
In accelerating reference frames there are “pseudoforces” 
Fpseudo = ma, where a is the acceleration of the frame.  
General Relativity: gravity is a pseudoforce that is eliminated 
in inertial (freely falling) reference frames.

●
●

Physics 129     LECTURE  4    January 16, 2014

SR + QM ⇒ Spin & Statistics & PCT
Special Relativity Doppler shift 

●

● Introduction to General Relativity:

Classic GR tests: precession, light deflection, redshift
● GR passes much more precise tests
● GR is essential for the GPS system - so, for our 

everyday lives!
● Black Holes in the Universe
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Lorentz transformations and the Doppler effect

 t’ = γ(t − βx),    x’ =  γ(x − βt),      y’ = y,     z’ = z 

The Lorentz transformation between inertial reference frame (x,t) and inertial frame 
(x’,t’) moving at speed v in the x-direction is (setting c = 1 and writing v/c = β)

Since all 4-vectors transform the same way, the Lorentz transformation between 
the same frames for the energy-momentum 4-vector Pμ = (E,p) is

 E’ = γ(E − βpx),    px’ =  γ(px − βE),      py’ = py,     pz’ = pz 

Since |p| = p = E for photons, this says that for a photon moving in the x-direction 
E ’ = γE (1 − β) = E [(1 − β)/(1 + β)]½ .  Since E = hf where h = Planck’s constant 
and f is the frequency, the frequencies are related by

                               f ’ = f [(1 − β)/(1 + β)]½ ≈ f (1 − β),

which is 1st order in velocity β.  Frequency decreases, so wavelength λ = c /f 
increases, or “red-shifts” λ’ ≈ λ (1 + β)  so  Δλ ≡ λ’ − λ ≈ λ β  and  Δλ/λ ≈ β.  (We 
will derive a different formula in the expanding universe.)  For a photon moving in 
the transverse (y or z) direction, the only effect is time dilation, and the redshift is 
second order in velocity β.
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Schrodinger Equation: 

Dirac Equation: 

Special Relativity + Quantum Mechanics 
            ⇒ Antiparticles  (& CPT)  &  Spin-Statistics    

= (βmc2 +α·pc)            

where    = p2/2m    or   E = p2/2m 

, with  E2 = p2c2 + m2c4

matrices

Electron goes 
backward in time
= anti-electron

(positron)

 

 

time

Feynman diagrams for 
electron-photon scattering

(Compton scattering)

+

 

Two successive spin 
measurements

z-axis spin:
“white-black”

y-axis spin: “sheep-goats”
(perpendicular: α=90o)

2 possibilities
(spin-1/2) 

Two successive w-b or s-g measurements give 
the same answer, but if all the w’s from the w-b
measurement are subjected to a s-g measurement,
half the s’s will be w and half will be b, and the same 
for the g’s.  That is, measuring s-g interferes with 
measuring w-b!

Newtonian

Relativistic

for free particle
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General Relativity is also based on two postulates

Special Relativity is based on two postulates

All the laws of physics are the same in all inertial reference frames.

The speed of light is the same for all inertial observers, regardless of their velocity   
or that of the source of the light.

●

●

●

●

Equivalence Principle: All the effects of gravity on small scales are the same as 
those of acceleration.  (Thus gravity is eliminated in local inertial = free fall frames.)

Einstein’s Field Equations: Gμν = −(8πG/c4)Tμν  where Gμν = Rμν − ½R gμν  
describes the curvature of space-time at each point and Tμν describes the mass-
energy, momentum, and stress density at the same point.

Einstein realized that Newton’s theory of gravity, with instantaneous action at a 
distance, could not be compatible with special relativity -- which undermined the 
concept of simultaneous events at a distance.  It took 10 years for Einstein to get 
the right idea for the right theory, but then in only two months in late 1915 he 
worked out the theory and its main initial predictions: the precession of the orbit of 
Mercury, bending of light by the sun, and the slowing of clocks by gravity. 
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General Relativity

MATTER TELLS SPACE
     HOW TO CURVE

 CURVED SPACE TELLS
MATTER HOW TO MOVE
    duµ

     ds
+ Γµ

αβ uα uβ = 0

Gµν  ≡ Rµν – ½Rgµν  = – 8πGTµν  – Λgµν

Text

xt

Einstein Field Equations

Here uα   is the velocity 4-vector of a particle.  The Ricci 
curvature tensor Rµν ≡ Rλµσνgλσ , the Riemann curvature 
tensor Rλµσν , and the affine connection Γµ

αβ  can be 
calculated from the metric tensor gλσ .  If the metric is just 
that of flat space, then Γµ

αβ = 0 and the first equation above 
just says that the particle is unaccelerated -- i.e., it satisfies 
the law of inertia (Newton’s 1st law).

xt
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Equivalence Principle: 
All the effects of gravity on small scales are the same as those of acceleration.  

This predicts the path of a beam of light in 
a gravitational field -- it will be a parabola.
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Equivalence Principle:   All the effects of gravity on 
small scales are the same as those of acceleration. 
This predicts the path of a beam 
of light in a gravitational field -- 
it will be a parabola.
 

In accelerating reference frames there are “pseudoforces” 
Fpseudo = ma, where a is the acceleration of the frame.  

General Relativity says: gravity is a pseudoforce which is 
eliminated in inertial (freely falling) reference frames.

In GR it’s often helpful to analyze a system from a 
conveniently chosen inertial (freely falling) frame.
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General Relativity: 
Observational Implications & Tests
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Arthur Stanley 
Eddington
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General Relativity: 
Observational Implications & Tests

Note that we are using Einstein’s Principle of Equivalence:
locally, gravitation has exactly the same effect as acceleration
(“strong” EEP version: this applies to all physical phenomena)
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General Relativity

(Gravitation & Cosmology)

*Note: the r.h.s. sign depends other sign choices including the metric.
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Renaissance of General Relativity 1960-

1960 QUASARS 1967 PULSARS 
    1974 BINARY PULSAR

1965 COSMIC BACKGROUND RADIATION

1971 BLACK HOLE CANDIDATES Cygnus X1…

1980 GRAVITATIONAL LENSES

1995 GPS SYSTEM OPERATIONAL

WMAP 2003
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Experimental Tests of General Relativity
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Experimental Tests of General Relativity

Lasers 
(LIGO,LISA)

Antennas,

Gyro Satellite

  Anti-proton    
experiment

1/r2  r>mm
                    

see Clifford Will, Was Einstein Right 
  2nd Edition (Basic Books, 1993)

      Early                     1960-70        1970-           frontier    
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Clifford M. Will 
“The Confrontation 
Between General 
Relativity and 
Experiment”
Living Reviews in 
Relativity (2001)

www.livingreviews.org

(his latest update
was in 2006)
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GRAVITATIONAL REDSHIFT TESTS
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CONSTANCY OF G

Constancy of G

Light Deflection; Shapiro Time Delay
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Shapiro Time Delay − an 
effect Einstein didn’t notice.

                              The Shapiro time delay is the combined effect of the 
light slowing down when it passes near the sun and the extra length of 
the bent path.  It was dramatically confirmed by the transponders on the 
Viking Lander spacraft (1976) measuring the time of radio waves from 
Earth to the Landers and back.

Viking
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Deflection and Delay of Light
Everybody knows that light travels in straight lines, but while that is its natural tendency light can be 
deflected by lenses, mirrors, and by gravitational fields. Newtonian mechanics predicts that a particle 
traveling at the speed of light which just grazes the edge of the Sun will be deflected by 0.875 seconds of 
arc. That means that the image we see of a star will be displaced away from the Sun by this angle. The 
figure below shows this with the black showing the situation when the Sun is not close to the star. When the 
Sun is nearly blocking the star its image is deflected outward giving the red image. This Newtonian model 
also predicts that the gravitational attraction of the Sun will make light travel faster close to the Sun, so 
according to Newton the deflected light arrives before the undeflected light. The figure shows the red light 
pulse arriving before the black light pulse. Of course the travel time for starlight is very hard to measure, 
and the deflection of starlight can only be measured during a total eclipse of the Sun. The deflection angle 
is actually very small, and in the figure it has been increased by a factor of nearly 10,000 for clarity. 

Before Einstein developed the full theory of General Relativity he also predicted a deflection of 0.875 
arcseconds in 1913, and asked astronomers to look for it. But World War I intervened, and during the war 
Einstein changed his prediction to 1.75 arcseconds, which is twice the Newtonian deflection. The final 
Einstein prediction is shown in green in the figure above. An expedition to a solar eclipse in 1919 measured 
this larger value for the deflection. Currently the deflection of "light" is best measured using radio 
astronomy, since radio waves can be measured during the day without waiting for an eclipse of the Sun. 
Lebach et al. (1995, PRL, 75, 1439) find a deflection of 0.9998 +/- 0.0008 times Einstein's prediction. This 
agrees with Einstein within 0.3 standard deviations, but differs from the Newtonian deflection by 600 
standard deviations.  Einstein predicts that light will be delayed instead of accelerated when passing close 
to the Sun. In the figure above, the green light pulse arrives after the black light pulse. 
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Deflection and Delay of Light
This time delay effect is closely related to the deflection of starlight. Since times can be measured to much 
greater accuracy than arcsecond angles, the greatest accuracy on this effect is now given by measuring the 
time delay instead of the angle. In order to measure the time delay one needs a a spacecraft behind the 
Sun instead of a star. This was first done by Irwin Shapiro (Shapiro et al. 1977, JGR, 82, 4329), and more 
recently done by Bertotti, Iess & Tortora (2003, Nature, 425, 374-376). The current result is 1.00001 +/- 
0.000012 times the general relativity prediction, or -2.000021 +/- 0.000023 times the Newtonian prediction. 
So the delay observations agree with Einstein within 0.9 standard deviations, but are 130,000 standard 
deviations away from the Newtonian prediction.
In a very real sense, the delay experienced by light passing a massive object is responsible for the 
deflection of the light. The figure below shows a bundle of rays passing the Sun at various distances. The 
rays are always perpendicular to the wavefronts which mark the set of points with constant travel time from 
the star. In order to bend the light toward the star one needs to delay the wavefront near the star. 

Another way to delay the wavefronts of light is to send the light through glass, as in a lens or a prism. The 
deflection and delay of light caused by massive objects is called gravitational lensing.

http://www.astro.ucla.edu/~wright/deflection-delay.html
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Schwarzschild  Metric

Einstein derived the precession of Mercury and 
the deflection of light near the sun by perturbing 
around flat space. But a few months after 
Einstein invented GR, Karl Schwarzschild 
discovered the exact solution of Einstein’s 
equations around a massive object:   

1/5/14 Particle Astrophysics (2nd Edition)

site.ebrary.com/lib/ucsc/docPrint.action?encrypted=7174370b071f2d8f8cf1fcd448771566256881e477bf5d1833b4f9419e552df71a3931f2c13f0f146c1fccea2b… 91/120

Perkins,  D.  H..  Particle  Astrophysics  (2nd  Edition).
Oxford,  GBR:  Oxford  University  Press,  2008.  p  66.
http://site.ebrary.com/lib/ucsc/Doc?id=10288472&ppg=66
Copyright  ©  2008.  Oxford  University  Press.  All  rights  reserved.  

If we set dr = dθ = dφ = 0, the proper time interval dτ is given by

1/5/14 Particle Astrophysics (2nd Edition)

site.ebrary.com/lib/ucsc/docPrint.action?encrypted=7174370b071f2d8f8cf1fcd448771566256881e477bf5d1833b4f9419e552df71a3931f2c13f0f146c1fccea2b… 91/120

Perkins,  D.  H..  Particle  Astrophysics  (2nd  Edition).
Oxford,  GBR:  Oxford  University  Press,  2008.  p  66.
http://site.ebrary.com/lib/ucsc/Doc?id=10288472&ppg=66
Copyright  ©  2008.  Oxford  University  Press.  All  rights  reserved.  

The quantity  rS = 2GM/c2 = 2.95 km (M/M⦿)  is called the 
Schwarzschild radius.  Perkins uses the Schwarzschild metric to 
discuss precession, light deflection, and the Shapiro time delay.
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BINARY PULSAR

The pulsar is a rapidly rotating, highly magnetized 
neutron star which rotates on its axis 17 times per 
second.  The pulsar is in a binary orbit with another 
star with a period of 7.75 hours.

In 1993, the Nobel Prize in Physics was awarded to 
Russell Hulse and Joseph Taylor of Princeton University 
for their 1974 discovery of a pulsar, designated 
PSR1913+16, in orbit with another star around a 
common center of mass. 
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UPDATE ON THE 
BINARY PULSAR

BINARY PULSAR test of gravitational radiation
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Weisberg et al. Sci Am Oct 1981

Periastron advance per day = Mercury perihelion advance per 
century!
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Albert Einstein's 90-year-old general theory of relativity has just been put through a series of some of its most 
stringent tests yet, and it has passed each one with flying colors. Radio observations show that a recently 
discovered binary pulsar is behaving in lockstep accordance with Einstein's theory of gravity in at least four 
different ways, including the emission of gravitational waves and bizarre effects that occur when massive 
objects slow down the passage of time.

An international team led by Marta Burgay (University of Bologna, Italy) discovered the binary pulsar, known as 
J0737–3039 for its celestial coordinates, in late 2003 using the 64-meter Parkes radio telescope in Australia. 
Astronomers instantly recognized the importance of this system, because the two neutron stars are separated 
by only 800,000 kilometers (500,000 miles), which is only about twice the Earth–Moon distance. At that small 
distance, the two 1.3-solar-mass objects whirl around each other at a breakneck 300 kilometers per second 
(670,000 miles per hour), completing an orbit every 2.4 hours.

General relativity predicts that two stars orbiting so closely will throw off gravitational waves — ripples in the 
fabric of space-time generated by the motions of massive objects. By doing so, they will lose orbital energy and 
inch closer together. Radio observations from Australia, Germany, England, and the United States show that 
the system is doing exactly what Einstein's theory predicts. "The orbit shrinks by 7 millimeters per day, which is 
in accordance with general relativity," says Michael Kramer (University of Manchester, England), a member of 
the observing team. 

Einstein Passes New Tests 
Sky & Telescope, March 3, 2005,  by Robert Naeye

A binary pulsar system provides an excellent laboratory for testing some of 
the most bizarre predictions of general relativity. The two pulsars in the 
J0737-3039 system are actually very far apart compared to their sizes. In a 
true scale model, if the pulsars were the sizes of marbles, they would be 
about 750 feet (225 meters) apart.
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USING BINARY SYSTEMS
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Clifford Will, Living Reviews, 2006

We find that general relativity has held up under extensive 
experimental scrutiny. The question then arises, why bother to 
continue to test it? One reason is that gravity is a fundamental 
interaction of nature, and as such requires the most solid 
empirical underpinning we can provide. Another is that all 
attempts to quantize gravity and to unify it with the other forces 
suggest that the standard general relativity of Einstein is not 
likely to be the last word. Furthermore, the predictions of general 
relativity are fixed; the theory contains no adjustable constants so 
nothing can be changed. Thus every test of the theory is either a 
potentially deadly test or a possible probe for new physics. 
Although it is remarkable that this theory, born 90 years ago out 
of almost pure thought, has managed to survive every test, the 
possibility of finding a discrepancy will continue to drive 
experiments for years to come.

Conclusions
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How the GPS System Works
There are ~30 GPS satellites in
orbits such that 4 or more are 
visible at any time from almost any 
point on earth.  Each GPS satellite 
carries very accurate atomic 
clocks, and it corrects the time so 
that it is what a stationary clock 
would read.  A GPS receiver uses 
the times it receives to correct its

own much less accurate clock.  It knows the location of each 
GPS satellite, and it then triangulates to determine its position: 
i.e. it solves the (Euclidean space) equations c2(t − ti)2 = |r − rj |2.  
In 3D there is only one solution, which determines the location of 
the GPS receiver.  Since c ≈ 30 cm/ns, it is essential to have the 
GPS receiver clock correct to ~ 1 ns to get accurate locations.  If 
the GPS satellites didn’t correct their time signals for SR and GR 
effects, the errors would be huge!
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General Relativity

MATTER TELLS SPACE
     HOW TO CURVE

 CURVED SPACE TELLS
MATTER HOW TO MOVE
    duµ

     ds
+ Γµ

αβ uα uβ = 0

Gµν  ≡ Rµν – ½Rgµν  = – 8πGTµν  – Λgµν

Text

xt

Einstein Field Equations
xt

Curved spacetime is not just an arena within which things 
happen, spacetime is dynamic. Curvature can even cause 
horizons, beyond which information cannot be sent.  

There are event horizons around black holes and we are 
also surrounded by both particle and event horizons.
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EFFECTS OF CURVATURE NEAR A BLACK HOLE

Figure13.6.
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CURVED SPACE 
NEAR A BLACK HOLE

    

Thursday, January 16, 14



LIGHT RAYS NEAR A BLACK HOLE

    

                  

E. R. Harrison, Cosmology
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E. R. Harrison, Cosmology
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More About Black Holes 
n Black Holes

uSchwarzschild Radius, Photon Sphere, etc.
uHawking Radiation (a quantum effect)

n Planck Length – Gravitation Meets Quantum Physics
n Black Holes from Stellar Collapse
n Black Hole at the Center of Our Galaxy
n Black Holes at the Centers of Galaxies
n Intermediate Mass Black Holes?
n Evaporating Black Holes?
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BLACK HOLES FROM STELLAR COLLAPSE
If a large number of stars form, about 10% of the mass turns into a small number of stars more 
massive than 8 solar masses.  Such high mass stars are rare, only about 0.2% of all stars.  But 
they are at least 100,000 times as bright as the sun, and they fuse all the available fuel in their 
centers within a few million years.  They then collapse into either neutron stars or black holes.  If 
the black hole is a member of a binary star system, we can see its effects.  Sometimes the black 
hole attracts matter to it from the other star, and as this matter (mostly hydrogen) falls into the 
black hole’s event horizon it is heated tremendously and it radiates X-rays, which we can detect.  
One of these binary systems, called GRO J1655-40, was discovered in 2002 to be moving 
roughly toward us at about 110 kilometers per second.  Such accreting black holes acquire 
angular momentum from the accreted material, so they should be spinning.  Evidence that some 
black holes spin has been found in “quasi-periodic oscillations” of their X-rays at frequencies too 
high to come from non-spinning black holes.

Interesting links: Fantasy trip to and around a black hole - http://antwrp.gsfc.nasa.gov/htmltest/rjn_bht.html
See also http://ircamera.as.arizona.edu/NatSci102/lectures/blackhole.htm

X-ray Binaries (in yellow) near the Galactic Center 
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BLACK HOLES FROM STELLAR COLLAPSE

Thursday, January 16, 14



BLACK HOLES FROM 
STELLAR COLLAPSE

Thursday, January 16, 14



The center of our galaxy
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There’s a supermassive black hole 
at the center of our galaxy…

n Modern large 
telescopes can track 
individual stars at 
galactic center

n Need infrared (to 
penetrate dust)

n Need very good 
resolution -- use 
adaptive optics

Keck, 2 µm Ghez, et al.
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Ghez, et al.
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Ghez, et al.
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Motions of stars 
consistent with 
large, dark mass 
located at Sgr 
A*…

Ghez, et al.
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n The central object at the center of the Milky Way is…
u Very massive (~4 million solar masses).
u Must be very compact (star S0-2 gets within 17 light hours of the center).
u Now seen to flare in X-rays and IR, in the past in Gamma rays.
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BLACK HOLES AT CENTERS OF GALAXIES

The mass of the black holes in galaxy centers is about 
1/1000 the mass of the central spheroid of stars. 
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BLACK HOLES AT CENTERS OF GALAXIES
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INTERMEDIATE MASS BLACK HOLES
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The best candidate for an intermediate-mass black hole. Optical (left) and Chandra x-ray 
(right) images of the M82 galaxy. The arrow points to the location of the ultraluminous x-ray 
source that is likely to be an intermediate-mass black hole. The area covered by the right image 
lies within the rectangle at the center of the left image. The green cross (right image) is the galaxy 
nucleus. CREDIT: LEFT PANEL: SUBARU TELESCOPE, NAO JAPAN; RIGHT PANEL: 
NASA/SAO/CXC 

INTERMEDIATE MASS BLACK HOLES
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HAWKING RADIATION
from tiny black holes
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F. Shu, The Physical Universe

          

HAWKING RADIATION

          

TBH = 10-7 Msun/M

Tevap = 1062 (Msun/M)3 yr

E. R. Harrison, Cosmology
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Making 
Evaporating 
Black Holes?

See “Quantum 
Black Holes” by 
Steve Giddings and 
Bernard Carr in the 
May 2005 Scientific 
American
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