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« Modifying Newton'’s theory of gravity

v Based on the new understanding of space and time in special
relativity, all known physical theories have to be modified to be
consistent with It.

v Problems in Newtonian gravity: o— ‘_‘

- Action-at-a distance: causality violation
- Violating the principle of relativity under Lorentz transformations
- Mercury's precession: not a closed elliptic orbit




v' Scalar gravity theory: Nordstroem (1914)

M M
13(; =mg w/ g= —\7¢ ¢: Gravitational potential ‘ A = —G?
Fro— Gm.}[
Mass distribution 2
2 02 9? ~ o
p(%,t) » (()J-Q + 92 — (').:2> o(T,t) =47Gp(T,t)

- Space and Time are not in equalfooting
¢: Scalar, p = Tyy: Not a scalar quantity

|
02 1 2 2 2 oy
| (-) I (_) (._) (_) J —l/l (T _ u
- ————4—+——+——o=—T W T=T
(; 20t2 'V 0xr  Oy? 027 2 z
\ (e

- Satisfies the principle of relativity (e.g., covariant form) and the
causality

- In failure though: Not in agreement with observation (e.g.,
negative shift in Mercury's precession)
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space »

(Figure credit: http://plato.stanford.edu/entries/spacetime—singularities/lightcone.html)

- Philosophy: Gravitational interaction follows the principle of relativity, but the spacetime itself

being intact

- The spacetime is still a rigid background, namely, the special relativistic ST (Minkowski metric)


http://plato.stanford.edu/entries/spacetime-singularities/lightcone.html
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a2 =X: Schutz
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~0.84x1071°
Credit: NASA - . ( : ) )
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v rg*cﬁ 7|‘§,|' %ﬁ%ﬂ' A<;|'>|7—||'(The happiest thought of my life).

"HIES Sof= AlFE oF SfAf0) GHOof A b =< oF 440 =5t

L

Lf: ‘2ret oF AFE O] AfpSorord Q2 d= 1 A9 PAl= /A

=& ZIO/LL" "1 was sitting in a chair in the patent office at Bern, when all of a sudden

a thought occurred to me: ‘If a person falls freely, he will not feel his own weight.””

- 19074 11€ o=t



Equivalence principle (1907):

mya =F

FG"’mG]VIG/T”2

With gravity

(Figure credit: Hartle)

mlsz

Inertial mass = Gravitational mass

Without gravity

Question: @& SHZ StO|Al FHO|UW2|HAIRY
o) ' "8 =2 £ ngﬁf? (Does a freely
falling person feel the gravity?)

Ex) mra=mgqg W d=g

Motions are independent of masses: m; = mg

A steel ball and a feather will fall in the same
way provided that they had same initial
velocities.

AT 37|0| 0| ABste AT 1Y
BEE NS0 37 o0 Yy v
Sotadte A(RER 1) 7E 2
frame with gravity is equivalent to a frame
without gravity but being accelerated in the
opposite direction.)

A freely falling person on the left corresponds
to the ball at rest on the right. =& ..wouldn't
feel his weight (gravity)!!




()

2 =X: Hartle



rocket frame

gravitational field

« The path of a light is bent in
the presence of gravity ....11???

a2 =X: Hartle



Light path bends...?

Light does not have mass, and so wouldn't

be attracted by gravity......

Then... the space itself is curved?
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- Flat ST =» Curved ST
ds? = —dt? + dx? + dyz + dz? Nuw — guv(x)

= 1y AP da” ds? = gyydxtdx®

- How does gravity work in this curved ST?

3 EX: http://plato.stanford.edu/entries/spacetime-singularities/lightcone.html



(Credit: ESA-C.Carreau)
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> "EX|M(Geodesic) 2" u-Vu=0

Ex) #(0)~0,-g.:(r) # 0 : Moves toward ...
070 = 23 At0|e] &5 " 2 69
x7tEoz XD AU Ul
OfL|H.. A& S8 "2

20 %I S2tof 2ot 22 UBHO| |.277?
“Gravitation” is NOT a force, but simply a
natural motion (Geodesic or free-fall
motion) in a curved spacetime.

J. Wheeler: “Matter tells how to curve, and

ST tells how to move.”



x
v “Free motion (freely falling) in a curved spacetime:

Ex) A spherically symmetric mass:  j¢2 — _4¢2 + gx2 + dy? + dz?

G () = —dt® +dr? +r*d6* + r?sin 6° d¢p*

ds? = gee(r)dt? + gy (r)dr? + oo (r)(d6? + sin6° dg?)

A test mass at rest: uk(t = 0) = ddi: = (£,7,0,¢) = (150,0,0) 2> uH(r) =7

Free motion: a motion in a curved ST without external forces/influences = “Inertial motion” =

Geodesic motion in a curved ST, i.e, u-Vu=0

Note: u#gT“Z = ddL:ZT“Z - ddL: - %(%) - d::;
- u-Vu =utv,u%* = ut M+F“u" =d2xa+I‘“u“uV= = 7 = —I" utuV
u oxh TRV arz TR w

. 1 1 :
Att=0, #=—-Tf{uu"+0)=— ng(atgtr + 0ty — 0 ger) Wh)? = Egrrargtttz

2> #(0)~0d,g:+(r) #0 Moves toward the center!!

“A curved spacetime can make an object move” = “Gravity” is a bending of spacetime itself (?)



Gravity as a “Curved spacetime”

‘A new theory of gravity”
=> "A theory describing interactions
between matter and spacetime”
W12 - ~1912

f \ ds® = —dt* + dx* + dy? + dz* = n,,,dx*dx” : FLAT SPACETIME
Spacetime+Matter

.

2% + dz*
/ ds? = g,,(x)dxtdx" = Z v (¥)dx#dx : CURVED ST OR DYNAMICAL ST
U,V
" = g, (x)dt? + 29, dtdx + g, dx? + - + dz?

“Metric tensor”:  g,,(x) How should it be determined?



. B2 ZYFAL x

- Equation(s) determining the metric tensor, gqz(x), Tos () © Gap(®)

for a given mass distribution
V2¢ = 4mGp(X, t) : Any hint?

p~Too = Taﬁuauﬂ

ST curvature: Mass—distribution: “Energy—momentum-—
stress tensor”

“Curvature tensor”

- Newton’s gravity equation:

9 Energy Momentum
(. ! )05,3 ~ a,B . Too Tor\ density flux
af — \T. T:. ] —
l l Momentum
Flux Stress tensor
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.’ Nt v’ Geodesic deviation Eq.:
’ _ ;‘ | 7(L1 57 Ey o _J“f,.f + Y
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‘s = -0 %

’ Rgs = Rpas” : Ricci curvature tensor

Rﬁ y UE . {)Ja@ V*% = 4Tk T"*’
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v' Other gravitational dynamics or theories of gravity?:

1
I = jdx4\/fg [167TGR + Lnatter + |

ale + azRaﬁRaﬁ + a3R3 +

v Well-posed initial value formulation?:
- YES = 3+1 formulation (See the lecture by & & &t






Credit: M. Koppitz

< (Credif ESASCCarrealy

>

Andromeda M31 (~67 kpc, NASA/JPL-Caltech) Visible Universe (~8.6 Gpc, http://www.atlasoftheuniverse.com/universe.html)




1
Ra[)’ — EgaﬁR = 87TGTa[g

=

|E2 3= (Metric ansatz): &3 A HEE £ 9
SfA A|ZHOf| [f2f HHSEA] RED(CEE HEli) FLiES
dhoishs AZEAS Of2fel 20| 2EE + S

—

F

2 = —f(r)dt? + h(r)dr? + r?(d6? + sin*0de?)

- 2R @r >R TS D> Tp=0

O

- WER@r <Ry 2™ 78 78 D> Tup = pugug + P(gap + uatip)
p=pr): BEEE, P=P@): &, u*=({760,¢) = (u',0,0,0): 4-velocity of fluid
Note: —1 = u-u = ggguuf = —futut+0 > u* = (1/,/f(r),0,0,0)

- TBY BRiTyp=0 3 0=9% (Rup—30apR) =R—3-4'R=—R > Ryp =0



2|5 ol (Exterior solutions):

Raﬁ=0

R, [—rhf' + f(=rf'h' + 2hQ2f" +71f")] = 0

~ ar fh2

Rir = o [F(4f + R + Th(f"

—~2ff")] =0

1 / ;
Ryp = (p(p/sm e [-rhf’' + f(=2h + 2h* +Th")] =0

3| f=1-<=h"

c: oo A

(=] A
—|T'__é|-_l_

. #49XAYUE BIEZ: 1916
2MN . dr? ‘ ‘ .
d52 = — (]_ — T) dt2 + T’iﬂ[/r -+ 'r2d92 + T'2 Sin2 0(1(:)2

Karl Schwarzschild (1873~1916)




v B8 L E Sl (Interior solutions):

f=e?®™ and h=(1-2m@)/r)"t 2 LtEtLHH

2

dr
ds? = —e?Pdt? + + 1r2(d6? + sin?0d¢?
o S il 1-2m/r ( %)

few % electron Fermi gas

inner core 0-3 km
quark gluon plasma? 1

Rup — E‘g“ﬁR = 8nGT,p = 87TG[puauﬁ + P(gaﬁ + uauﬂ)]

- TOV (Tolman-Oppenheimer-Volkoff) 284l 1934, 1939 w/ G=1=c

dm 2 r 2 4.
o Anr<p = m(r) =4n fo p(r"r'“dr Note: m(r=R)=M=C/2
dp m+4mrspP m

7Sk “O| 24~ Il-.g.u

= m e SHEL O Zet Y
dr r(r — 2m) € 2 ‘ = &7 o = =

P(r+dr
dP _ _ AP om N
7= (P +P) r(r — 2m) € —— . Balance eq.

P =P(p) : EOS (&EfEEAN EEEE! §=_G(p+P/c2)M =5 g om

r(r-26m/c?)




v A class of solutions parameterized by the central density:

D
‘“.50_unstoble :
unstable
1O neutron stars white
dwarfs
®
=
=
05
Pe
6 A
1 | | | L | | |
0 10 20 30 40
log,oR (km)
8 10 12 14 16
Radius (km)
Chorsh BRI AlO] TR o o

Lattimer & Prakash

- The maximum mass exists for a given R, for instance, M < 4R/9 for
constant density stars!



Relative Sizes of The
Earth, Jupiter, and Sun

The Sun - -

Jupiter
»n %
-
12,756 km 142,800 km

P - B .
Jupiter's diameter is

- N 1,392,000 km
11.2t the d t e
Imes "he dlameter The Sun's diameter is 9.7 times
of the Earth. . .
the diameter of Jupiter.

http://www.enchantedlearning.com/subjects
/astronomy/sun/sunsize.shtml

Al 2k
1 n E
L& & (Compactness)” ~ ﬂ;l
X .1\&=4.4x10_6km~ _9
Bx) Xl Rg 6.4%X103 km 10 LE =340 = 1D
wE SH2E RO E 37 S2[X|
. Mg _ 15km -
BN 22 = Txrorim ~107°
o8} Mg _ 10''Mg ~1011km~10_6
= " Rg 30~50kpc 1017 km ?EIIEI_}AOI-EH 203 EI-_?_O-I OI: '6I;I|--
= M . Mns - 1.4 Mg - - -
&SN R ™ Toetno e ~ (017001 > RE FHOME E7H5T MY
EaE: BT =05 M M
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« Numerical calculations for geodesics:

- Schwarzschild BH: Bf2t= HFXF & GK ('13)
- Kerr BH: 0|52 & GK ('14)

v" Bound motions v" Precessions

806

660 [

48 [

20




v' Strength of gravities:

T T T T

Il =20, =7.0399,7 = 10

Kerr (green)
B Schwarzschild (red)
Newtonian (blue)




v Dragging effect in rotating BH:




FH(AIZES] AIE), =010l SHE, JFS T =
= —dt? + a(t)?*(dx? + dy? + dz?)

Nl

ds

Dark Energ
Accelerated Expansio

Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. / Galaxies, Plane

R = ar

>

0B

€

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

t=0 €« A2t > ¢t

Credit courtesy: NASA/WMAP Science Team



o

(Wormhole):

-

Morris & Thorne: 1988

dr?

2 _ _ ,20(r) 442
ds e dt- + sy

+ r2(d0? + sin?0d¢?)

ENTRANCE TOWORMHOLE EXITOF WORMHOLE

.| OURUNIVERSE

“Exotic matter” 217

Credit: Les Bossinas (1998)
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Credit: Lwp Kommunikacio

Stephen Hawking (2009/06/28): “What a shame. | was hoping
a future Miss Universe was going to step through the door.”



v Question & Answer:



BACK-UP SLIDES





https://en.wikipedia.org/wiki/Image:Solar_sys8.jpg

Mars, left, and
the Milky Way
are visible in
the clear night
sky as
photographed
near
Salgotarjan,
some 110 kms
northeast of
Budapest,
Hungary, Aug.
03, 2018.
(MTVA - Media
Service Support
and Asset
Management
Fund)




Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

-
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q‘ pe

Quantum
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

Credit courtesy: NASA/WMAP Science Team




- X7 | ot 22l (Credit: LIGO/SXS/R.Hurt and T. Pyle)







(Credit: LIGO/SXS/R.Hurt and T. Pyle)



