General
Relativity
(sort of

Gravity Upwards
acceleration,
) . . no gravity. Falling c_Iue No gravity
Equivalence Principle: to gravity
+ Can't tell difference between gravity & acceleration
« ...or between freefall & no gravity.

» So any experiment should give same answer in either case.

“Weak” equivalence principle:
F=ma

Gravity = Curved space-time 7




The equivalence principle (plus a vigorous waving of one’s hands)
shows...
» Curved path of light in » Gravitational Redshift

gravitational field 1
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Equiv. Principle = photon frequency
unchanged in free-falling lab.

Why doesn’t the frequency meter see a
blueshift?

There must be a counteracting
Gravitational Redshift.

What curves into
where?
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low mass star

- General Relativity: Einstein described gravity X
— T as a warping of space-time around a massive i high mass
ohject. The stronger the gravity, the more neutron star

space-time is warped.
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Metrics

B\ p df? = dx? + dy?
2 2 : 2 g B "8y~ !
(d0)" =(rd@)” +(rsinfdg) ,
TN i

8y =8x=0

N

d¢ = invariant length

Metric coefficients g;;:

di* =Y gdxdx,

The set of all distances between
grids of points, along all different

coord. directions, specify shapes. N % This coord. system noeds
a more complicated metric,

e with cross-terms.

et Special Relativity

(ds)* = (cdn)? — (de)* = (cdt)* —[(dx)® + (dy)* + (d2)7]

* Proper time: Proper distance:
IfAL=0: &1’5g IfAt=0: AL =/ —(As)?
=
fds=0: cdl=dr ; %q 3 light!
dr
—=cC
dt
time- -
like -~
] cdt 7
+ Metric €=>» Lorentz transform sFl’i‘Ia(Ze'
[CO pg. 88; TW1 pg. 42] ‘
: P —ux/c
I'=—=————= [CO (46, 49)
v1—usfc

) X — ut
h— —

V1 —u“fc*




Some Metrics

ds* = Zg,.jdxidxj

Flat space-time (special rel. = no gravity):
(ds)* = (cdt)® = (d0)* = (cdt)? — (dx)* — (dy)* — (dz)*

Flat space-time, spherical coords:
(ds)* = (cdt)* — (dr)* = (rdf)* — (rsin@ do)?

Space filled by uniform matter distribution:

(ds)? = (cdt)® — R*(1) ( il

ay = \Cd - ) —
V1= ko?

Empty space around point source of matter: .

: SRS / TS 2
(ds)? =(<-aw1 = 2(;M,u-<-1) % (#) — (rdB)® — (rsinf do)?
V1—=2GM/rc?

Units, etc. -- to ¢ or not to ¢:

) + ( dB)* + (o sin 6 d(ﬁ):]

QM oM 1
dr? = I:l 2 di? — |:1 . ] dr? — r*d0 — r? sin? 0 do? ct>t
r r (Weinberg)
2
2 2MN , 2 d
de "= (l = T)d‘ ——;—M -r’dg’? ct 2t; GM/c* > M; leave out 6
[1 —TJ (Taylor & Wheeler)

Stolen from Weinberg,
“Gravitation & Cosmology”

Vague outline of General Relativity

Confusion Alarm!!!
- 9K = —8z2GT,, The R, used on this &
following slide are
NOT the Scale Factor!!

Einstein’s eqn: HM

Curvature  Mass-Energy

E = energy density

T, = stress-energy tensor E ? ;’y ;’. p = momentum flux
At each point in space: Py Pn Oy O S = stress
p} S,“ S,W S,VZ
pZ SZX SZ_V SZZ

K = Gaussian curvature
[CO eq. 29.103]

g,, = components of metric tensor

“stress” “stress”

according to according to
Google Hartle Fig.
images 22.3

R, = Ricci curvature tensor




. ., Stolen from Weinberg
. _ — "\l ’
Einstein's eqn: £, Iu K = =861 uv “Gravitation & Cosmology”
L or#, ar*. . )
Ricci tensor: R, = CERNES N o L o
! o~ dxt — A S T——— = “Affine connection”

Example: For spherical symmetry + orthogonal coordinates: or “Christoffel symbol®

de? = B(r)dt* — A@r) dr? — 2 (d0? + sin? 0 dp?)

Gy = =B() g = A1) gog =1 gyp = r?sin 0
Einstein’s eqn. in empty space:  R,, = 0
Non-zero AR (b"(r)) (_A'(r) L B0\ _ 1/
components of 2B(r) 4\ B(r) J\A(r)  B() r \ A(r)
Ricci tensor: i (_ a0) | BO) B
Where: 24(r) A(r) B(r) A(r)
"= d/dr R = gin?
" A2y op = SIN° ORg,
B o DDl (ﬁ'(r) A B _1(B()
24(r)  4\A(r) J\A(n B r\ A(r)
R, =0 forp # v
Schwarzschild’s solution (1916): Use constraints: At large r, must give Newtonian solution

in flat Special Rel. space-time.

2ME MG :
dr? = [] - “”(]rﬂz - [1 - U(:l dr? — 2 df — r?sin® 0 do?
r r

Stolen from Weinberg,

Schwarzschild’s solution (1916): “Gravitation & Cosmology”
P Tea! Ma]!
dr? = 1:1 - ‘M(il dt? — |:l — QU(‘] dr? — r2 df — r? sin? [)d(pz
r r
%_J

Blows up at r = 2MG

or in another equally good form:

p=3lr— MG+ (r? — 2MGr)/?)

i T 2
r = p(l + ‘g(')
p

1 — MG[2p)* M+
dn? = G200% e (1 L MOV 2 2 a0t s ot in? 0 de?
‘ (1 + MG/2p)? 2p (dp® + p= d0* + p* sin® 8 dp?)

%_J
Stays happy at r = 2MG 2 p = MG/2
But what happens with t?  Hmmm....
... and there are a bunch more.




