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1 Calculating the radius of the Earth



1. Calculating the radius of the Earth

R, =6378 km -
o) Eratosthenes
qg° 7.8 (276BG194BC)
Alexandria
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1. Calculating the radius of the Earth h= tana tan b a
R, =6378 km tanb- tan a
baseline e Y
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0.6% error

and polymath during thelslamic Golden Age



2. Calculating the distance of the moon from the earth R, =6378 km
and the radius of the moon

From1.

at © %hours Is the maximum time of a lunar eclipse fromP1to U4.

— —
o — —

= ~< Orbital period of the Moon is
-7 N T © 27.3324hour.
at _ 2r 2R,
/ =2 G2R BN g4 208

- \
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r =384,400 kn

Penumbral
shadow https://en.wikipedia.org/wiki/Lunar_eclipse



https://en.wikipedia.org/wiki/Lunar_eclipse

2. Calculating the distance of the moon from the earth, R, =6378 km
and the radius of the moon rom 1

at° @hours IS the maximum time of a lunar eclipse fron3to P4.

Orbital period of the Moon is

el ~< T © 27.3324hour
Ve
, ¢t 566 .
/ T 60° 27.3324
/ I
/
Sun not to scale! / tO +dt P4
II Assume sun is rf o 2Rm
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3. Calculating the Earth-Sun distance and the radius of the Sun

Precision

Orbital period of the Moon is T © 27.3 324hour. 3T =163.8hour: /requifed!

ot =164.068 hour

New Moon i.e. 16 min 3.1smore

t= to than a quarter of an orbital period

180°- (90 )

at 90+ g td
Half Moon T~ 360 Yq '360)? 90
v L=t ‘ot

\ \ g =360 204008 6.147
1 27.3 24 i.e. small
I
\ I
\ , d°60R,, rsing =d
\ /
; oo 2B 0 B g,
\ / sing sin(0.147 )
\\ ,/
.o -7 \ |r ©1.49 310 km Aristarchus
~N - of Samos [
(310-230BC) J;

Rg\ = 6378 km From1.

2012 definition of anAstronomical Unit

d° 60R; =384,400kn rrom:. 1AU =149,59787 0,700 A r_,




3. Calculating the Earth -Sun distance
and the radius of the Sun

During atotal solar eclipse , the moon obscures the
Sun almost exactly*. Hence by similar triangles:

R, _ R
23,38R, 5R,
\ R, ©Z3 3737km 688,470kr

\ R@ ° 108& It is actually closer

to 109 earth radii

R, =6378 km

NOT
TO SCALE!

r s © 23,386,
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https://www.youtube.com/watch?v=zR3Igc3Rhfg

Solar system

Isaac Newton . B ﬁ
(16421727) developed R, (il cary
2 jupiter

a mathematical model of & | — s
Gravity which predicted the - plso
elliptical orbits proposed by

JohanneXepler(1571:1630)

Planet and star masses
/

/
Force of | — G m M
gravity — 1§ — - 5
I
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ravitational—j — 3 11 T ¢ < >
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Kepler's three laws are: G=6.67310"nikg ¢ M, =1.9891 IO |

1. The orbit of every planet in the solar system is an ellipse with the Sun at one of the two foci.
2. A line joining a planet and the Sun sweeps out equal areas during equal intervals of time.

3. The square of the orbital period of a planet is directly proportional to the cube of the semi-major axis of its orbit.

The wording of Kepler’s laws implies a specific application to the solar system. However, the laws are more
generally applicable to any system of two masses whose mutual attraction is an inverse-square law.

of the orbit

Cd'_?:%\/G(m +|\/|)(1 92)3 This is aconstant

- a(l- ez) Polar

— e?ulfll_tlon a=5AU, M=2, £¢=0.6, P=7.91years.
1- ecos g°'eliese |

[

Eccentricityof
ellipse

3 Orbital

= a :
eriodP
G(m+ M) P
A
/ Equal areas are swept
Planet sSun out in equal times

mass mass

JohanneKepler
15711630 x /AU




Object Mass in Distance Radius in Rotational Orbital period Gravitational field
Earth from Sun in |Earth radii |period /days |/years (interms of g =
masses AU 9.81 ms~-2)

Saturn 95.16 9.58 9.45 0.44 29.63 1.07

Uranus 14.50 19.29 4.01 0.72 84.75 0.90

Jupiter 317.85 5.20 11.21 0.41 11.86 2.53

Sun 332,837 - 109.12 - - 27.95

Neptune [17.20 30.25 3.88 0.67 166.34 1.14

Pluto 0.00 39.51 0.159 6.39 248.35 0.09

Mars 0.107 1.523 0.53 1.03 1.88 0.38

Venus 0.815 0.723 0.95 243.02 0.62 0.90

Mercury [0.055 0.387 0.38 58.65 0.24 0.37

Earth 1.000 1.000 1.00 1.00 1.00 1.00

inner solar system
Forour 2 ey
2 4,0 3 — et
Solar P a 1 — s
System: G ( m+ I\/I@)
m<« M <o
© 4p° G =6.67 310" ni kg' &
P2 0 a3 -0.5
GM M, =1.989131¢& kg _
O,
2 o 3 15k -
25 X/AU
o _ 4p 3 P o,aa X«
Yrc=——AU \ — q (
- — 1
GM, Yr ¢AU 3 1aU=1.496216'n
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An improved calculation of the Earth -Sun distance
using the transit of Venus

DO (rs ov)q. Tos PAU,r,, 09723AU

\ 1AU = D \
0.271 FromKepler IlI
and orbital period of Venus
D ° RA 6378 km of 225 days.
AU © 23,386R,

) Earth orbit
D ©.277 2%

3
0.277 AU 23,38R;
\ g 52.44arcseconds

1deg = 3600 arcseconds

q =

Venus orbit

Need precise times

of transit observations

and elevation angles from, say,
< Atl ......... >| the bottom of solar disc.
| Compare elevations of
observations from A and B to gefy.

1769 transit

Mayer went to St Petersburg,
Hell to Norway, Dymond went to

At,  eeimna ] Hudson Bay and Cook to Tahiti

....

The Exploratorium: Transit of Venus


https://annex.exploratorium.edu/venus/question4.html

Object M/Mg | a /AU | € bo | S R/Rs | Trot / days | P /Yr
Sun 332,837 | - - - - 109.123 | - -
Mercury | 0.055 0.387 [ 0.21 | * | 7.00 0.383 58.646 0.241
Venus' 0.815 0.723 0.01 | * | 3.39 0.949 243.018 0.615
Earth 1.000 1.000 0.02 | * | 0.00 1.000 0.997 1.000
Mars 0.107 1.523 0.09 | * | 1.85 0.533 1.026 1.881
Jupiter 317.85 | 5.202 0.05 | * 1.31 11.209 | 0.413 11.861
Saturn 95.159 | 9.576 0.06 | * | 2.49 9.449 0.444 29.628
Uranus' | 14.500 | 19.293 | 0.05 | * | 0.77 4.007 0.718 384.747
Neptune | 17.204 | 30.246 | 0.01 | * 1.77 3.883 0.671 166.344
Pluto’ 0.003 39.509 | 0.25 | * | 17.5 0.187 6.387 248.348
a ( 1- 82) 3 is the orbital inclination /degrees. In all cases the semi-major axis pointing direction is
_1 d=d, X+ d,y + dyz =cos X + sin Sz
- ecos g 50
bz You could begin with M® — 19891 X 10 kg
e=\1 — andom anje for sach Ry = 6.960 x 10° m
) GlicUWUqkt WYl HRqtO M@ _ 59742 % 1024 kg
2 = . 4p v a’ Rs = 6.37814 x 10° m
+
(m+ M,) IAU = 1.495979 x 10'! m

* For the current orbital polar angle €y (and indeed more accurate values for solar system parameters) see the
website of the Jet Propulsion Laboratory (JPL) http://ssd. jpl.nasa.gov/

TThese planets rotate clockwise about their own internal polar axis. ("Retrograde"). All the other planets rotate
anti-clockwise about their own internal axis. All the planets orbit the sun in an anticlockwise direction.



Calculating orbit angle vstime dA

Orbit time can be determined dt rv\
from polar angle usingkeplerill: Equal areas swept out in This is aconstant
equal times

d
r2d_f[]:\/G(m +M)(1 ez)a One Month

i

, ,v-oﬂ'f’f’z’f’f’é
I TRSELEN

; i;Ififfffa b it

\ fjorqu :t\/G(m 41\/I)(1 é)a

NP 5 e 5, dg  \biAm=m
\/G(m+ M) (1 -¢) aOO(l- ecos §

o x (1_ 6‘2)2 4 dg One Month

_\/G(m+ M)(l _92) a 0(1- ecos y Plunze’r’s Orbit

< a >
a3(1- 6‘2)3 g dg ,

= 4
' \/G(m+ I\/I) r:e‘o(l_ ecos 972 FromKeplerlll: P? = G(m[i- M) a°

t= P(l '92)% 2%0 = dq 5 | Evaluate this Note when: e<1

0 (1_ ecos ¢ numerically {o P(q ) @




: . _ JohanneXepler
How Kepler determined the elliptical orbit of Mars 1571-1630

(and indeed the other planets)

tanf =Y~ 3N9
X- COSq
\ y =xtanf -tan fcos g sin

Mars

T ©1.523° yr =1.88yr (687 dayy orital

period

NNE~ANWMNaLWW t++2aJWECE! |6 K
Is circular , with radius approximately 1AU.

Measure angles g and f at times separated by one
Mars orbital period T.Hence (X,y) coordinates of
Mars should remain the same.

Planets and Sun not to scale! y = xtanf, -tan f cos,q +sin,
Axes scales in AU. y=xtanf, -tan f cos,q +sin,
a= &) ,9= (tqW
fo= f1), f=(rF

« _sing, - sin g -tan fcos, g#an, dos

\
a(1- ez) tanf, - tan f
"1 ecos a \ y =xtanf, -tan {cos,q 8in, g
X=rcosa EfcHqWY! ARqWet RUNWuUuNGO I kKt WGest
y=rsina Mars: a=1.523,e= 0.09Q Use this expression to work out orbit of Mars using the
angles g and f. Note the latter could have been measured
t=T (1 P )g 1 X d/ Use this to generate from Earth since ancient times!
simulation data!

? 4 (1- ecos )
Terence Tao: The Cosmic Distance Ladder Part 1 (3BluelBrown) Astronomical Unit (AU)defined in 2012 1AU =149,597,870,700 1



https://www.youtube.com/watch?v=YdOXS_9_P4U

_sing, - sin g -tan, fcos, gHan, d@os

tanf, - tan f

\ y =xtanf, -tan fcos,q in, g

RIS I

J K L M N

Dr French. February 2025.

w oo o~ ohon

E C D E F G H |
Kepler angle data, assuming Earth is a circular orbit of radius 1AU, taking a year
Orbital period of planet = 1.8795 years. This is an interval of 50 measurements.
Planet polar
Time /years I angle ?rad thetal | theta2 phil phi2
angle frad
from Earth
0.000 0.000 1.099 0.000 5.526 1.099 1.140
0.038 0.236 1.132 0.236 5.762 1.132 1.274
0.075 0.472 1.129 0.472 5.999 1.129 1.403
0.113 0.709 1.085 0.709 6.235 1.085 1.526
0.150 0.945 1.006 0.945 0.188 1.006 1.641
0.188 1.181 0.916 1.181 0.424 0.916 1.744
0.226 1.417 0.848 1.417 0.660 0.849 1.832
0.263 1.653 0.823 1.653 0.896 0.823 1.897
0.301 1.890 0.841 1.890 1.133 0.841 1.933
0.338 2.126 0.897 2.126 1.369 0.897 1.929
0.376 2.362 0.981 2.362 1.605 0.981 1.884
0.413 2.598 1.088 2.098 1.841 1.088 1.807
0.451 2.834 1.212 2.834 2.077 1.212 1.729
0.489 3.070 1.349 3.070 2.314 1.349 1.681
0.526 3.307 1.496 3.307 2.550 1.496 1.679
0.564 3.043 1.652 3.543 2.786 1.652 1.722
0.601 3779 1.815 3.773 3.022 1.815 1.800
0.639 4.015 1.984 4.015 3.258 1.984 1.806
0.677 4.251 2.157 4.251 3.494 2.157 2.033
0.714 4.488 2.333 4.488 3.731 2.333 2.174
0.752 4.724 2.513 4.724 3.967 2.513 2.327
0.789 4.960 2.694 4.960 4.203 2.694 2.487
0.827 5.196 2.877 5.196 4.439 2.877 2.653
0.865 5.432 3.060 5.432 4.675 3.060 2.823
0.902 5.669 -3.040 5.669 4.912 -3.040 2.995
0.940 5.905 -2.858 5.805 5.148 -2.858 -3.114
0.977 6.141 -2.676 6.141 5.384 -2.676 -2.939
1.015 0.094 -2.496 0.094 5.620 -2.496 -2.765
1.053 0.330 -2.317 0.330 5.856 -2.317 -2.591
1.090 0.566 -2.141 0.566 6.093 -2.141 -2.418
1.128 0.802 -1.966 0.802 0.046 -1.966 -2.246
1.165 1.039 -1.793 1.039 0.282 -1.793 -2.077
1.203 1.275 -1.622 1.275 0.518 -1.622 -1.908

This data is generated from the exact Kepler orbits, rather tha
the actual historical data Kepler obtained from Tycho Brahe!

1.000
0.972
0.890
0.759
0.586
0.380
0.153
-0.082
-0.313
-0.527
-0.711
-0.856
-0.953
-0.997
-0.986
-0.921
-0.804
-0.642
-0.445
-0.223
0.011

.465
0.659
0.817
0.929
0.990
0.996
0.946
0.844
0.695
0.507
0.292

0.000
0.234
0.455
0.651
0.810
0.925
0.988
0.997
0.950
0.830
0.703
0.517
0.303
0.071

-0.164
-0.391
-0.595
-0.767
-0.696
-0.975
-1.000
-0.970
-0.885
-0.752
-0.577
-0.369
-0.142

0.094
0.324
0.537
0.719
0.862
0.957

713t qWn RallaY Hikpéel |
This justifiesu I GG Il &kt LW

0.000 0.000

2.000

-2.000 -1.50

2.000

-2.000
x (AL)

w—ge=Planet =—t=—5un —s—Farth

Tycho Brahe
1546-1601
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Planets and Sun not to scale!
Axes scales in AU.
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What if the Home planet orbit is not circular?

a(l- ez)

, X ¥C0g,y Esin

r=
b 2 U4 ecos g
. 2o\, A d/
ot 2 T(1 i?)" 4 T ecos | From Kepler 11,1
4p* 4
Te=_P B o ﬁa3 Kepler Il

G(M +m) GM

Kepler II %— JG(m M1 €)a i g

_JG(m+ M) -¢")a

a’ (1- 82)2
\ g = 1/@(1 é) 3/2( -0@s )’
\ g :\/A_'I_?(l é) 3/2( -a@s )’ q

\ Vg = %(1 -é)_sm(l -@s ) g
T 5\-3/4 5\ 3/4
\ \/g :(1 e) (91 )9 cos

(1 - eos )g

If know T, g(t), dg/dt then can work out eccentricitye Getafrom T. Hence calculate x(t), y(t).




What if the Home planet orbit is not circular? (cont.)

a(l— ez) _
rzmc,]x FCcosg,y FESsinc
d/
=T(1 ) 2f L
( ) 2 °(1- ecos )2

Nlw

wIinN

Ta

q aa 0
VE @plerlll

-0
QJo
<

1o &

&

Planets and Sun not to scale!

Axes scales in AU. (}: 4'02 (1 - é)-glz (1 - ®S )2 q

\/q.i-r (1 _e 3/4 é]_ )93/4 cOS

T=10 yr, a=6.6943 AU, orbital eccentricity=0.5

—

N

-
(o]
T

-
D
T

Line of best fit to
find eccentricity

—_
N

-—
\S]
T

sqrt( do/dt * T/(2*pi)

> COSg

—_
T

o
o

If knowT, ¢(t), dg/dt then can work out
eccentricity e Getafrom T. Hence calculate

X(1), y(t)-

e
o))

-0.5 0 0.5 1
cost

1
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Calculating planet orbit from elliptical orbit of home planet

EfcHqWY! HRalWezt RUNWuUIIGT Il k1t L
Mars: a= 1.523,e= 0.09; Earth: a=1.00,e=0.01

bt 20 0Ws JWUOYs Wt UYs Ws 6¢ qllqbl

a(1- )
r= X =Fcosg,Y Esing
1- ecos q
3 d/
t=T,(1 )2 —2
()3 »(1- ecos )’
1 2
9 da paM WT, B
g 25, Br 2
Planets and Sun not to scale! Measure anglesqg and f at times separated by one
Axes scales in AU. Mars orbital period T. Hence (X,Y) coordinates of planet
should remain the same.
tanf =YY T°1.523° yr =1.88yr (687 days
x- X
y =Y fx x) tanf e.gMars orbital period

=Y, {x X)tanf,
\ y=Y, £x X)tanf,
\ Y, +(x -X)tanf, ¥ (x XJjtanf
\ x(tanf, - tan{) ¥, ¥, X tan,f X-tan,
Y- Y, +Xtanf, -Xtanf

Y- Y, +Xtanf, X tan \ x=
x =Y % tXtanf, Xtanf tanf, - tan {
tanf, - tan f
=Y fx Xl)tanf Use this expression to work out orbit of planet using the angles
a(l- € ) _ g and f. Note the latter could have been measured from Earth
1257 pcos o ecos g Xi2 F10089,,Y,, F SiNG since ancient times!

Astronomical Unit (AU)defined in 2012



Kepler angle data, assuming Home planet has an orbital period of 1.00 years.

Orbital period of planet = 1.8795 years. This is an interval of 520 measurements.

y:

2=

_Yi- Y, #Xtanf, Xtanf

tanf,- tan f

Y, £x X)tanf,
a(1- €

" 1-ecos g’

Xl,2 :rl,ZCOwl,Z’Yl,Z I':1,25"-] ql,

T_H lyears 1.000

Tiyears 1880

e :'“""’t Planet polar Eorth N sqrt
Time fyears| polar angle m’:::ﬂ angle /rad art °°::'m:;" (theta_dot X1 x2 v v2 phit phi2
Irad oadiyy | from Home_| ) | . . . . .
0.000 0.001 6.159 1.108 1012 | 0742 | ooo1 | 0683 | 1108 | 1146
0.004 0.022 6.159 112 6033 | 1000 0.990 1011 | o757 | 0.022 | 0666 | 1112 | 1.159
0.007 0.044 6.159 1117 6153 | 0.999 0.990 1011 | 0772 | 0085 | 0649 | 1117 | 1172
0.011 0.066 6.159 1121 6131 | 0.9% 0.990 1009 | 0787 | 0067 | 0632 | 1i2t | 1186
0.014 0.089 6.160 1125 6126 | 0.99% 0.990 1008 | 0801 | 0089 | 0614 | 1125 | 1199
0.018 0.111 6.160 1.130 6138 | 0994 0.990 1005 | 0814 | 0112 | 05% | 1180 | 1011
0.022 0133 6.160 113 6167 | 0991 0.990 1003 | 0828 | 0434 | 0578 | 1133 | 1224
0.025 0.155 6.161 1.136 6195 | 0.988 0.990 0999 | 0.840 | 0156 | -0.560 | 1136 | 1.237
0.029 0178 6.161 1139 619 | 0.984 0.990 099 | 0853 | 0479 | -0.541 | 1139 | 1250
0.033 0.200 6.162 1.142 6173 | 0.980 0.990 0991 | 0865 | 0201 | -0.501 | 1142 | 1.263
0.036 0.222 5.162 1144 6143 | 0975 0.990 09% | 0876 | 0228 | 0502 | 1144 | 1275
0.040 0.241 6.163 1146 6129 | 0970 0.990 0981 | 0887 | 0245 | 0482 | 1146 | 1.288
0.043 0.267 6.163 1147 6134 | 0.965 0.990 0975 | 0898 | 0266 | -0.463 | 1147 | 1301
0.047 0.289 6.164 1149 6160 | 0.959 0.990 099 | 0908 | 0288 | -0.443 | 1149 | 1313
0.051 0.311 6.165 1.150 6194 | 0.952 0.991 0962 | 0918 | 0310 | 0422 | 1150 | 1.3%
0.054 0.334 6.166 1.150 6207 | 0945 0.991 095 | 0927 | 0331 | 0402 | 1150 | 1339
0.056 0.356 6.167 1.151 6184 | 0.937 0.991 0947 | 093 | 035 | 0881 | 1151 | 1.851
0.061 0.378 6.168 1151 6149 | 0929 0.991 0939 | 0945 | 03/3 | -0.860 | 1151 | 1363
0.065 0.400 6.169 1.150 6133 | o021 0.991 0931 | 095 | 0334 | -0.3%9 | 1150 | 1376
0.069 0.423 6.170 1.149 6140 | 0912 0.991 0922 | 0960 | 0414 | 0318 | 1149 | 1388
0.072 0.445 6.171 1149 6173 | 0903 0.991 0912 | 0967 | 043 | -02% | 1149 | 1400
0.076 0.467 6.172 1.147 6210 | 0.693 0.991 0902 | 0973 | 0455 | 0075 | 1147 | 1413
0.080 0.490 6.174 1144 6212 | 0882 0.991 0891 | 0979 | 0475 | 0253 | 1144 | 1425
0.083 0.512 6.175 1143 6176 | 0672 0.991 0880 | 0985 | 0495 | 0031 | 1143 | 1437
0.087 0.534 6.176 1.139 6143 | 0.861 0.991 0869 | 0989 | 0514 | 0200 | 1139 | 1449
0.090 0.557 6.178 1136 6140 | 0849 0.992 0857 | 0994 | 0533 | -0.067 | 113 | 1461
0.094 0.579 6.179 1134 6171 | 0.837 0.992 0845 | 0998 | 0552 | -0.165 | 1134 | 1473
0.098 0.601 6.181 1129 6216 | 0.825 0.992 0832 | 1001 | 0571 | -0.143 | 1129 | 1485
0.101 0.624 6.183 1.125 6224 | 0812 0.992 0819 | 1.004 | 0590 | -0.120 | 1125 | 1.49
0.105 0.646 6.184 1.120 6184 | 079 0.992 0806 | 1007 | 0608 | -0.098 | 1120 | 15608
0.108 0.666 6.186 1115 6148 | 0785 0.992 0792 | 1009 | 0625 | -0.075 | 1115 | 1.520
0.112 0.691 6.188 1.110 6152 | 0771 0.992 0778 | 1010 | 0643 | -0.053 | 1110 | 1631
0.116 0.713 6.189 1104 619 | 0.75% 0.993 0763 | 1011 | 0660 | -0.020 | 1104 | 1543
0.119 0.735 6.191 1.098 6239 | 0742 0.993 0748 | 1.012 | 0677 | -0.008 | 109 | 1.555
0.123 0.758 6.193 1091 6216 | 0726 0.993 0732 | 1011 | 0693 | 0014 | 1091 | 1566
0.127 0.780 6.195 1.084 6165 | 0711 0.993 0716 | 1011 | 0709 | 0087 | 1084 | 1677
0.130 0.803 6.197 1078 6150 | 0695 0.993 0700 | 1010 | 0725 | 0060 | 1078 | 1.689
0.134 0.825 6.199 1070 6200 | 0679 0.993 0684 | 1008 | 0740 | 0.082 | 1070 | 1.600
0.137 0.847 6.201 1.063 6.250 | 0.662 0.993 0667 | 1.006 | 0755 | 0.105 | 1063 | 1611
0.141 0.870 5.203 1.055 6225 | 0645 0.994 0650 | 1003 | 0770 | 0427 | 10% | 1622
0.145 0.692 6.206 1.048 6.169 | 0.628 0.994 0632 | 1.000 | 0784 | 0.149 | 1048 | 1.633
0.148 0.915 6.208 1039 6169 | 0610 0.994 0614 | 0997 | 079% | 0171 | 1039 | 1644
0.152 0.937 6.210 1.032 6292 | 0592 0.994 059% | 0993 | 0811 | 0193 | 1032 | 1.654
0.155 0.960 6.212 1022 6260 | 0.574 0.994 0578 | 0988 | 0824 | 0215 | 102 | 1665
0.159 0.982 6.215 K 1014 6205 | 055 0.995 0559 | 0983 | 0837 | 0238 | 1014 | 1675

This data is generated from the exact Kepler orbits, rather than the actual

Dr French. March 2025,

HOME  HOME

0.001
0.022
0.045
0.067
0.089
0.112
0.134
0.156

0.414
0.435
0.455
0.475
0.495
0.514
0.533
0.552
0.571
0.590
0.608
0.625
0.6:

0.660
0.677
0.693
0.709
0.725
0.740
0.755
0.770
0.784
0.798
0.811
0.824
0.837

historical data Kepler obtained from Tycho Brahe!

SUN mass (solar masses)

SUN

0.000 0.000

Home planet eccentricity

Home planet semi-major axis (AU}

intercept of LOBF

sqrt( theta_dot * T/ (2*pi) )

> cosd
1.200
" N ——
oso0 | y=-0.01x+1.0001
R*=0.7044
0.600
0.400
0.200
0.000
1500 -1.000  -0.500 0.000 0500  1.000

2.000

cos( theta_home)

-0.500

-0.500

0.000

-2.000

Planet

—8-Sun

0.500 1

x (AU)

—e—Home planet

2.000

1.500



Y- Y, +Xtanf, Xtan/f
tanf,- tan f

y =Y, £x X)tanf,

a(1l- &

I’1,2 1 ecos ﬁ ! Xl,2 :rl,ZCOwl,Z’Y 1,2 r__l,ZSIn ql,
Kepler angle data, assuming Home planet has an orbital period of 0.35355 years. T Hlyears  0.354 Dr French. March 2025
Orbital period of planet = 1.8795 years. This is an interval of 520 measurements.
Home planet Home rl:net Planet polar Earth h sqrt
Time /years| polar angle ch:a:run angle frad artl “:‘[:m:;a’ (theta_dot X1 x2 1 Y2 phit phiz
Irad (vadiyn) | fromHomo_ - Tz | - - - - . .

0.000 0.001 3.291 1227 0899 | 0568 | 0001 | 0283 | 1227 | 0579 0.899
0.004 0.011 3.293 1.246 3127 | 1.000 0.430 0899 | 054 | 0010 | 0288 | 1246 | 0.569 0.899
0.007 0.023 3.298 1271 3288 | 1.000 0.431 0898 | 0518 | 0021 | 0293 | 1271 | 05% 0.898
0.011 0.035 3.307 1295 3303 | 0999 0.431 089 | 0491 | 0031 | 0296 | 1295 | 0547 0.89
0.014 0.047 3.320 1.320 332 | 0999 0.432 0894 | 0463 | 0042 | 0299 | 1320 | 0537 0.894
0.018 0.059 3.337 1.3%6 3348 | 0998 0.433 0891 | 0433 | 0053 | 0301 | 1346 | 0.527 0.891
0.022 0.071 3.358 1372 3383 | 0997 0.435 0888 | 0402 | 0083 | 0301 | 1372 | 0517 0.888
0.025 0.084 3.384 1.398 3420 | 0997 0.436 0884 | 0363 | 0074 | 0301 | 1398 | 0508 0.884
0.029 0.0% 3.413 1.428 3428 | 0995 0.438 0879 | 0334 | 0085 | 0299 | 1428 | 049 0.879
0.033 0.108 3.447 1.457 3403 | 0994 0.440 0874 | 0297 | 0095 | 0295 | 1457 | 0491 0.674
0.036 0121 3.485 1.487 3457 | 0993 0.443 0868 | 0258 | 0105 | 0289 | 1487 | 0485 0.868
0.040 0133 3.529 1519 3562 | 0991 0.445 0861 | 0217 | 0116 | 0281 | 1519 | 0481 0.861
0.043 0.146 3.579 1.553 3572 | 0989 0.429 0853 | 0173 | 0126 | 0269 | 1553 | 0479 0.853
0.047 0.159 3.633 1.586 3617 | 0987 0.452 0845 | 01% | 013 | 0252 | 1586 | 0.480 0.845
0.051 0173 3.694 1623 3734 | 0985 0.456 0837 | 0076 | 0146 | 0230 | 1623 | 0486 0.837
0.054 0.186 3.762 1659 3793 | 0983 0.450 0827 | 0024 | 015 | 0199 | 16589 | 0499 0.827
0.058 0.200 3.837 1.69% 3.839 | 0980 0.465 0817 | -0.030 | 0166 | 0155 | 16% | 0522 0.817
0.061 0.214 3.919 1.738 3921 | o977 0.470 0806 | 0.079 | 0.175 | 0089 | 1738 | 0.65 0.806
0.065 0.228 4,010 1.780 3970 | 0974 0.475 0794 | 0.101 | 0185 | 0.001 | 1780 | 0638 0.794
0.069 0.243 4.108 1822 4118 | 0971 0.481 0782 | 0077 | 0194 | 0091 | 1822 | 073 0.782
0.072 0.258 4.221 1.868 4236 | 0967 0.487 0769 | -0.029 | 0203 | 0.156 | 1868 | 0.828 0.769
0.076 0273 4.341 1915 4303 | 0963 0.494 0755 | 0025 | 0212 | 0200 | 1915 | 0915 0.755
0.080 0.289 4.475 1.965 4514 | 0958 0.502 0740 | 0077 | 0220 | 0231 | 1985 | 0997 0.740
0.083 0.306 4627 2.015 4627 | 0954 0.510 0724 | 0127 | 0229 | 053 | 2015 | 1.077 0.724
0.087 0323 4790 2.069 4779 | 0948 0.519 0708 | 0474 | 0237 | 0269 | 2069 | 1157 0.708
0.090 0.340 4.976 2.1%6 4983 | 0943 0.529 0691 | 0217 | 0245 | 0281 | 2126 | 1235 0.691
0.094 0.359 5.180 2.183 5216 | 093 0.540 0673 | 0259 | 0252 | 0289 | 2183 | 1316 0.673
0.098 0378 5.415 2.244 5468 | 0929 0.552 0653 | 0297 | 0259 | 0205 | 2244 | 1397 0.653
0.101 0398 5.674 2.307 5635 | 0922 0.565 0633 | 0334 | 0266 | 0209 | 2307 | 1479 0.633
0.105 0419 5.961 2.372 5937 | 0914 0.579 0612 | 0369 | 0273 | 0301 | 2372 | 1.563 0.612
0.108 0.441 6.294 2.441 6321 | 0904 0.595 0530 | 0402 | 0278 | 0301 | 2441 | 1648 0.590
0.112 0.485 6.674 2.510 5725 | 0894 0.613 0566 | 0433 | 0284 | 0301 | 2510 | 1734 0.566
0.116 0490 7.114 2.584 7461 | 0882 0633 0542 | 0463 | 0289 | 0209 | 2584 | 1821 0.542
0.119 0.516 7.619 2.660 7605 | 0870 0.655 0516 | 0491 | 0293 | 0296 | 2660 | 1.908 0.516
0.123 0.545 8.205 2.738 8247 | 085 0.679 0489 | 0518 | 0295 | 0298 | 2738 | 1.9% 0.489
0.127 0.576 8.910 2.820 8967 | 0839 0.708 0460 | 0543 | 0299 | 0288 | 2620 | 2.085 0.460
0.130 0.610 9.741 2.906 9.755 | 0.820 0.740 0431 | 0568 | 0301 | 0284 | 2906 | 2473 0.431
0.134 0.647 10.749 2.995 10811 | 0.798 0.778 0399 | 0591 | 0301 | 0278 | 2995 | 2261 0.399
0.137 0.688 11.998 3.091 12.085 | 0.773 0.822 0386 | 0613 | 0301 | 0272 | 3091 | 2.350 0.366
0.141 0734 13.558 -3.091 13648 | 0.743 0.873 0331 | 0634 | 0298 | 0268 | 3091 | 2.439 0.331
0.145 0.786 15.559 -2.979 15637 | 0.706 0.93 0294 | 0654 | 0295 | 0259 | 2979 | 2.530 0.294
0.148 0.847 18.188 -2.854 18.340 | 0.662 1012 0255 | 0673 | 0288 | 0252 | 2854 | 2623 0.255
0.152 0919 21794 2,710 22083 | 0607 1.107 0213 | 0692 | 0280 | 0284 | 2710 | 2921 0.213
0.155 1.007 26.941 2,539 27418 | 0535 1.231 0169 | 0703 | 0268 | 0287 | 2539 | 2.821 0.169
0.159 1117 34.698 -2.341 35566 | 0438 1.397 0122 | 0725 | 0251 | 0228 | 2341 | 2921 0.122
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Data generated for a home planet of eccentricity 0.8 and planet of eccentricity 0.9



Now we have a model ofx(and y() Y n Wt Ya ¢l Wt !+ qPd WYl HRaqt
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spirograph

Choose a pair of planets and determine their orbits vs time. At time intervals B, draw

a line between the planets and plot this line. Keep going fdtorbits of the outermost

planet.

N =10, Dt =N xmaximum orbital period /1234 might be sensible parameters.
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