Einstein-Whitehead model of GW 150914

by Lluis Bel (retired from CNRS, France)

A fully relativistic descriptiony of the encounter of 35 solar masses point-like objects, somehow
mimicking the binary merger GW1508144 described by LIGO Scientific and VIRGO collaboration
(Ann. Phys. (Berlin) 529, No 1-2)

I Formulas for odevx, odevy, odevxp and odevyp have been corrected)

The Lagrangian and Hamiltonian used have been included.

> restart:
> with(tensor) :
# Whitehead Lagrangian 05/07/2019

> gl4.,4]:=(-1+2*mp/r)*c"2;

g4’4::(_1+2_rrnp_jcz (@)
> g[4.1]:=2*mp*x/r~2)*c;
94,17 % )
> gl[4,2]:=(2*mp*y/r~2)*c;
g, = 5L ®)
> g[4,3]:=(2*mp*z/r"2)*c;
0y 5= Zm—r";” (4)
> g[1,1]:=1+2*mp*x"2/r"3;
gLf=14'2ng3 )
> g[2,2]:=1+2*mp*y"2/r~3;
‘~3]2,2::1+_2_n:_§_yi (6)
> g[3,3]:=1+2*mp*z"2/r"3;
gaé:1+”;%§i (7
> g[1,2]:=2*mp*x*y/r~3;
0, = 1 ®)
> g[2,3]:=2*mp*y*z/r"3;
9, 3= E;I%g)ié 9)
> g[3,1]:=2*mp*x*z/r"3;
gy = SBXE (10)

2 —

> L2:=+M"2*c"2*(g[4,4]+9[1,1]*vx2+g[2,2]*vy"2+g[3,3]*vz"2
+2*(g[4,1]*vx+g[4,2]*vy+g[4,3]*Vvz
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+2*(g[1,2]*vx*vy+g[2,3]*vy*vz+g[3,1]*vz*vx))); epsilon*2=1

2
L2:= M2 [vxz [1+—2m§’( J+ SVKWympXy | SVKVZMPXZ .2 [1+—2 m,fsz (12)
r r r r

2
n 8vyv23mpyz 2 (1+ Zmé)z J+ 4vkmpxc | 4vympyc . 4vzmpzc

r r r? r r?
+(—1+@)c2)

> L2x:=d iIfr(L2,x)+difF(L2,r)*x/r;

P P P r
~ 6v><2mpx2 _24vxvympxy  24vxvzmpxz 6vy2mpy2 _ 24vyvzmpyz
4 4
r

I‘4 r I’4 I’4

L2x = M2 c2 [ 4vx2mpx i 8vxvympy n 8vxvzmpz n 4vxmpc ) —l—i(Mzcz( (12)

r4 I’3 r3 I’3 fz

> L2y:=diff(L2,y)+difF(L2,r)*y/r;

- 6vzzmpz2 _ 8vxmpxc  8vympyc 8vzmpzc 2mchJXJ

L2y := M? ¢? 8VXV)§mIOX n 4W:mpy L 8vwywvzmpz _ 4vympc ) —l—%(Mzcz( 13)

r r P r
6v><2mpx2 24 vXxvy mp xy 24 vXxvzmpx z 6vy2mpy2 24 vyvzmpyz
- /A - /A - A - A o A
_ 6vZmpZ  8vxmpxc  8vympyc  8vzmpzc 2mpc2Jy]
i r* P P P r?
(> L2z:=diff(L2,2)+difFF(L2,r)*z/r;
L27 = M2 &2 8vxv§mpx n 8vyv§mpy n 4vzz3mpz L Avzmpc ] +l(M2c2[ (14)
r r r r?
6v><2mpx2 24 vXxvy mp xy 24 vXxvzmpx z 6vy2mpy2 24 vyvzmpyz
- /A - /A - A - A o A

r4 I’3 r3 I’3 rz

B px:=1/*L)*diff(L2,vx); # px;=diff(sqrt(L2)),x):
2
M2 &2 (va (1+ 2m?E)x ]+ 8vympxy , 8vzmpxz 4mpxc)

_ 6vZmpZ  8vxmpxc  8vwympyc  8vzmpzc 2mpc2JZ]

1 r r3 r3 r2
pX = > 1 (15)
> py:=1/(2*L)*diff(L2,vy);
2
) M2 (—‘)—HVXS XY 4ovy [1+—p—y—2”:3 ) + SVZ:;pyZ + 4mr2yc J
py:= - 1 (16)
> pz:=1/(2*L)*difF(L2,vZ);
17
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2
Mzcz[van;pxz N 8vyr2pyz +2vz (1+ 2m3gz )+ 4mgzc]
Z_:l r r r r (17)
| T L
[> H:=(px*vx+py*vy+pz*vz)-L;
2
M2 &2 [va [1+ 2m39x J+ 8vyn;pxy N 8vzn;pxz N 4mpxc)vX
H':l r I r r (18)
2 L
2
M2 2 8vxn;pxy Fow [1+ ZmEy )+ 8vzn;pyz n 4mpyc)vy
+l r r r r
2 L
2
M2 2 8vxr2pxz n 8vyr2pyz +2vz [1+ 2m?|>az J+ 4mpzc]VZ
+l r r r r L
i 2 L
[> L:=sqrt(L2);
L:= (19)
2
[Mzcz [sz [1+ 2m39x )+ 8vxvy3mpxy N 8vxv23mpxz W [1
r r r
2 2
N Zm?E)y ]+ 8vyv23mpyz 2 (1+ 2m3gz )+ 4vxmpxc  4vympyc
r r r r r
4 2 V2
n vzmpzc +(_1+ mp)cz
P r
> H:=simplify(H);
H::(M2c3(20mprcr2+2mpvxx+2mpvyy+2mpvzz))/ (20)
[rz
(%(Mzcz(Zczmpr2—02r3+4cmprvxx+4cmprvyy+4cmprvzz
5
2 2
+2mpvx2x +8mpvxvyxy+8mpvxvzxz+2mpvy2y +8mpvyvzyz
12
| +2mpvZ PP W +PVE))) )
;> #limit(H, r=infinity);
> H2:=subs(z=0,vz=0,H);
H2::—(M2c3(20mpr—cr2+2mpvxx+2mpvyy))/ (21)

r2
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3

( L (M2 (2cmprPP—c? P +4cmprvxx+4cmprvyy +2 mp v x°
;

12
—|—8mpvxvyxy+2mpvyzyz—l—r?’vxz—l—rsvyz))) J

> H2: =convert(series(H2,mp,2),polynom);
2 4
M” ¢

H2:= (22)
J-M* ¢ (c? —wé —wP)
N M2 (PP +2crvxx +2crvyy +vwexe +4vxvy Xy +wy?)
J M2 (P —wé —wP) P (®=vé —wP)

_ MPS (2cr+2vxx+2wyy) )mp
i Py -M2 2 (& —vé — )
[> H2:=convert(asympt(H2,c,4),polynom);

2 2 2
Ho = M M mp X M™ (2rvxx+2rwy) 23)
2

M7 (2wxx+2wyy) )mpc
i y -M?
> simplify(H2);

2 2
M (mp—rn)c (24)

i -M? r
> Hnumer:=col lect(numer(H),mp);
i Hnumer::—M2c3(2cr—|—2vxx—|—2vyy—|—2vzz) mp—i—Mzc"'r2 (25)
[> Hdenom:=collect(denom(H),mp);
Hdenom := (26)

Y,

(%(Mzcz (2c2mpr2—c2r3+4cmprvxx +4cmprvy+4cmprvzz

r

+2mpv><2x2+8mpvxvyxy+8mpvxvzxz+2mpvy2y2+8mpvyvzyz
12

+2mpvzzzz+r3vx2+r3vyz+rgvz2)))

> ri=sqrt(x"2+y"2+z°2);

r.=+ x2+y2+z2 (27)

[> coord := [x,y,z,t]:

:> g_compts := array(symmetric,sparse,l..4,1..4):
[> g_compts[4,4]:=g[4,4]:

[> g_compts[4,1]:=g[4,1]:

[> g_compts[4,2]:=9[4,2]:

[> g_compts[4,3]:=g[4,3]:

[> g_compts[1,1]:=g[1,1]:
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g_compts[2,2]:=9g[2,2]:
g_compts[3,3]:=9[3,3]:
g_compts[1,2]:=9g[1,2]:
g_compts[2,3]:=9g[2,3]:
g_compts[3,1]:=9g[3,1]:
g := create([-1,-1],eval(g_compts)):
ginv:=invert(g, "detg"):

D1g:=dlmetric(g,coord): D2g:=d2metric(D1lg,coord):

Cfl :=Christoffell(D1g):

#RMN:-=Riemann(ginv, D2g, Cfl):
#RICCI :=simplify(Ricci(ginv,RMN));

Cf2c:=get_compts(Cf2):
Cf2p:=act(subs,mp=m,Cf2):
Cf2pc:=get_compts(Cf2p):

B z:=0; vz:=0;

Cf2c[4,4,4]
Cf2c[4,4,1]
Cf2c[4,4,2]
cf2c[4,1,1]
cf2c[4,2,2]
Cf2c[4,1,2]

Cf2c[1,4,4]
Cf2c[1,4,1]
Cf2c[1,4,2]
Cf2c[1,1,1]
Cf2c[1,2,2]
Cf2c[1,1,2]

Cf2c[2,4,4]

cf2c[2,4,1]

cf2c[2,4,2]

[ Two bodies plane motion----------=-==-=-=-=---

“tensor/Christoffel2/simp :=
Cf2:=Christoffel2 (ginv,Cfl):

=simplify(Cf2c[4.,4.,4]):
=simplify(Cf2c[4,4,1]):
=simplify(Cfa2c[4,4,2]):
=simplify(Cf2c[4,1,1]):
=simplify(Cf2c[4,2,2]):
=simplify(Cf2c[4,1,2]):
=simplify(Cf2c[1,4,4]):
=simplify(Cf2c[1,4,1]):
=simplify(Cf2c[1,4,2]):
=simplify(Cf2c[1,1,1]):
=simplify(Cf2c[1,2,2]):
=simplify(Cf2c[1,1,2]):

:=simplify(Cf2c[2,4,4]);

Cf202’ 4 (—2 mp + +/ x2+y2 ) mpy(:2

x4+2x2y2+y4

=simplify(Cf2c[2,4,1]);
2
Cf2c2’ i1 _2ycxmp”
(x* +y°)
:=simplify(Cf2c[2,4,2]);
2 2
Cf2c2’ 12i= - _2cy'mp”
(* +y°)

5/2

5/2

roc(x) simplify(x,trig) end proc:

(28)

(29)

(30)

(31)
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> Cf2c[2,1,1]:=simplify(Cf2c[2,1,1]);

Cf2 _ (2mpx2+x2\/x2+y2—2\/x2+y2 yz)ymp 32
G117 " 6 4 2 2.4, .6 (32)
X +3Xy +3Xy +y
> Cf2c[2,2,2] :=simplify(Cf2c[2,2,2]);
= (2mpy2 4281y — [y ) ymp
Cl2c, 52°= 6 4 2.4 6 (33)
x+3xf+3xy+y
> Cf2c[2,1,2] :=simplify(Cf2c[2,1,2]);
_:_(Zmp+3dx?+f)fxmp
Cf2c, 4 5 6 42 2.4, 6 (34)
o X +3Xy +3Xy +y

> Cf2pc[4,4,4]:=simplify(Cf2pc[4,4.,4]);
2
Cf2pc4’ 44 = L (35)

(x24—y2)3m
> Cf2pc[4,4,1]:=simplify(Cf2pc[4,4,1]);

<2m+ xz+f)mx
x4+2x2y2+y4
> Cf2pc[4,4,2]:=simplify(Cf2pc[4,4,2]);

<2m+ xz+f)my
Cf2pc = 37
PCy 4,2 22 4y (37)
> Cf2pc[4,1,1]:=simplify(Cf2pc[4,1,1]);
2(mﬁ+ﬁJﬁ+ﬁ—Jﬁ+ﬁyﬁm
N7 (38)
(x° +y°)
> Cf2pc[4,2,2]:=simplify(Cf2pc[4,2,2]);
2<—my2+x2\/x2+y2 —\/x2+y2 yz)m
SN (39)
(X +vy) ¢
> Cf2pc[4,1,2]:=simplify(Cf2pc[4,1,2]);
2<nr+2 x2+y2)mxy

5/2
(®+v*) ¢

Cf2pe, 4 1= (36)

Cf2pc, 1 4=
C

CQm@ZZ:—

Cf2pc, | 5= (40)

> Cf2pc[1,4,4]:=simplify(Cf2pc[1,4,4]);

(—Zm—% x2+y2)mxc2
Cf2pc = 41
Lad x4+2x2f—kf (D)
> Cf2pc[l,4,1]:=simplify(Cf2pc[1l,4,1]);
,_ 2 ¢ X% m?
Cf2pey 4 4:= - (X2+—y2)5/2 (42)
> Cf2pc[1,4,2]:=simplify(Cf2pc[1,4,2]);
2
Cf2pe, , »:= __zyexm (43)
1,4,2 (x24—y2)50
> Cf2pc[1,1,1]:=simplify(Cf2pc[1l,1,1]);

(44)
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i (2mx2+x2\/x2+y2—2\/x2+y2y2)xm
Cf2pc1’ L1 6 4 2 2. 4, .6 (44)
X +3Xy +3Xy +y
> Cf2pc[1,2,2]:=simplify(Cf2pc[1,2,2]);

(—2my2+2x2\/x2+y2 —\/x2+y2 y2) Xm

Cf2pc = 45
| Per2.2 x6+3x4y2+3x2y4+y6 (49)
> Cf2pc[1,1,2]:=simplify(Cf2pc[1,1,2]);
(2m—|—3 x2+y2)yx2m
Cf2pc = - (46)
] 1,1,2 x6+3x4y2+3x2y4+y6
> Cf2pc[2,4,4] :=simplify(CF2pc[2.4,4]);
(—2m+ x2+y2)myc2
Cf2pc = 47
| 244 x“'+2x2y2+y4 “7)
> Cf2pc[2,4,1]:=simplify(Cf2pc[2,4,1]);
2
Cf2pc, , 1= - —2% (48)
R 2,2
i (x° +y°)
> Cf2pc[2,4,2]:=simplify(Cf2pc[2,4,2]);
2 2
Cf2pe, 4 »:= - % (49)
R 2,2
i (x° +y°)
> Cf2pc[2,4,2]:=simplify(Cf2pc[2,4,2]);
2 2
Cf2pe, 4 »:= - % (50)
R 2,2
i (x° +y°)
> Cf2pc[2,1,1]:=simplify(Cf2pc[2,1,1]);
. <2mx2+x2\/x2+y2 —2\/x2+y2 y2) ym
Ci2pe, 4 17= - 6 42 2.4 6 (51)
i X +3Xy +3Xy +y
> Cf2pc[2,2,2]:=simplify(Cf2pc[2,2,2]);
. (—2my2—|—2x2\/x2—|—y2 —\/xz-l—y2 y2) ym
Cf2pc, 5 5= 6 4 2.4, 6 (52)
i X +3X y2+3x y +y
> Cf2pc[2,1,2]:=simplify(Cf2pc[2,1,2]);
(2m—|—3 x2+y2)y2xm
Cf2pc, , ,:= - (53)
] 2,1,2 x6+3x4y2+3x2y4+y6
> Db:=si mplify(Cf2c[4,4,4]+2*Cf2c[4,4,1]*vx+Cf2c[4,1,1]*vx"2
+2*Cf2c[4,4,2]*vy+Cf2c[4,2,2]*vy"2+2*Cf2c[4,1,2]*vx*
vy);
1 2 2, 2 2 2, 2
b:= (2(0 mpx-+c mpy +2cmpvxxy X" +y (54)
(x* + 23y +y*) e X2 +y?

+2empuyy X +Y2 y+cvxxC +cvxxy? +cuyxy +cvyy 4+ mp vl X
+2vxvympxy +mpwly? + v eV 8 Y2 — vy Yy Y

+ 4 vxXvy X x2+y2y—vy2x2\/x2+y2 +vy2 x2+y2 yz)mp)
> bp:=simplify(Cf2pc[4,4,4]+2*Cf2pc[4,4,1]*vxp+CF2pc[4,1,1]*vxp"2
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+2*Cf2c[4,4,2])*vyp+Ct2pc|4,2,2]*vypN2+2*Cf2pc[4,1,2]*

vXp*Vvyp) ;
bp := L (2((:2m2x2+c2m2y2+2cmzvxpx\/xzinty2
(X + 2y +y) e ¥+
—|—cmvxpxs—l—cmvxpxyz—l—zcmpzvyp\/my—l—cmpvypxzy—l—cmpvypy3
—Hﬁwﬁﬁ+2Mwmwmw+m%wﬁﬁ+mwﬁﬁf7:7_
—mwxp” X+ Y+ amupuypx X+ y —mwp’ K+
+mvyptE+ v ¥P))

> odevx:=simplify(ax+Cf2c[1,4,4]+Cf2c[1,1,1]*vx2+Cf2c[1,2,2]*

+2*(Cf2c[1,1,4]*vx +Cf2c[1,1,2]*vx*vy+Cf2c[1,2,4]*vy)=b*

> odevy:=simplify(ay+Cf2c|[2,4,4]+Cf2c[2,1,1]*vx"2+Cf2c[2,2,2]*
+2*(Cf2c[2,1,4]*vx +Cf2c[2,1,2]*vx*vy+Cf2c[2,2,4]*vy)=b*

(55)

> odevxp:=simplify(axp+Cf2c[1,4,4]+Cf2c[1,1,1]*vxp~2+Cf2c[1,2,2]*

vyp”2

+2*(Cf2c[1,1,4]*vxp +Cf2c[1,1,2]*vxp*vyp+Cf2c[1l,2,4]*vyp)

=bp*vxp):

> odevyp:=simplify(ayp+Cf2c[2,4,4]+Cf2c[2,1,1]*vxpr2+Cf2c[2,2,2]*
n2

+2*(Cf2c[2,1,4]*vxp +Cf2c[2,1,2]*vxp*vyp+CF2c[2,2,4]*vyp)

| =bp*vyp):

> ¢:=299792458.0; # m/s
¢ := 2.997924580 10°

> G:=6.6738480*10"(-11); #  *m"3/(kg*s™2);
G :=6.673848000 10

> DTS:=149597870700; # m
DTS := 149597870700

> MS:=2.0*10"30; # *Kkg
MS := 2.000000000 10%°

> R:=DTS; Rp:=DTS;
R := 149597870700
i Rp := 149597870700
[> M:=MS; Mp:=MS; # kg
M := 2.000000000 10%°
Mp := 2.000000000 10%°

(56)

(57)

(58)

(59)

(60)

(61)
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> GM:=G*M; #  *kg*s"2;

GM := 1.334769600 10%°
B GMp :=G*Mp; #  *kg*s"2;
i GMp :=1.334769600 10
[ KONTUZ Gravity Waves---------===s=m-mmmommm e

> M:-=35*M: GM:=35*GM:
M := 7.000000000 10°*
GM := 4.671693600 10°*

[ KONTUZ-mermemmemmmemmeme e e
| > #M:=1; GM:=G;
> Mp:=35*Mp; GMp :=35*GMp;
Mp := 7.000000000 10%*

| GMp := 4.671693600 10%
> R:=175*10"3; # R:=256*4*R;
| R := 175000
> Rp:=175*1073; # :=256*4*Rp;
| Rp := 175000
[> m:=GM/c”2; mp:=GMp/c"2;

m := 51979.60146

mp := 51979.60146

1] LU 72—
| > #m:=0;

# m

# m

(62)

(63)

(64)

(65)
(66)

(67)

(68)

> Omega:=sqrt(CGMp/(4*R"3)); Initial value. Guess from Newton's theory

Q :=466.8207016

> #0mega:=0.0003; No answer
> #0mega:=0.0002; No answer
> #0mega:=0.0001; No answer

> Per:=evalf(2*Pi1/0mega); # s
Per := 0.01345952587

> Per/(60*24*365); # years

2.560792593 10
> X0:=R; xp0:=-x0; y0:=0; yp0:=0;

X0 := 175000
xp0 := -175000
y0:=0

(69)

(70)

(1)

(72)

Pagina 9 de 24



i yp0:=0 (73)
[> vx0:=0; vxp0:=-vx0; vy0:=x0*Omega; vyp0:=-vyO;

vx0:=0
vxp0:=0
vy0 := 8.169362278 10’
vyp0 := -8.169362278 10’ (74)

:Kontuz: Initial rotation data
| > #vy0:=0; vyp0:=0;

> odex = diff(x(t), t) = vx(t); odexp := diff(xp(t), t) = vxp(t)
’ _d
odex := pm X(t) = vx(t)
odexp := %%—xp(n =vxp(t) (75)
> odey := diff(y(t), t) = vy(t); odeyp := diff(yp(t), t) = vyp(t)
’ o
odey := — - Y (1) =y(t)
o%wr=§{wu)=wmn (76)
I —

> odevx:=subs(x=(x(t)-xp(t)),y=(y(t)-yp(t)),vx=vx(t),vy=vy(t),ax=
diff(vx(t),t),odevx):

> odevy:=subs(X=(X(t)-xp(t)),y=(y(t)-yp(t)),vx=vx(t), vy=vy(t),
ay=diff(vy(t),t),odevy):

> odevxp:=subs(x=(xp(t)-x(t)),y=Cyp(t)-y(t)),vxp=vxp(t),vyp=vyp
() ,axp=diff(vxp(t),t),odevxp):

> odevyp:=subs(x=(xp(t)-x(t)),y=(yp(t)-y(t)),vxp=vxp(t), vyp=vyp

| (©),ayp=diff(vyp(t),t),odevyp):

[ NEWEON  =-=mmmmmmmm oo oo oo

> sys:=odex,odexp,odey,odeyp,odevx,odevxp,odevy,odevyp:

> fnes:={X(t) ,xp(t) ,vx(t),vxp(t),y(t),yp(t),vy(t),vyp(t)};

L fncs 1= {vx(t), vxp(t), vy(t), vyp(t), X(t), Xp(t), y(t), yp(t) } (77)

> ics:=x(0)=x0, xp(0)=xp0, y(0)=0, yp(0)=0, vx(0)=vx0, vxp(0)=
vxp0, vy(0)=vyO,
vyp(0)=-vyO0;

ics :=x(0) =175000, xp(0) = -175000, y(0) =0, yp(0) =0, vx(0) =0, vxp(0) =0, vy(0) (78)

| =8.169362278 10, vyp(0) = -8.169362278 10

> dsn:=dsolve({sys, ics}, fncs,numeric,method=gear,abserr=1.*10"
(-10),relerr=1_.*10"(-10) ,output=listprocedure);

dsn:= [t=proc(t) ... end proc, vx(t) =proc(t) ... end proc, vxp(t) =proc(t) (79)

end proc, vy(t) =proc(t) ... end proc, vyp(t) =proc(t) ... end proc, x(t) =proc(t)

end proc, xp(t) =proc(t) ... end proc, y(t) =proc(t) ... end proc, yp(t) =proc(t)

end proc |
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> X,XpP,VX,VXP,Y,YpP,VYy,Vvyp:=op(subs(dsn, [X(t) ,xp(t),vx(t),vxp(t),y

(D), yp(D) . vy(1), vyp(t)]))
X, Xp, VX, VXP, ¥, YP, VY, vyp := proc(t) ... end proc, proc(t) ... end proc, proc(t)

(80)

end proc, proc(t) ... end proc, proc(t) ... end proc, proc(t) ... end proc, proc(t)

end proc, proc(t) ... end proc
> Omega:=0Omega; Per:=evalf(2*Pi/0mega);
Q :=466.8207016
Per :=0.01345952587
> x(Per); xp(Per); y(Per); yp(Per);
-4.50140020452582 10°
4.50140020476698 10°
-11420.2679878751
11420.2679727990
> Ti:=-Per; Tf:=9*Per;
Ti := -0.01345952587
Tf:=0.1211357328

> r:=t->sqrt((x(t)- Xp(t))A2+(Y(t) -yp(t))"2);
ri=t—y (X(t) —xp(t))%+ (y(t) —yp(t))

2

> r(0);
3.500000000 10°
> Omega:=0mega;
Q :=466.8207016
> sqrt(1-(vx(0)"2+vy(0)N2)/cn2);
0.9621556144
> TestV:=t->sqrt(1-(vx(t)"2+vy(t)"2)/cN2);

2 2
TMWHH/l—Wm_WW)

C2

> plot(TestV(t),t=0..TF);

(81)

(82)

(83)

(84)
(85)
(86)

(87)

(88)
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0.99 |

0.98 |

0.971

0.96 |

0 002 004 006 008 010 012
t

> plot(r(t),t=Ti..TF);
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3.5 x 10° |
3.x10°]
2.5 x 10 |
2. x 10° |
1.5 x 10° |

1. x 10° 1

5.><}Q5\

0 002 004 006 008 010 012
t

> plot(1-2*m/r(t),t=0..TF);
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0.95

0.90 |

0.85 |

0.80 |

0.75 |

0 002 004 006 008 010 012

> plot([x(t),xp(t)],t=0..TF);
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1. x 10%

5. x 10°

006 008 010 012
t

-5. x 10°1

~1. x10%"

> plot([y(t),yp(t)],t=0..TF);
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1.5 x 10°1

1. x 10%

5. x 10°

02 00A A6 008 010 012

-5.x 10°

~1.x10%

~1.5x 10° |

> plot([x(t),xp(t)].t=Ti..TF);
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1. x 10% |

5. x 10° |

006 008 010 012
t

=

-5. x 10°-

~1. x 108 ]

> plot([y(t),yp(t)],t=Ti..T);
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1.5 x 10%1

1. x 10% |

5. x 10° |

02 00A AN6 008 010 012

-5. x 10° |

~1. x 10° |

~1.5x 10° |

> plot([vx(t),vxp(t)].t=Ti..TF);
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8. x 107

6. x [LO[ |

> plot([vy(t),vyp(t)].t=Ti..TF);
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006 008 010 012

-2. X|[1O[] |

B TF:=TF;
i Tf := 0.1211357328 (89)
[> Omega:=t->sqrt(GM/(4*r(t)"3));
1 GM
Q:=t— | — (90)
4 rt)d

> plot([Omega(t)],t=Ti..TF);
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250 |

200 |

100 |

50 |

0 002 004 006 008 010 012

B theta:=t->arctan(y(t)/x(t));

e:taammn(%%lj (91)

~—

> #plot([theta(t)],t=Ti..TF);
> evalt(Pi/2);
1.570796327 (92)

> H:=t->(M"2*c"3*(2*c*r () +2*vx () *x () +2*vy () *y () *mp-Mr2*c™N4*r
(O2)/(r(O)N2*sgrt(-M2*c"2*(2*c " 2*mp*r (t)N2-c " 2*r (t)N3+4*c*
mp*r () *vx () *x(t)+4*c*mp*r () *vy () *y () +2*mp*vx(t)"2*x(t)
N2+8*mp*vx () *vy (D) *x () *y () +2*mp*vy ()" 2*y () 2+r (£)"3*vx ()
N2+ (D)"3*vy ()"2)/r (1)"3)));

H::t»(M2c3(2cru)+2vmt)xu)4—2vyu)yu)mpMzc4mtf))// (93)

rﬂﬂ(——7%§(M2§(2c2mpHU2—CZHUS+4cnmrﬂ)w«Uxﬂ)
r(t

+4cmpr(t) vy(t) y(t) +2mp vx(t)zx(t)2 + 8 mp vx(t) vy(t) x(t) y(t)
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12
+2mpwy(t)y(t) +rt) > wx(t)? +rt)dvy(t)?))) )

> H(0);
| -1.047538485 10" (94)
| KONUZ: +MPA2, mmmmmmm e oo

> Hp:=t->(Mp"2*c"3*(2*c*r(t)+2*vxp () *xp () +2*vyp(t)*yp(t)*m-
Mp~2*c™M*r () N2)/ (r ()N 2*sqrt(-Mpn2*cn2*(2*c " 2*m*r (t)N2-cN2*r
(ON3+4*c*m*r () *vxp () *xp () +4*c*m*r () *vyp () *yp(t)+2*m*vxp
(O2*xp ()" 2+8*m*vxp () *vyp (L) *xp () *yp () +2*m*vyp () 2*yp (L)
N2+r (O)N3*vxp(E)M2+r (D)3 *vyp()2)/r(P)"3)));

Hp:=t— (Mp? ¢ (2 cr(t) +2 vxp(t) xp(t) + 2 vyp(t) yp(t) m — Mp’c’ r(t)z))/ (95)

1 2_cZrt)y] +4cmr(t) vxp(t) xp(t)
()’

HUZ(— L (Mp?c® (22 mr(t)

F4cmr(t) vyp(t) yp(t) +2 mvxp(t)>xp(t)> +8 mvxp(t) vyp(t) xp(t) yp(t)

1/2
| F2mwyp)’yp()® -+ wxp(H)® + () vyp(H)%) ) )
> subs(m=0,Hp(0)); subs(mp=0,H(0));

-1.047538485 10'%
i -1.047538485 10 (96)
> H(0); Hp(0);

-1.047538485 10'%®

-1.047538485 10 (97)

> plot([H(t)], t=0..TF);
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t
0 002 004 006 008 010 0.12

-8.6 x 10837
-8.8 x 10137

-9 x 10137_
~9.2 x 1017 |
9.4 x 10237 |
9.6 x 10137
9.8 x 10%%7 |

-1 x 1018 ]

-1.02 x 10138 |

-1.04 x 101381

> plot([Hp(t)], t=0..TF);
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t
0 002 004 006 008 010 0.12

-8.6 x 10837
-8.8 x 10137

-9 x 10137_
~9.2 x 1017 |
9.4 x 10237 |
9.6 x 10137
9.8 x 10%%7 |

-1 x 1018 ]

-1.02 x 10138 |

-1.04 x 101381

> (H(TF)-H(0))/(H(TF)+H(0));
-0.107998748081240

> H(0);
-1.047538485 101
> TF:=Tf; H(TF);
Tf:=0.1211357328
-8.43327342807222 10%%'

(98)

(99)

(100)
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