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The Schwarzschild spacetime metric

Karl Schwarzschild



(Same as Figure 3.4.) General relativity
6.2 e and the redshift of light from a sequ
?ps; imploding) stars that all have the sam
non-

ences.
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’s predictions for the curvature of
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€ mass but have different circumfer-
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R = Beading of Light h‘g the Sun

From  problem 1.2, the 6¢odeSlr_ eguation for the Photon
2 é; + F; PPP"—‘- (v~p) o, where =G5 = 4-momentum
of photon = tangent vecior 1o wodd line o€ photon. TITn

wea k. gravitational field | the photon moves along this geedesic,
4 slight deflection From the world line Xk \é:b,z:o.
To ewluate %P‘% 5 we need the connection ceefficients

for  he wmetric

dsr= — (1= 23 d+* + O+ 3'—':1) (dx‘ﬂ-da’-ﬂ-diﬁ r= (x2+32+z‘2)"2
dpg _
s r‘o(ﬁ PP

=R 2 PP+?T’mP ER AR
(since  pdas e 03
To evaluate +he connecdion coefficients, we aote that
- 1M
=% (2x)caM (x* +5’~+73~) oo 2

ooy x =Fww;x = Sepx T

—am
éo:,a:%xx,za=gaa\a: 3
and
r',i,: ?lz: nnu(éuc)o * Juo,o "goo)uv = t (_goo)lé):

o=2*7‘)o:33‘4,a =5

=

= L. =
r);a"— > (%3‘10+52°)x ’_%’“’)%3—0

M

Y = =
l_'“ = ﬁ(s‘zi,x +Gxgix _3’“‘!93 = T‘ﬁ—
recalling i, in linearized heory indices oare raised ond
with the Minkowski mekric. The geadesic epuation
+herefore  yields
dpd 23_ (Po?) PPt r’ﬁ( 'PXPKB:

lowered

=% (P"%’*’P’*P‘)

= PP (sice PPz P0
L SN
= 2ol (e p= 2= 20 ()= 3 G )= 5%)

—2Mb

d: \ 4
gma P*T.%f (a??my;‘ma{'mg 3‘—)) ‘?—%rou.ghouf) |/

3.6 - cont.
Since  +he photon's path must be a null geodesic
|ape lpal << PR Pt this Implies  that

, Prp=o.

PP = 300 P°P° + G PP =0

= @r(+F)= (@ 0=

1= 4/

|+ 2Mp~
= pe\ =il

T2
The minimum value of © is b <o approwrating o ficst orderin ‘T’;‘
| gives a mawmum  deviation (,xgmma le of
18 pr= P o (1= = o (i+ />
“As shasn in_problerm 18:7, Po=constant of motion
| = pe = 1Pp, = Constant of motion (Lindices roised with Nuw
Lin. linearized *B»eorax. Thus F":(_’anﬁf.(l-f—ocm/b)), For-
[ e bending o€ light by *he sun, b>Ry = 'E—4<l>so

The allows 4 solution for  pd(x=+4m) *
e :
%— =% ?%1’%‘7’" Px%%f = dpa= —auk p* () Rar M
= S;b,d?!, = —ambpX. 2 f: e+ 2 dy s

I o i 2 3 T o oo
_ Py(ke=e0) = pylt==o) = = 4Mbpy C\lalﬁ?:;t\o
e i Sl o NS RO

For p# (x=—o) =0

- Theitq PM;&&&&[&Q&&L# Qn angle © as shown tnthe
{3 igure  wheee SO O ——l P*l

LN ,4}@_45@[\,&\:105&3*";3" =

| LY |0§,:,,‘

RIS RN N 5

= 3.5%0° (‘B@S radians = |-25,;;(;%9'3 ;

p* can—be treated as essenﬂa.”g Constant over the proton's path.
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From  problem  16.0.; the 8¢odesw_ epuation for the Photo
s %L__*_p:b’ AK’CV p) O, whece P= —gj_l-amo:w
of proton = tangent vector 1o u>or1cf line. o€ photern. Tn
a  weak gmui{aiiono\ @l‘ﬁu)‘kkc photon moves along H\)s,gcadc’Si
6 slight dellection trom the world line x=t \é:b,z:o.

To ewluate %E% 5 we need +the connection ceefficients

for  he ymetric %
dst= —(1—238) g 4 (14 22 (dxi\f—da?—-\-dz?) r= (x2+y>+

)
A PpF -(PoP B "‘g*rimP "“—:c‘axF’xP’s
(since P B O) ,

To evaluate +he connec tion
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Boosx =G x = Sepx T o P (2 « M

__The phroton is. &aﬂed:e&J;#an anale_ © _as shown tnthe
ae igure  Whee SINQ&O= le pE
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1. M % 105 em\

Pa 4M Pa MO\ & i SN
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Ricardo Giacconi —
Lead scientist of
Uhuru, winner of 2002
Nobel Prize in Physics

Uhuru satellite, first X-ray telescope




Nested “mirrors’” of Chandra
X-ray telescope

Uhuru satellite, first X-ray telescope

CHANDRA X-RAY TELESCOPE
Grease coating a filter in front of the ACIS camera is blocking out almost half the light at low energies

|SOLAR ARRAY ISUNSHADE

ADVANCED (CD IMAGING HIGH-RESOLUTION
ISPECTROMETER (ACIS) MIRROR ASSEMBLY
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April 4

April 14

April 19

April 24

See Thorne Fig 8.3
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Silverman & Filippenko 2008, confirmation of 33 & 3 Mg black
hole 1n a nearby galaxy (IC 10),
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Orosz et al. 2009, LMC X-1, Mgy = 10.9 = 1.4 Mg
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Orosz et al. 2007, a 15.7My BH
In nearby galaxy M33, eclipsed
by its 70 My companion
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X-ray iron lines of four stellar mass black holes

From Miller 2007, ARAA



Narayan & McClintock 2008: Minimum X-ray luminosities of
X-ray binaries are much higher for neutron stars than for black
holes. Suggests the former have a surface, the latter do not.




