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Objetivos

(1) Explorar aplicagdes da Fisica
astrofisica;

(ii) Contribuir para o refinamento
dos resultados da RG para desvio do
periélio;

i (1ii) Fazer uso da aproximacdo NNA
para o estudo do movimento lento na
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Capitulo 1

Precessao do Periélio de Merclirio

MERCURY'S ORBIT

O mistério com mais de 60 anos teve fim com a publicagdo da
teoria da gravitacdo de Einstein, as drbitas dos planetas e
exoplanetas podem ser ligeiramente abertas.

Ref.[PAIS, A. 2005]
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Equacdo da elipse em coordenadas polares

a(1—¢?)
fr=——-=
1+ ecosop
N—

Orbita fechada!

Ref.[LO, K; YOUNG, K; LEE, B. 2013]



Capitulo 1

Problema de Kepler

E uma aplicacdo da formulacdo Lagrangiana, L= T — U.
oL d (LY _
Oxt dX\9xH)

Temos a conservagao da energia e do momento angular;

) ) d oL
Simetrias, Ty (8xﬂ> =0

Tensor de Killing, V(,§,) = V& + Vu§, = 0.

Ref.[FROLOV, V. 2008]



Capitulo 1

Problema de Kepler

1 ) .
L= Elu(i'2 + 1%0% + r’sen®0¢?) — pud(r),

e Parafl=75e¢p= _fM podemos encontrar:

u=0c"1(1+ ecosp).

e Sendoo=a(l—€?)eu=r1

a(1—¢?)

= , Sem precessdo).
d 1+ ecosg ( Pr )

Ref.[VALADA, R. 2013.]



Capitulo 1

Orbita das particulas - Formalismo Relativistico

@ Pelo formalismo tensorial, L = %gu,,i(“k”, temos:
oL d oL
ST Y Ao _ g Y59 ([ IE '
DX =0= 50~ a0 <a>'<u>

@ Métrica de Schwarzschild:

d52 = gMVdXMdXV
1 2GM
2 2, 22 22912 2 .2
ds® = (1_2gly>dr +rd9+rsen9dq5—<1— C2r>cdt.

o Pela geodésica tipo tempo V-V = gaﬁvo‘vﬁ =-1

Refs.[D’INVERNO, R. 1999 e HARTLE, J. 2003]



Capitulo 1

Orbita das particulas - Formalismo Relativistico

d2u ) m*2
u=1+ecos[(1— a)¢] (2)
cos[(1 — a&)¢] = cos(2m) (3)
27 _
¢:1 &~27T(1+ &) (4)
Precessao
oSendoa—3”;—2,I2—umr—(1+ecos¢>)mrm i—'yer
da equacdo da elipse, temos:
6mm*2 GM
0O Merc = 2ma = o __or = 43" /sec (5)

(14 ecosp)m*r  c?a(l — €?)
Refs.[HARTLE, J. 2003 ¢ CARROLL, S. 2004]
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e Capitulo 2: Aproximacdo PPN e NNA



Capitulo 2

Aproximacao PPN e NNA

Refs.[MISNER, C; THORNE, K; WHEELER, J. 1973]



Capitulo 2

NNA - aproximacdo quase newtoniana

@ Infeld e Plebanski mostraram as eq. de campo de Einstein
levam as eq. de movimento [MISNER, C et al. 1973].

Geodésica — Equagdes do Movimento (Forca)

T e ©)
v<<ce <<l dgy=—5(1+gu).
Desvio Geodésico — Equagdo de Campo (Equagdo de Poisson)
D25 x* _ Rl sy dx? dx” (7)

dS? aBr™" 4SS dS”

V.

Refs.[CAPISTRANO, A. 2018; MISNER et al. 1973; MAIA, M et al. 2009]
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@ Capitulo 3: Aplicacdes - Weyl e Zipoy



Capitulo 3

Aplicacoes

@ A determinagdo do periélio com inclusdo de efeitos
relativisticos podem ser Uteis para a producdo de modelos
confidveis;

@ A expansiva descoberta de exoplanetas nos possibilita um
novo laboratdrio para testar efeitos relativisticos;

@ A compreensdo dos sistemas estrela-planeta e suas dindmicas
permitem entender a gravidade em uma escala do sistema
Solar e por coroldrio, a formacdo de sistemas planetarios, por
exemplo;

@ Modelo gravitacional do espaco-tempo como uma ferramenta
de apoio para estudos astrofisicos.
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Precessao do periastro de exoplanetas - Métrica de Weyl

@ Aplicacdo da NNA da RG para obtencdo do avanco do
periastro de 34 exoplanetas com diferentes e.

ds? = 209V dr? 4 r2e720dp? 4 237 dz? — e27dt?  (8)

@ Condicdo de lina fina, hg < Ry;

@ Uso da equac¢do da geodésica;

@ Uso da solugdo conformastdtica, A ajustado para zero;

@ Fazendo u = %;
du\ 2 20 20
— ) +u*=e" (ag + foe ) (9)
do

¢ 1 /k

o(u) = -5 <20/n(u) + Cgu_2> . (10)

Refs.[CAPISTRANO, A. 2009; CAPISTRANO, A. 2018; BARROCAS, G. 2014]



Capitulo 3
Precessao do periastro de exoplanetas - Métrica de Weyl

@ Pelo uso do método de Harko [HARKO, T. 2011] encontramos
a equacdo do desvio do periélio para o caso de Weyl

6mGM
50 = 20 4By Com 11
c?a(l — €?) Fo o (11)
N———
éeschw

ef=¢e Co<<1—>Co:j:&y, sendou:\/ii’y:%;
o [y = *V/1— €2, com 3y no intervalo [0, 1];

56 = Sbouny + 2%50. (12)

Ref.[CAPISTRANO, A. 2014]
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Precessao baseada no NNA para exoplanetas com

excentricidade maior que 0,1

Table 1 Relevant quantities for

the determination of perihelion Object a(AU) Mean eccentricity P (days)
precession for selected

exoplanets with eccentricities HD49674b 0.0580 +0.0033 0.29£0.15 4.9437 +0.0023
larger than 0.1 and smaller than HD88133b 0.0472 £0.0027 0.133£0.072 3.41587 £ 0.00059
0.:4. The orbital data were Gl436b 0.0280 0.1590 2644

extracted from (J6rdan and

Bakos 2008) and updated HD118203b 0.0703 £ 0.0041 0.309£0.014 6.13350 £ 0.0006
uncertainties of the planets HAT-P-2b 0.0690 0.5070 5.6330

HD49674b (Wright et al. 2007). gy 52600 0.0770 0.2960 6.8380

HD88133b (Butler et al. 2006),

HD118203b (Butler et al. 2006) X0-3b 0.0476 £ 0.0005 0.260£0.017 3.1915426 £ 0.00014

and XO-3b (Krull et al. 2008)

Ref.[CAPISTRANO, A; SEIDEL, P; NEVES, V. Astrophys Space Sci, 364, 47,
2019]



Capitulo 3

Precessao baseada no NNA para exoplanetas com

excentricidade maior que 0,1

Table 1 Relevant quantities for

the determination of perihelion Object a(AU) Mean eccentricity P (days)
precession for selected
exoplanets with eccentricities HD49674b 0.0580 + 0.0033 0.29 +0.15 4.9437 +0.0023
larger than 0.1 and smaller than HD88133b 0.0472 £0.0027 0.133 £0.072 3.41587 £ 0.00059
0.4. The orbital data were GI1436b 0.0280 0.1590 2.644
extracted from (J6rdan and
Bakos 2008) and updated HD118203b 020703 = 0.0041 0.309+0.014
uncertainties of the planets HAT-P-2b 0.0690 0.5070 5.6330
HD49674b (Wright et al. 2007),  ypy1g5060p 0.2960 [XEE)
HD88133b (Butler et al. 2006),
X0-3b 0.0476 + 0.0005 0.260 +0.017 3.1915426 + 0.00014

HD118203b (Butler et al. 2006)
and XO-3b (Krull et al. 2008)
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Precessao baseada no NNA para exoplanetas com

excentricidade maior que 0,1

Table 2 Comparison between the precession expected from standard century deg cy™! as shown by the relative difference A¢ in the fourth
parameterized post-newtonian (PPN) approximation 8¢, with the column. The last column shows the relative fy parameter for each ex-
nearly newtonian approximation (NNA) 8¢ in units of degrees per oplanet. The §¢scr data were obtained from Jérdan and Bakos (2008)

Object Ssch 3¢ A (%) Bo

HD49674b 1.576 1.57912 £ 0.00044 0.1979 0.00677 +0.01398
HD88133b 2958 2.95593 £ 0.00008 —0.0699 0.00031 £ 0.00067
GJ436b 2234 2.26056 1.1888 0.00063
HD118203b 1.231 1.23007 £ 0.0002 —0.0755 0.00867 £+ 0.00164
HAT-P-2b 1.836 1.86244 1.44 0.05695
HD185269b 1.046 1.05579 0.9359 0.00733

XO0-3b 3.886 3.88305 + 0.00062 —0.0759 0.00441 +0.00119




Capitulo 3

Precessao baseada no NNA para exoplanetas com

excentricidade maior que 0,1

Table 2 Comparison between the precession expected from standard century deg cy™! as shown by the relative difference A¢ in the fourth
parameterized post-newtonian (PPN) approximation 8¢, with the column. The last column shows the relative fy parameter for each ex-
nearly newtonian approximation (NNA) 8¢ in units of degrees per oplanet. The §¢scr data were obtained from Jérdan and Bakos (2008)

Object 56uch 5 Ap (%) fo

HD49674b 1576 1.57912 % 0.00044 0.1979 0.00677 4 0.01398
HD88133b 2.958 2.95593 4 0.00008 —0.0699 0.00031 % 0.00067
G1436b 2234 2.26056 1.1888 0.00063
HD118203b 1231 —0.0755 0.00867 +0.00164
HAT-P-2b 1.836 1.86244 144

HD185269b 1.046 0.9359 0.00733

XO0-3b 3.886

—0.0759 Il].l]()441 +0.001 l‘)l
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Fig. 1 Comparison between the calculated apsidal precession from
NNA method in logarithm scale, the f parameter and the eccentricity
for the first group studied with eccentricity larger than 0.1. As a refer-
ence, the value of apsidal precession of Mercury is represented by the
symbol ()
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Fig. 2 Comparison between the calculated apsidal precession versus
orbital period in days from comparing the NNA positive 8¢5 and neg-
ative d¢p— solutions to the expected value as indicated. As a reference,
the value of apsidal precession of Mercury is represented by the star
symbol



2 T T 4
3 GJ 436b E
3 151
=) 2
o -
k) .
c P
S .
2 ;
w .
3 .
g 'r . 1
o L
c .
° . e ppA{HD 1162035)
@ L nna neg(HD 118203b)
£ . = = nna pos(HD 116203b) = ppn (X0-30)
[ * PPN{HAT-P-2b) - - -nna neg(X0-3b)
o . / na neg(HAT-P-2b) - - - nna pos (XO-3b}
- A = = nna pos(HAT-P-2b)
L i L L . \
0,03 0,04 0,05 0,06 0,07 0,08 0,02 0,03 0,04

semi-major (AU)

Fig.3 The calculated apsidal precession (in units of deg cy ") in func-
tion of the semi-major (in units of AU) from comparing the NNA posi-
tive (pos) d¢. and negative (neg) §¢— solutions with the standard PPN
solution (bold solid lines in panels) for a set of exoplanets (Table 1) due

semi-major (AU)

to their high values of apsidal precession. In the left panel, we compare
the exoplanets HD118203b and HAT-P-2b. In the right panel, it shows
a comparison between XO-3B and GJ436b. In the latter, there is no
significant difference in the curves from PPN and NNA
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Anilises - tabela (1) e (2)

@ ¢ e [y sdo procionais;
® ¢ > 6ptere ~ 0,0119deg.cy™1;

o A¢p=DNop% = 100% < 2% e A¢ < 0 mostra como o
valor percentual excede os valores da RG.




Capitulo 3

Precessao do periastro de exoplanetas com excentricidades

pequenas e Orbitas circulares

Table 3 Relevant quantities for
the determination of the apsidal
precession of selected
exoplanets with eccentricities
smaller than 0.1. Particularly,
for the Kepler family the authors
(Macdonald et al. 2016) state
they cannot determine the exact
value for their eccentricity,
which is regarded as null in this
paper

Object ¥ (AU) (x107%) Mean eccentricity  (days)

WASP 12b 229+08 0.049 +0.0150 1.091423 = 0.000003
WASP 14b 37.0+£11 0.08307000% 2.24376507 + 4.6 x 1077
Kepler 80f 17.5£02 0 0.9867873 2 0.00000006
Kepler 80d 37.2+£05 0 3.072223 000008

Kepler 80e 49.1+07 0 4.644897 00000

Kepler 80b 648409 0 7.052467 00005

Kepler 80c 792+ 1.1 0 9.5235570 0008
TRAPPIST-1b 11114034 0.081 1.51087081 0.6 x 107°
TRAPPIST-lc 1521 £0.47 0.083 24218633 £0.17 x 1073
TRAPPIST-1d 2144708 0.070 4.049610 £ 0.63 x 10~
TRAPPIST-le 2817505 0.085 6.099615 +0.11 x 10~
TRAPPIST-1f 37111 0.063 9.206690 £ 0.15 x 10~
TRAPPIST-1g 451£14 0.061 1235294 £0.12 x 103

TRAPPIST-1h

+27
63773

0

+15
207}
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Precessao do periastro de exoplanetas com excentricidades

pequenas e Orbitas circulares

Table 4 Prediction of perihelion
precession 8¢ in units of
degrees per century degcy—
from the NNA approximation
for selected exoplanets with
eccentricities smaller than 0.1 as

compared with the perihelion
precession 8¢bs., from Einstein’s
standard result. The last column
shows the relative fy parameter
for each eccentricity

Object

Opsch

3¢

Fo

WASP 12b
WASP 14b
Kepler 80f
Kepler 80d
Kepler 80e
Kepler 80b
Kepler 80¢
TRAPPIST-1b
TRAPPIST-1c
TRAPPIST-1d
TRAPPIST-1e
TRAPPIST-1f
TRAPPIST-1g
TRAPPIST-1h

21.0038281 + 0.0000018
6.37353945 £ 0.0000061

16.5564890 = 0.0000208
2.47908685 + 0.0000000
1.24968191 £ 0.0000000
0.62185756 + 0.0000000
0.37723898 + 0.0000000
1.87140472 £+ 0.0000001
0.85187242 + 0.0000000
0.36133167 + 0.0000000
0.18296937 + 0.0000000
0.09198716 + 0.0000000
0.05626313 + 0.0000000
0.025772344

21.0038282 +0.0001728
6.3735395 £ 0.0010906

16.5564889 + 0.0000208
2.47908686 + 0.0000000
1.24968191 % 0.0000000
0.62185756 + 0.0000000
0.37723898 + 0.0000000
1.87140472 =+ 0.0000001
0.85187242 + 0.0000000
0.36133167 + 0.0000000
0.18296937 + 0.0000000
0.09198716 + 0.0000000
0.056263133 = 0.000000
0.025772343

0.0000058 =+ 0.000
0.0000473 + 0.000

0.0429053 + 0.000
0.0472946 + 0.000
0.0239511 + 0.000
0.0520117 £ 0.000
0.0157217 £ 0.000
0.0138206 =+ 0.000
0
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Fig.4 Comparison between the calculated apsidal precession from NNA method in logarithm scale, the o parameter and the eccentricity for the
group 2 with 14 exoplanets. As a reference, the value of apsidal precession of Mercury is represented by the symbol (%)



Capitulo 3

Precessao do periastro de exoplanetas com excentricidades

grandes

Table5 Relevant quantities for

determination the apsidal Object y (AU) Mean eccentricity T (days)

precession of selected ]

exoplanets with large HD66428b 3.18£0.19 0.465 £0.030 1973 £31

eccentricity HD37605b 0.261 £0.015 0.737£0.010 54.234£0.23
HD45350b 1.96+0.11 0.798 £0.053 967 £6.2
HD168443b 0.300 £0.017 0.5296 £ 0.0032 58.11055 £ 0.00086
HD187085b 2.26+0.13 0.75 £0.100 1147 £ 4
HD210277b 1.138 £ 0.066 0.476 £0.017 442.19 £0.50
HD222582b 1.347 £0.078 0.725 £0.012 572.38 £0.61
HD33283b 0.145 0.480 £ 0.050 18.1790 £ 0.0070
HD74156b 0.290 £0.017 0.6360 £ 0.0091 51.643 £0.011
HD117618b 0.176 £0.010 042x£0.17 25.827 £0.019
HD154857b 1.132 £0.069 0.510 £ 0.060 398.5+9.0
16CygBb 1.681 £0.097 0.681 £ 0.017 7985+ 1.0

HDI190228b 2.25+0.13 0.499 + 0.030 1146 £+ 16




Capitulo 3

Precessao do periastro de exoplanetas com excentricidades

grandes

Table 6 Prediction of perihelion precession d¢p in units of milli- the relative difference A¢ for the solutions 3¢ and 5¢', respec-
degrees per century mdegey ™' for selected exoplanets with large ec- tively. The values for the iy parameters are also shown. The values of
centricity. In the third and fifth columns, it is shown the values of A¢'T) (%) are the same as in Ag‘™) (%) with negative sign

Object S¢psch s+ AgH) (%) 8¢ Bo

HD66428b 0.08727 0.08726 0.0011 0.08726 0.04139+0.0119
HD37605b 48.5701 48.5704 %+ 0.0050 0.0006 48.5699 + 0.00503 0.19941 £ 0.015
HD45350b 0.6077 0.6078 £+ 0.00121 0.0031 0.6076 £ 0.00121 0.24439 + 0.103
HD168443b 33.1127 33.1128 £ 0.1605 0.0002 33.1127 +£0.1605 0.06673 =+ 0.001
HDI187085b 0.4019 0.4019 £ 0.00283 0.0032 0.4019 +0.00281 0.20928 + 0.155
HD210277b 1.0060 1.0060 £+ 0.00106 0.0007 1.0060 £ 0.00106 0.04515 £ 0.007
HD222582b 1.0596 1.0596 £ 0.00216 0.0024 1.0595 £ 0.00216 0.19029 + 0.018
HD33283b 236.224 236.2241 £ 0.2242 0.0001 236.2237 £0.2242 0.04657 + 0.021
HD74156b 53.2647 53.2649 & 0.06155 0.0003 53.2646 £0.06155 0.12626 & 0.009
HD117618b 113.410 113.4097 +0.1785 0.0001 113.4095 +£0.1785 0.02824 & 0.046
HD154857b 1.4218 1.4217 £ 0.00000 0.0007 1.4217 £ 0.000000 0.05819+0.030
16CygBb 0.5377 0.5377 £0.00154 0.0026 0.5377 +£0.00154 0.1574 £0.021

HD190228b 0.2327 0.2327 £ 0.00154 0.0013 0.2327 +£0.00154 0.05373 +0.014
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Fig. 5 Comparison between the calculated apsidal precession in logarithm scale, the f parameter and the eccentricity for the third group with 13
exoplanets for large eccentricities (¢ > 0.4). As a reference, the value of apsidal precession of Mercury is represented by the symbol ()
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Métrica de Zipoy

@ A métrica original usada por Zipoy é um elemento de linha
com simetria cilindrica e estdtica:

ds? — 2({ U)(dp —|-dZ ) 2 —2ad¢ —|-e20dt (13)

@ Em coordenadas esferoidal oblata:

p = a coshvcosf (14)

z = a senhvsenf. (15)

@ Fazendo x = senhv, y = senfl e r = ax um novo formato para
a métrica de Zipoy é encontrada.

Ref.[ZIPOY, D. 1966]



Capitulo 3

Métrica de Zipoy

@ As solugbes para o potencial Newtoniano podem ser escritas
como uma combinac3o linear de polindmios de Legendre de
ordem integral /.

Trés solucbes sao destacadas por Zipoy:

ds’> = —eX=[dr? + (r* + a)d6?]
— e %(r* + a*)cos*0d¢* + e dt* (16)

Ref.[ZIPOY, D. 1966]
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Métrica de Zipoy

Para | = 0:

@ Paral/=1:
12 2 2sen0 20520 > 5
£ = ( i )In re ot atsen _xeos <arctanf) + (1— farctanf) ;
2 r2 + a2 2 r a r
3
o= (1 — D arctan E) senf sendo ~y = —I;
a r a
@ Para/l=0el/=1:
a r a
o = —farctan — 4+~ (1 — — arctan 7> seno;
r a r
1 2 2 29 /]
& = =Xn rtatsenfy 28~ 5en93rctanE - arctanasen
2 r2 4 a2 r r

1 2 ’
_ 5fy2cos29 {(arctan?) + (1 — garctané) } sendo A =1 +52 —’72‘

Ref.[ZIPOY, D.-1966]
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Consideracoes:

@ Temos 3 = 7 sendo m a “massa” e a como “raio”;
@ Quando o — 0 a eq.(16) — ds® de Schw. isotrépico, pois r — oo;

@ Para r < ae v = 7 temos singularidades anéis.

Orbita circular

Figura: llustragso das coord. oblatas (v,#) com um hiperboldide e elipséide
centrado.

Ref.[CAPISTRANO, A; SEIDEL, P; CABRAL, L. Eur. Phys. J. C, 79, 730, 2019]
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Desvio do periélio - métrica de Zipoy /I =0e =0

e Tomando V-V = g,V ayB = _1, sendo v do‘ temos:
I‘2 B2+1 _2 ry2 —2 D\2 20(r) t\2
- =—— e=20() (V') —e (2 £ 2%) (v?)? +e27 () (vB)2 = —1.
r2 + a2 \ ” N—— N——

(&) @)

@ Quantidades conservadas envolvidas:

_ 200 dp\* _ L)
L= (r —|—a) - (dT T (r2 4 a2)2

dt dt\’ _
E— 20‘(r)7 ad _ E2 4o'(r).
€ dr - dr €
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Desvio do periélio - métrica de Zipoy /I =0e =0

@ Fazendo:

a(u) =(1+ azuz)ﬁ =1+ %% +... + O(u). (18)

e
C(u) = Ezefzg(”), sendo E2e 20()> 51, (19)
@ Obtemos:
du\? 5 3a°E? 4200 [ 38°E7
<d¢>> e quuz 1]*“” [e%(“)Lfl]

+ U2,

4 3a2E2 L (1+32U2,82)E2
eho(u) 2 eto(u) 2



Capitulo 3

Desvio do periélio - métrica de Zipoy /I =0e =0

e Sabemos que o(u) = —parctan(au), f =

m
—, U= e
a

r = ax = asenhv. Logo temos:
4Barctan (
e

e—4o(v) — asenhv) _ ABarctan(cschv)
@ Temos duas regides para considerar.

Regido o(v) — 0 (expansdo em torno da singularidade em anel)

Regido o(v — o0) (préxima a 6rbita circular)




Capitulo 3

740(v)4% e

728W)

Regido o(v) — 0 (e

—4o(v)

Regido o(v — o0) (e — 1)




Solucdo geral para o desvio do periélio de Zipoy para / =0

@ Surge da expansdo assintética de concordancia, somando as
equacgdes das duas regides e subtraindo o resultado da
equacdo de drbita sobreposta, quando 8 = 0.

—2ma’E? L4 28
0Paipoy) = — (3 T+ (14+e77)). (20)

@ Para B < 1, temos e 2™ ~ 1 — 2/37 logo:

—6ma’E?
5¢(zipoy) — T(l - 2577-) (21)

PRECESSOES RETROGRADAS INCLUIDAS!



Solucdo geral para o desvio do periélio de Zipoy para / =0
G

e Com base em E = — e 2= pup, comp=GM e

p="(1—€?) logo a eq.(21):
—37a°GM(1 — 2837)

0P (zipoy) = 2c23(1 — &)
GM 21\ 2
@ Sabemos que ? = (T) :

_ —6ma*(1 — 2fm)

0D 5 = 22
P(zipoy) 21— 2)T? (22)
Semelhante ao desvio obtido pela métrica de Schwarzschild,
247332
5¢(5chw) = m (23)



Capitulo 3

Teste do qui-quadrado (Software Gnuplot 5.2)

a. ~ —1.15806 x 10% (24)
x? = 0.0166 (25)

p > 0.95. (26)



Capitulo 3
Valor do desvio do periélio de Merclrio para Zipoy

2
66(zipoy)(Merc) = ~2.18131 x 107*%(1 - 6.283185) 5.

@ Sendo a, = —1.15806 x 10!, P = 87.969 [NASA Mercury
Fact Sheet] e 3 = 8.86038 x 107°:



Capitulo 3

Table 1 Comparison between the values for secular precession of Mer
cury in units of arcsec/century(” .y~ 'y of the standard (Einstein) perihe
lion precession Sy [26]and the Weyl conformastatic solution ey yg.

of arcsec/century. In the fourth column, some observational values of
perihelion precession are available. The first data point was adapted
from [61] by adding a supplementary precession calibrated with the
Ephemerides of the Planets and the Moon (EPM2011) [62,63]

e Sew eyt b Zipay LY. References

429781 43.105 42.9696 43098 £0.503 [61-63]

43.20 £ 086 [64]
4311 £0.22 [65]
4311 £0.22 [66]
4298 £0.09 [67]
4313 £0.14 [68]
4298 £0.04 [69.70]
4303 £0.00 [71]

4311 £0.45 [72.73]




Capitulo 3

Table 2 Comparison between the observational values d¢bp, for sec
ular precession in units of arcsec/century and the values from the stan
dard (Einstein) perihelion precession and the Zipoy solution S¢y,er
for selected asternid 1566 Icars and 2-Pallas

Ohject Saps ("o By Ty Y S (Tey ™D
1566 Icarus 10.05 10,0613 10.029
2 Pallas —133.534 —13352

@ 1566 lcarus: a, ~ —3.21987 x 10!!; 5 = 8.0222 x 1079;
x2 =0.00272 e p > 0.95.

e 2-Pallas: a, ~ —1.680 x 10'3; 3 = 8.0222 x 107%;
2 =1245.46 e p > 0.95.
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Conclusdes

Conclusoes

@ O modelo gravitacional e uma aproximacdo apropriada podem surtir em
solugdes fisicamente adequadadas para fins astrofisicos;

@ Tomamos os dados de 34 exoplanetas como laboratério para testar efeitos
relativisticos no movimento lento da RG respeitando o perfil ndo-linear da
teoria via NNA para o desvio do periastro. O aumento da precisdo auxilia
a notar perturbagdes relativisticas nos pardmetros orbitais planetérios.

@ O parametro By pode ser interessante para ser explorar e pode ser
possivel para encontrar novos fendmenos na astrofisica relativistica, por
fornecer uma lacuna interessante para hospedar novos efeitos.



Conclusdes

Conclusoes

@ Via o caso mais simples da métrica de Zipoy, relacionado com a solugdo
de monopdlo. Obtemos equacdes orbitais altamente n3o-lineares
mostrando pontos a favor do uso de tal métrica para fins astrofisicos.

@ A solugdo leva a érbitas elipticas, reproduz valor préximo para d¢ de
Mercdrio, possibilita o estudo voltado ao caso do cinturdo de asterdides.

@ Vimos que mesmo solugdes assintdticas ‘a solu¢do de Schwarzschild como
exemplo a métrica de Weyl e a de Zipoy ao perderem a covariincia
generalizada apresentam novos campos gravitacionais. Assim, podemos
estudar casos astrofisicos respeitando a fisica do problema, visto que ao
linearizar a RG estamos desprezando eventos que ocorrem no campo
n3o-linear.
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