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THE DARKA_V of the Universe

Astronomers are trying to fill in
the blank pages in our photo album
of the infant universe

The Dark Side of the .. "
Universe
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http://demonstrations.wolfram.com/KeplerianOrbitalElements/
http://demonstrations.wolfram.com/KeplersThirdLaw/
http://galileoandeinstein.physics.virginia.edu/more_stuff/flashlets/kepler6.htm
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Isaac Newton Albert Einstein
(1642-1727) (1879-1955)
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http://www.astrozero.co.uk/astroscience/documents/NewtonHalleyandUranus-NickKollerstrom.pdf
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Stars and galaxies are far beyond our reach, how do we
get the information and do some researches of them?

* The closest neighbor of our sun, & Centauri in
Proxima is 4.3 light-years away
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Isaac Newton Albert Einstein
(1642-1727) (1879-1955)
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Carl Friedrich Gauss (1777— Bernhard Riemann (1826—
1855) was one of the founders 1866), a proteg'e of Gauss,
of non-Euclidean geometry, = was a great mathematician in
sometimes described as the his own right and the founder
‘prince of geometers’. of Riemannian geometry.
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“matter tells spacetime how to curve, and curved space tells matter how to move”
J.A. Wheeler




Albert Einstein
(1879-1955)

19164F, Schwarzschild a‘ifézr
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For Freshmen

 Einstein:
~ We're NOT in a special place.

The universe looks the same from everywhere and in all
directions (Cosmological Principle).

“FEREARERENEISIGIIE EELE”

Einstein was not an astronomer, so he
sought astronomical advice before
attempting to apply general relativity on
the cosmic scale.

Actually, little was known about the large-
scale structure of the Universe at the time,
so Einstein was led to formulate a static
model, nether expanding nor contracting,
that is now known to disagree with

obsewatlonal evidence.
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For Freshmen

o XTARG| A FHILAE (Schwarzschild metric )

 one of vacuum solutions, the first and arguably the most
Important non-trivial solution of the Einstein field
equations.

Schwarzschild had been a university professor and
Director of the Potsdam Observatory outside
Berlin but joined the German army at the outbreak
of the First World War and was serving on the
Eastern front when he made his discovery.




ZR B 25

vA A~3% 89 Schwarzschild Z#LA 15

ds* =(1- 2GM)C it — L 7> (d6” —sin” Od¢*)
: (1- 2GM Roger Penrose

ret (b1931)

“Schwarzschild £ 25 2R LR
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\

'? a7 5B R F¥ (Cosmic censorship hypothesis) \

A singularity that is not inside a black hole (not
surrounded by an event horizon), and therefore can be
seen by someone outside it.
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Stretching of time

® Clock in gravitational field go
slower

Clocks in space go faster than on

L TR _E 6447 Fa b @ 64 4F,

Fb o — R, ke Es

APPLYING PHYSICS 26.1 | Faster Clocks in a “Mile-High City”

Atomic clocks are extremely accurate; in fact, an error of
1 s in 3 million years is typical. This error can be described
as about one part in 10'. On the other hand, the atomic
clock in Boulder, Colorado, i1s often 15 ns faster than the
atomic clock in Washington, D.C., after only one day. This
error is about one part in 6 X 10'2, which is about 17 times
larger than the typical error. If atomic clocks are so accu-
rate, why does a clock in Boulder not remain synchronous
with one in Washington, D.C.?

ground

« GPS satellites: extremely accurate
clocks

« Easily measure gravitational tl
dilation

FRAS AT P2

T AR, AR

EXPLANATION According to the general theory of
relativity, the passage of time depends on gravity: clocks
run more slowly in strong gravitational fields. Washing-
ton, D.C., is at an elevation very close to sea level, whereas
Boulder is about a mile higher in altitude, so the gravita-
tional field at Boulder is weaker than at Washington, D.C.
As a result, an atomic clock runs more rapidly in Boulder
than in Washington, D.C. (This effect has been verified by

experiment.) M



» velocity of GPS

satellites, onboard

clocks run about

seven microseconds

slower per day than

ground clocks. (Zh4%¥

L) * a correction factor must be
calculated that effectively turns
back onboard clocks by 38
microseconds per day to yield
accurate GPS data

» The weaker gravitational pull on
the satellites adds another relativistic

effect, making clocks run 45
microseconds fa;terpel.‘day ( 3]
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CLOSING IN ON THE GIANT 1992

1 ]
1 1
. 10 light days .
Until recently, observations of the motions of stars near the Milky Way's center have

been the closest that astronomers have come to observing the event horizon of the black
hole Sgr A*. The stars’ orbits (dashed lines) reveal that they are in the thrall of a very .

compact object with a mass of 4.5 million suns. Colored dots mark the stars’ positions
each year from 199510 2008™" The background is a 2008 infrared image of the stars (and
others). The star S0-16 comes closest to Sgr A*—within seven light-hours—but even that .

distance remains 600 times larger than the event horizon's radius.

Annual positions
of stars orbiting
Sgr A* (1995-2008)
v SO-1
B ® ® S0-2
[ ® S0-4
© SO-5
® S0-16
. ® 50-19
@ S0-20

| |
200 milliarcseconds
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For Freshmen

* Before Enter BH
Undergoes the tidal force,
o Pain!!!

| sasana zaxs

Pass through (tunneling effect

: =
of quantum mechanics) 23

Interstellar travel or Time travel
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The.Universe.S02E02.Cosmic.Holes




Seeing Holes

e (Can’t see black hole
Itself, but can see matter
falling into a hole.

 Gravitational forces
stretch and rip matter:
heats up.

 \ery hot objects emit in
X-rays (interior of Sun)

« Cygnus X-1.

http://www.owlnet.rice.edu/~spac250/steve/ident.html



CHANDRA X-RAY
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Fig. 83. Top: The warped space around a nonspinning black hole as sean from the bulk, and two light rays
that travel through the warped space from a star to the camera. Botfomn: The gravitationally lensed pattern of

stars that is seen by the camera. [From = simulalion by Alain Rigzuslo, Ge @ fim ciip of bis simwalion, see
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( Advance of the Perihelion of Mercury )
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General relativity predicts an additional 43 seconds of arc and was one of
the first triumphs of Einstein's theory.




Orbital motion in Schwarzschild spacetime

* The shape of an orbit in the 8 = z/2 plane of Schwarzschild
spacetime is described by expressing r as a function of ¢.

E 2GM \ dt J do
— = (1- . Z —p?gint 0=
dr m dr

dr\*  J? 2GM\ 2GM
— + —— 1] — — — =c
dr m2r? 2y r

* adifferential equation relating r to .

need to convert that into a tractable relation between r and
¢, and then investigate its solution

dT:dgbdr dr  J dr
dr  dr do¢ dr  r2mdo’
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* apply a standard ‘trick’ of orbital analysis by introducing
the reciprocal variable u = 1/r, and rewrite this equation as

Orbital shape equation * Newtonian mechanics
d?u GMm? 3GMu? d*u GMm?

@it T a az TR




« the radial motion equation

dr\*  J? 0GMY\ 2GM L, |/ E \°
R =2 (=) -1
dr m2r2 cir r mc?

rewrite « ‘effective potential’ and the symbol V.

ENT |1\ LR () 2GMY  GM
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« The quantity on the left is not an energy, but for a particle of given
mass it is determined by the orbital energy.

« The expression on the right consists of a ‘kinetic’ term (proportional to
(dr/d7)?) added to a sum of terms that depend only on r for given
values of J and m.




« the radial motion equation

o QGM)

a very similar equation arises in Newtonian orbital analysis

2
ENeWton _ 1 g 4 VNewton
m 2 \ dt eft ’
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Newton __
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Schwarzschild case the behaviour at Ve J? ( | 2G M ) GM
small values of r is quite different. ot = om2r2 \" " 2y )
Indeed, for sufficiently small values of —
J there is no barrier at all. yNewton _ _J ? GM
i eff 2122 ro
0-04r relativistic 0 1 the Newtonian case the
- Newtonian angylar momentum magnitude J
0.02k is the source of an infinite
- ‘effective potential barrier’ that
5 I prevents particles with non-zero
0 angular momentum magnitude
- from reaching r = 0.
—0.02f —
i | | | ] | | | | | | ] | | | ] | | ]
0 10 20 30 40
r/M

Effective potentials for orbital motion with fixed angular
momentum magnitude J in Newtonian gravity and GR



The difference between the Newtonian and Schwarzschild effective
potentials comes from the extra term —GMJ?/m?c?r3 in the
Schwarzschild case.

One of its effects is to cause the orbits of particles to rotate in the 6 =
7/2 plane. This effect is negligible at large values of r but significant
for small values, preventing elliptical orbits from closing and causing
them to follow the kind of rosette pattern
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“matter tells spacetime how to curve, and curved space tells matter how to move”
J.A. Wheeler
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Orbits of objects
near black hole

F=43% . & http://demonstrations.wolfram.com/ Orbits
around Schwarzschild Black Holes



KerrOrbitProject.nb
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The geodesic equations

o P, HERLEEMEZEGRAERZR.
o IRARKE, KEFA2a9ARBE IR,

o # —f& L geodesics in Riemannian space

between two points

between two points

K
72‘)'1«%’7 —

* Intuitively, a geodesic is a
line that is ‘as straight as
possible’ on a curved
surface.




The geodesic equations

d?zH , da” da”
—= 2TV = 0,

« Alsan affine parameter that varies along the geodesic. (the
proper time z for a massive particle moving along a time-
like geodesic; for a null geodesic since dz = ds/c = 0)

I, are the connection coefficients

8gpl/ ag,t,p ag,t,l/
=g S G e

oxY oxP



the non-zero connection coefficients
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d2 .t da? daf
[
or T2t o

=0,

the geodesic equations for four coordinate functions
X0 =t(A), xt =r(1), x2 = 6(1), x3 = ¢(1)

d?t N 2GM dr dt
d\2 = 292 (1 — QTGZTM) dA dA

d2fr+GM L 2GM Y (dt\* GM dr\ 2
dy2 ' 2 2y d\ 2r2 (1 — 2500 \ d)

2G' M do do
_r(l— (;27') (ﬁ) + sin Q(d))} 0,

= 0,

A2 2 dr do der\
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2GM

dr dt

dA?

d?r

dx?

GM 2GM\ [/ dt\?>
t— =) 5] ==
1 c2r dA c2r2 (

0,

GM

the geodesic equations are
the general relativistic
analogues of Newton’s
second law of motion.

ey
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2dr do
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2
—sinf cos @ (jf) =0,

2(:086’@(1_@ _0
sinf d\dx
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8 Ry

Given the initial location of a particle in Schwarzschild
spacetime and the initial values of the four components of
Its tangent vector t* = dx*/dA, these four coupled, second-
order, ordinary differential equations can be solved
(numerically if not analytically) to determine the unique
world-line of the particle.

« Lagrangian approach




Shortest distance between two points [the calcutus of variations |

* In an n-dimensional Riemannian space,

J 4 R AL (L is zero.)
Y
dx* da?
FINF = (;quam) :

‘ug
oL = / Fdu
u

Jup

Z—

m

yr We want to find gl
minimum value of L(P, Q)
curve (x!(u), x2(1 0L =

and Q that gives
L(P, Q), i.c. the shortest distance
between the two points. —

N * Suchacurve woul  gjnce this is true for arbitrary variation dz"",

e a straight line, an 4 oF OF
2 position eodesic — - =0 =0,1,2,3
g ° du 8 (drcf??“n) (9:);'7"' ? (m b B} )

% 4 ¢ Euler-Lagrange equations




yl\
minimum value of L(P, Q)

) 2 4 A (BL is zero.)
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dat da?
F= ;i —— ——
(Z i du du

1.]

e Lagrangian approach (5 & F R —4#)

the equations governing the geodesics in a spacetime can be
derived from the energy integral given by the Lagrangian

dx™ dxV
dr dhi

2L = —gu0

For Schwarzschild the Lagrangian is (here inunitsc =G =1)

1 2M\ . -2 . .
L==|(1-22) 2 — 207 2sin20 ¢
2 I —2M/r

a dot denotes differentiation with respect to A.

) l,/';’



1 —2M/r

1 2MY | -2 : :
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0L ([ 2MY
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ar r
JoL 24 ;

Po = ———— =T H=T+V, T=2 v=v(g
00 L:TjV. ? q
0L 25in% 6 ¢

= —— =7 :

Hamiltonian is

H = pit — (pri + pot) + ppd) — L = L.


http://en.wikipedia.org/wiki/Hamiltonian_mechanics
http://en.wikipedia.org/wiki/Lagrangian

2

P
-2 c > s H=T4+V, T=—. V=V )
o l |:(1 2M) i2 v _r292_r25inh6¢{| 3 2 . (g)
L=T-V.

H = pii— (pF + ped + ppp) — L = L.

The equality of the Hamiltonian and the Lagrangian signifies
that there is no potential energy, as is evident from the
definition of the energy integral.

* This fact indicates that both are constant

70— £ —const 1 for time-like ge_odesms
=0 for null geodesics

(space-like geodesics are notcovered)

* Integrals of motion follow from the equations

dpf_aoc_o
dr ot
dpy oL

=0
dr 0


http://en.wikipedia.org/wiki/Hamiltonian_mechanics
http://en.wikipedia.org/wiki/Lagrangian

Thus
( ZM) dt
pr=|1——) — = E = const
r dt
!
p¢—r sin? QQ_L_const
dt .\
from the equation of motion po =5 = r* 0
d
dpo _ _(r29) _ 9L = (r*sinf cos 0) ( ¢)
dt dt 90 dt

when we assign 8 = #/2 , it follows that d@ /d4 = 0, d?0 /d4? = 0,
& will remain constant at the assigned value.

» the geodesic is described in invariant plane 4

— L = const .
Po dt
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 the motion in Schwarzschild spacetime

« Choosing the parameter 4 to be an affine parameter ensures
that as the tangent vector Is transported along the geodesic,
It not only remains self-parallel but also has a constant
magnitude (more properly called a norm in this context).

{1,““* daz”
E Jﬁw — constant,
dA

+ will be zero in the case of a nuII geodesic.

* For massive particle, choose the proper time 7 (as
measured by a clock falling with the particle) as the
parameter 4, then

E :gW [JH TV — 62. n2 — 2

[,V
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deducing these four conserved quantities

There are deep connections between symmetries and conservation laws
throughout physics, so it is not surprising that the many symmetries of the
Schwarzschild solution should give rise to conserved quantities in this
case.

the static nature of the Schwarzschild solution indicates a
symmetry associated with invariance under translation in
time. associated with the conservation of energy

£ (1 _ 2GM) A the energy per unit mass energy

me?
the solution’s invariance under rotations about the origin
Indicates spherical symmetry, and is associated with the
conservation of angular momentum. 8 = z/2 without any

real loss of generality * O =x/2 single condition
J 2

do
— 1 2 — I
— 7 sin” 0 1 the angular momentum per unit mass

c2r ) dr
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= —p?sint e =
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el
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)(H
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c2r

0=mxl2

2GM

c2r

)

dr
dr

_>2




C

dr m2r?2 cr

dfr>2+ J? (1_2GM>_2GM_ )

r

« already incorporates the general relativistic analogues of energy
conservation and angular momentum conservation,

 describes the changes in the radial position coordinate with proper time
for a freely falling particle of non-zero mass moving in the
equatorial plane 6 = /2.

« Show that in Schwarzschild spacetime, the motion of a test particle in
radial free fall (i.e. directly towards r = 0) satisfies the relation

d?r 3 GM

dr2 r?



(dfr>2 J? ( 2GM> 2GM
+ 1 — — =

dr m2r?2 cr r

In the case of purely radial motion ¢ Is constant, so de/dz = 0,
J=0.

d (dr\°_ L |(E N _, L 2GM
dr \dr B mec? r

0 r\ d2r B _2GM
AN dr2 r2 dr

d?r - GM Newtonian result

d 7?2 r2 -




d?r GM Newtonian result

Several differences between the GR result and its Newtonian
counterpart.

talking about free fall under gravity is fine in GR, but talking of the
‘pull’ of gravity or gravitational ‘attraction’ would be quite wrong
since there is no gravitational ‘force’ in general relativity

The Newtonian result directly relates the second derivative of the
radial distance with respect to time to the inverse square of the radial
distance, but in the GR result the second derivative is with respect to
proper time z, and r is the coordinate distance, not the ‘physical’
proper distance.

In the Newtonian limit, when dr/dz << c and the particle is sufficiently
far from the spherical mass for the field to be weak, these differences
vanish, and the GR result does reduce to the Newtonian result.

close to the Schwarzschild radius, the differences are real and significant



Circular Orbits

In Newtonian gravity, stable
circular orbits are available
around a point mass at all radii

This is no longer true in General
Relativity

In the Schwarzschild metric,
stable orbits allowed only down
to r = 6GM/c? (innermost stable
circular orbit, ISCO)
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Effective potential

Effective potential for the non-zero mass s (1200 O
particle :
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Effective potential

Effective potential for the B o R g (1-200) O
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|® schorbits.nb ;]E'l]

THE SHAPE OF ORBITS IN THE
SCHWARZSCHILD GEOMETRY |

This is a Mathematica program to compute and display the shapes of orbits in a Schwarschild geometry. The
Schwarzschild radial coordinate is measured in units of £, so that M=/ in the following formulae. Throughout the
variable =1/ is used. Here is a list of what you must set to run the program:

(1) The angular momentum: ¢.

(2) The energy parameter: & = (&*-1)/2.

(3)The starting radius for an orbit which is not bound: »sz.

(4)The number of orbits to be computed if the orbit is bound: »orbit.
These are set by editing the definition statements at various places in the program. You have to make sure
these parameters are set so the orbit is classically allowed and doesn't start at a position where the
value of the effective potential that is greater than &.

= The potential:

The effective potential for radial motion Vs given in (9.28) is here denoted simply by V. To be slightly more

general a parameter signewt is introduced which multiplies the non-Newtonian //+term in the potential. Set it

equal to 1 for general relativity, 0 for a Newtonian // potential, and an appropriate valie for a Newtonian //»
potential withan additional quadrupole moment term. ‘

signewt = 1.

!m t=-u+/7%2 u*t2/2 -signewt /%2 u”*3 ] |
- ;

pecifying the orbit:

It takes four numbers to specify an orbit: (1) the angular momentum ¢, (2) the energy parameter &, (3) the | ‘
starting radius 7st, and (4) the number of orbits to be calculated. norbit. ’

125% =
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|® Schwarzschild.nb

Curvature and the Einstein Equation (Sch Derivation )

This is the Mathematica notebook Curvaiure and the Einstein Equation available from the book website. From a given metric ggs
. it computes the components of the following: the inverse metric, g*% , the Christoffel symbols or affine connection,

Py= % e84 g + 8 Zou = 8r g ),

(8, stands for the partial derivative & /5x°), the Riemann tensor,
R =28 T =0 Py + e Ty =T Py,

the Ricci tensor

Ry =R oy,

the scalar curvature,

R=g" R,

and the Einstein tensor,

G =Ry~ 1 8w R

You must input the covaniant components of the metric tensor g, by editing the relevant input line in this Mathematica
notebook. You may also wish to change the names of the coordinates. Only the nonzero components of the above quantities are
displayed as the output. All the components computed are in the coordinate dasis in which the metric was specified.

Clearing the values of symbols:

First clear any values that may already have been assigned to the names of the various objects to be calculated. The names of the
coordinates that you will use are also cleared.

Clear[coord, metric, inversemetric, affine, riemann, ricci, scalar, einstein,

x, ¥, 2, t]

l(K‘.g lhe spacetime (or space) must be set:

n=4

4

= Defining a list of coordinates:

The examnle siven here is the Schwarzschild metric_The coordinate choice of Schwarzschild is annronnate for this spheticaliv

Bz

ol

100% ~ .




Newtonian spacetime

curved spacetime
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. RAT W
( Deflection of Star Light )

. . \ \ o
L& 4 030 oy ] >
'_)e“‘,\. - (432 n i U “l Iyon \ Al

Einstein's calculations in his newly developed general
relativity indicated that the light from a star which just grazed
the sun should be deflected by 1.75 seconds of arc. It was
tested during the total eclipse of 1919 and during most of
those which have ocurred since.
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Gravitational lensing by a massive object

apparent position

double images
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edouble images

Einstein ring

observer

«deflection of light

*Einstein ring
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Bernard F. Schutz. A First Course in General Relativity

2. James B. Hartle, GRAVITY An Introduction to Al
Einstein’s General Relativity

3. R.M. Wald. General Relativity ( 2 3##1)
4. S. Weinberg, Gravitation and Cosmology

et e 5. Charles W. Misner. Kip S. Thorne. John Archibald
General Relatiity Wheller, Gravitation (X3}, Bible)
| 6. Rhk, MHYIUTAN S XA8stik, L+ T

7. TR, X AR H. hEE ?*#i
9. MEH, ZFE, XA RFARFTEF

10. L. D. Landau and E. M. Lifshitz. The Classical Theory of
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Teaching relativity

Some recommended relativity texts

Many texts can form the basis for an excellent undergraduate
course in relativity. Here are some that we recommend, along
with a smattering of classic graduate-level books.

>

S. Weinberg, Gravitation and Cosmology: Principles
and Applications of the General Theory of Relativity,
Wiley, New York (1972).

C. W. Misner, K. S. Thorne, J. A. Wheeler, Gravitation,
W. H. Freeman, San Francisco (1973).

R. M. Wald, General Relativity, U. Chicago Press,
Chicago (1984).

B. E Schutz, A First Course in General Relativity, Cam-
bridge U. Press, New York (1985; 2nd ed. 2009).

H. C. Ohanian, R. Ruffini, Gravitation and Spacetime,
2nd ed. Norton, New York (1994). The first edition was
written by Ohanian alone in 1976.

E. F. Taylor, J. A. Wheeler, Exploring Black Holes: Intro-
duction to General Relativity, Addison Wesley Long-
man, San Francisco (2000).

J. B. Hartle, Gravity: An Introduction to Einstein’s Gen-
eral Relativity, Addison-Wesley, San Francisco (2003).
B. E. Schutz, Gravity from the Ground Up, Cambridge U.
Press, New York (2003).

S. Carroll, Spacetime and Geometry: An Introduction to
General Relativity, Addison-Wesley, San Francisco
(2004).

T.-P. Cheng, Relativity, Gravitation and Cosmology: A
Basic Introduction, Oxford U. Press, New York (2005,
2nd ed. 2010).

L. Ryder, Introduction to General Relativity, Cambridge
U. Press, New York (2009).

R. J. A. Lambourne, Relativity, Gravitation and Cos-
mology, Cambridge U. Press, New York (2010).

R. N. Henriksen, Practical Relativity: From First Princi-
ples to the Theory of Gravity, Wiley, Chichester, UK (2011).
T. A. Moore, A General Relativity Workbook, Univer-
sity Science Books, Sausalito, CA (in press). See
http://pages.pomona.edu/~tmoore/grw.
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® Weinberg, 1972

@ Ryder, 2009
@ Carroll, 2004
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GRADUATE waves within
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@ Cheng, 2005

O Moore, 2012
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© Henriksen, 2011 @ Lambourne, 2010

LOWER-LEVEL g Taylor & Wheeler, 2000
- UNDERGRAD

» DELAY IN THE PHYSICS

? Schutz, 2003
|

© CALCULUS-ONLY @ PHYSICS-FIRST
O INTERTWINED + ACTIVE-LEARNING

© ADJUSTED MATH-FIRST
® GRADUATE

Figure 2. The main sequence. General relativity textbooks differ with
regard to their level of mathematical sophistication and how long it
takes for them to get to physical applications beyond special relativity.
This is a limited sampling, and locations are somewhat subjective; still,
they may provide for useful comparisons.

ADJUSTED INTERTWINED +
MATH-FIRST PHYSICS-FIRST ACTIVE-LEARNING
(Schutz, 1985) (Hartle, 2003) (Moore, 2012)

Review of Geometry as Overview and special
special relativity physics (6%) relativity (9%)
[0}
% Newtonian gravity Index notation, metrics,
and special relativity basic tensors (with
Vectors and tensors 14% some apI_)lications),
(16%) Gravity as geodesics (13%)
: Schwarzschild metric
Fluids and fluxes g e?fég‘éz E(T&% ) apwpliczatiolns (als;oI
(8%) builds math skills)
(21%)
Curved spaces Schwarzschild metric
(19%) aPPhcith“S Calculus of
(20%) curvature (8%)
Gravity as geometry and Spinning object Einstein equation (10%
Einstein equation (9%) P mm(xgogb? Jects e (10%)
. . w‘ i Y
Gravitational waves Cosmology
(11%) (13%)
Cosmology (13%)
. ) Gravitational waves
Spherical stars (optional) o
(13%)
(20%) More math (10%)
— (optional) Gravitomagnetism
Cosmology Applications of the and Kerr solution
6% Einstein equation (13% 13%

|

Figure 1. The relative emphasis of physics and mathematics and their
positioning in exemplary texts for the adjusted math-first, physics-first,
and intertwined + active-learning approaches. All three texts are designed
for a one-semester, upper-level course. Blue sections are primarily physics
oriented, yellow sections are primarily math oriented, and green sections
blend some of each. Cited percentages are based on page counts.
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Roger Blandford

DEPARTMENT OF PHYSICS

Black Holes and Neutron Stars
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Introduction

1. Spherical Holes

2. Spinning Holes

3. Orbits and Rays

4. Thin Disks

5.Thick Disks

6. Tides and Oscillations
7. Electromagnetic Effects
8. Neutron Stars

9. Gravitational Radiation
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Fig. 26.5. John Wheeler in 1871, lecturing about singularities, black holes, and the universe.
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}TIES: Amicus Plato,Amicus Aristotle, Sed Magis Amicus VERITAS.
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3. Thought is already is late, exactly is the earliest time.
TR ERAEHE, SRS AT 2.
4. Mot matter of the taday will drag tomorrd.
MHE4-H 7 B4R2(EAE -
5. Time the study pain is temporary, has not learned the pain s life-long.
SR REENR, FFRESEELR.
6. Studies this matter, lacks the time, but is lacks diligently.
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