)  I#tj

29.772314d04dsin(g1+3.32390337d0)
0.490560d0+dsin(g2+3.2839241220)
0.089409d0%dsin (q3+3.256487d0)
0.00018480%dsin(ge+3.2917d0)
-00413311d0%dsin{g1+1.55397840)
+D00&22B4d0¥dsin (gqR2+0.171226d0) 12t

8.002349d0*#dsin(g1+5.57468719d0)
0.000467480x%ds in (g2+3.65889425d0)
0.000002d0*dsin(g2+3.2144643d0)
~000246059d0*ds in(qi+5. 790680401}
-00006189d0*dsin(g2+3.631155d0)  I#tj

¢ 3Ird interval: D = 2447840 to 2448240 -

300 CONTINUE

x = 3434782d0
1
't
[
» + 0 269070.24d0
4
t
y = ~Z850095d0
L
3
?
s+ 746778,.38dD
H
[+
z = ~80635d0
s
?
1
» ok (0 ~T7765.0400
L]
c
p = 0.12%&4640
k
3
T
v+ .01246120880

+ + 4+ + + +

+ 4+ 4

149794038d0*dsin(g1+3. 323787080
1185517d0#dsin(g2+3.2537002040)
1564280%ds in (g3+3.2520563d0)
223dD#*dsin(g4+3.3434d0)
32944 40d0*dsin(gi+2.508579d0)
7455, 48d0#dsin(g2+0,612894d0)  I#tj

149731323d0%asin (gl1+1. 7518643540
12019D6d0*dsin(gZ+1.7414346858d0)
15772d0xdsin(g3+1,675158d0?
24D0d04dsin{gs+1.6575d0)
46562.85d0*dsin(g1+0.504115d0)
4749 .42d0%d5in(g2+4 . B27788d0Y  datj

3777400%dsin(gl+1 . 99266914400
2950d0*dsin (g2+5. 74625601480)
38d0xdsin(g3+4.34564740)

Sd0xdsin{g4+4.3059d0)
35946, 47d0xdsin(q1+1.990821d0)
1041.75d0*dsin(g2+5.713825d0) ) *tj

29.963203c0+%dsin(gl+4, 8970120940
0.450855d04dsin(ygl+4,.74921897d0)
0.00%241d0*dsin(gI+4.81960340)
0.000170d0xdsin(gs+4 ., B2D3d0)
+01938423d0#dsin(gi+5.032456d0)
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yp = D.D08197d0

+ ( .DDD&DB73d0’

P ]

zp = ~0.016073d0

+ (-.D0165417d0

- M a e o

&0 TO 400

Jb =

400 CONTINUE

r =

2453435d0

+ ( 159138.246d0

YRR BT

Yy = ~1483650d0D

+ ( 227342.80d0

d o g ow

=553340d0

+ ( -5254.83d0

R ]

p = D.039223d0

+ ¢ .D0D402069d0D

|

yp = 0.126112dD

+ ( .01375%967d0

B

G.202982d0D

+ ( .00036588d0

earth.f
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D0642273dD¥dsin (q2+2,.576186d0)  I*tj
2%.812790cd0*dsin(g1+3.322746099d0)
0.4783546d0»dsin{g2+3.27535145d0)
0.009408d0*dsin{g3+3.245216d0)
0.000190d0%dsin(g4+3.2153d0)
L00845346d0+dsin(ql+2, 140822d0)
.Dp190251d0*dsin(q2+D.3D6032dDh Y%L
0.022537d0%dsin{qi+2.35251161¢0)
8.0040400d0%dsin(2+0.02485995d03
0.000028dD*dsin(q345.3164F4d0)
0.000005d0xdsin(g4+5.4737d0>
L002311956d0285in {0y 1+2.343273400

LOD0B62765d0#ds in(g2+56.278171d0)  I*tj

2448240 to 2448640 3-

149831003d04dsin{q1+3.32403036c0)
1221225d04dsin (g2+3.29783518d0)
15727d0xcdsin (g3+3.2394650d0)0
225d0*dsin(g4+3.2510d407
34890.79d0*dsin(ql+2.7139565d0)
3910.18d0*ds in{g2+5.793020d8) I*tj
149565140d0*dsin(gi+1.7523184440)
1286476480285 in(g2+1.735464478d0)
15687d0*dsin{g3+1.646347%d0)
22620%dsin{(gs+1.4912dM)
35945, 90d0*dsin{gi1+0.107701d02
3953.37d0%*cdsin{g2+42.758656d0) It
26988d0*dsin{gl+1.34308134d0
6815d0%dsin(g2+4 . 739874633400
32d0%dsin (q3+2.798720d0)
8d0#*dsin{g4+3.7217d0)
2851.15d0%ds5in(gl1+1.2688044600
800.76d0%ds in{gZ+4.696222d0)  I#tj
29.875045d0%dsin(g1+4.8%9455784d0)
0.476036d0%dsin(gZ+4.87106881d0})
0.009397c¢0%dsin{gd+4.813928d0)
0.000180d0*dsin(qé+4s.8448a02
.D1230399c¢0%xdsin(gi+é. 465174d02
D0269216d0%dsin(g2+1.301180d03 I*tj
29.8N6498d0%dsin{q1+3,3281487340)
0.498888d0#ds5in(g2+3.23590760d0}
0.009256d0*dsin (q3+3.2346412d0)
0. 000164d0*dsin(q4+3.0664d0)
.01090787d0xdsin(gi+s . 6046063400
L0D275150d0*dsinq2+1.712047c¢0)  1#tj
0.,002646d0%gsin{g1+3.92570075d0)
0.0015640d0%dsin(q2+D.607944671d0)
0.000011¢0*ds1n(g3+4.406153d07
0.000005d0*#dsin(Q4+5.4806d0)
L000374673a0%dein(g1+4,092182d07
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' +  LOD0I9304d0*dsin(g2+0.569187d0) %t
G0 TO 400
&
¢ S5th interval: JD = 2448640 to 2449040 -
c-
500 CONTINUVE
ER 1032343d0  + 149754551d0%dsin(ql+3.322722256d0
+ 1243372d0*dsin(g2+3.31720790a)
+ 15628d0*dsin(g3+3.232144d0)
+ 219d0#dsin(ga+3.1443d0)
+ ( -20067.4180 + 53514.43d0%ds5in{g1+2.21179840)
+ 5608.91d02dsin(g2+4,976%48d0) ) ¥t ]

PP R

y = -R27242d0 14960D0320d0#dsin(gl+1.75285079d8)
12457 44d0xds in{gq2+1.72502437400
155746d0#dsin{g3+1.663514dDD
217d0%ds in (g4+1.6018d0)
27928.78d0*#dsin(q1+0.258494d0)

2030.17dDxdsin(q2+3.537113d0)  I*tj

+ ( 296301.34d0

R I I A
+ + 4+ + +

5954d0%dsin(gl+6.05884037d0)
853c0+dsin{g2+2.29744327d0)
Jd0»dsin{n3+0.563079d02
293.98d0+dsin (gi+53.696904d0)
141.546d0xdsin(q2+2.26027464d0)  J2tj

z = ~63944d0

+ ( 727 .23d0

“-u-u
ER RN R

29.787908d0*dsin{gqi+4. 8945280240}
D.495963d0*dsin{q2+4.86851833260)
0.089305d0xdsin(g3+4.805229d0)
0.000473cd0*dsin(qg4+4.7430cdDD

-00543338d0*ds in(g1+2.53591340)
L00093172d0#dsin(g2+0.371784d0) )%t

tp = . =D.031907d0

+ (~.00423128d0

)
+ 4+ 4+ +

yp = ~D0.006312d0 29.771006d0*dsin(gq1+3.32343779d0?2
: 0.500667d0%dsin(g2+3.2987112440)
0.00%299d0xdsin (q3+3.232478dD)
0.000171d0xdsin{q4+3.14637d0)
L00749075d0+dsin(g1+1.558711d0>

-00104167d0%dsin(q2+4. 441790400 )2t

+ (-.00211952d0

v mwoa
+ 4+t

Zp = 0.000%98600 + 0.000477d0%dsin(gi+3.52471756c0)
¥ + 0.000049d0xdsin(g2+2,736552346dD)
» o+ { ,00D12945dD + .00DDAS83d0*dsin{gl+0.0924686d0)

: .+ .0D000544dDxdsin(g2+2.560430d0) )%t

&U0 CONTINUE

e m e e i e e b ——
Add the twpo components of motion to get the Earth's baryecentric
ecliptical metion:

[~ R T

xg = x + xt
yg = y + yt
2g = z + zt
pg = ip + rpt
ypd = yp + ypt
zpg = zp + zpt

¢ Ceonvert 1o tmls Cm/s5] and eguatorial coordinatess
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4
c
£

<

[r]

r{i)
riz}
r{3)
vi{1}
viz)
v{3)

LTI LI S I

ierr =
RETURN
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1000d0*xg

1000d0* (ceps*yg — Sepsizg)
1000d0* (seps*yg + ceps#zg)
1000d0*xpy

1000cD* (ceps*ypg — seps*zpg)
1000d0% (sepseypy + cepsrzpy?

o

Error cond

ition: t not in allowable interval

9400 CONTINUE

DO 9010
rii
vii

= 1: 2
0do
0do

)
)

gl -

7010 CONTINUE

ierr =
RETURN

END
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