Physics 129 LECTURE 4 January 16,2014

e Special Relativity Doppler shift
® SR + QM = Spin & Statistics & PCT

® |ntroduction to General Relativity:

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

e 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

Thursday, January 16, 14



Lorentz transformations and the Doppler effect

The Lorentz transformation between inertial reference frame (x,f) and inertial frame
(x’,t) moving at speed v in the x-direction is (setting ¢ =1 and writing v/ic = 3)

U=3(t-px), x=3¥x-6Y), y=y Z=zZ

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

E'=%(E-Bpx), px'=¥(px=-BE), p'=py, p=p:

Since |pl = p = E for photons, this says that for a photon moving in the x-direction
E’=¥E(1-B)=E[(1-B)/(1+B)]>. Since E= hfwhere h=Planck’s constant
and fis the frequency, the frequencies are related by

f=f[(1-PB)(1 +B)e=f(1-P),

which is 1st order in velocity 3. Frequency decreases, so wavelength A = ¢ /f
increases, or “red-shifts” N’=A (1 +B) so AA=N-A=A and ANA=P. (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 3.
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Schrodinger Equation: in2w = [0 where H=p*2m or E=p?2m

for free particle Ot atrices Newtonian
. . L0 “ L .
Dirac Equation: ihar ¥ = (fme* ta-po) U, with E2=p*c + m’c?
| Relativistic

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

Feynman diagrams for
electron-photon scattering
(Compton scattering)

% Electron goes
4 /

Two successive spin
measurements

¥ 2 possibilities
2 (spin-1/2)

\\Z ¢ backward in time
= anti-electron
% (positron)

y-axis spin:“‘sheep-goats”
(perpendicular: x=90°)

z-axis spin:
+ “white-black”

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,
time 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!
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Special Relativity is based on two postulates

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

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

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.

General Relativity is also based on two postulates

® 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: Gy = —(871tG/c*) Tyv where Guv = Ruv — 2R guv
describes the curvature of space-time at each point and T,y describes the mass-
energy, momentum, and stress density at the same point.
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General Relativity

QRAVITY ACCELERATION

CURVED SPACE TELLS
MATTER HOW TO MOVE

W
Qu Hu*uP =0

ds

Einstein Field Equations

MATTER TELLS SPACE
HOW TO CURVE Y= RV —ARgH = — SnGTH — Agh

Here u®is the velocity 4-vector of a particle. The Ricci
curvature tensor Ry, =Ryuovg°, the Riemann curvature
tensor RYsv, and the affine connection T4 can be
calculated from the metric tensor g)s. If the metric is just
that of flat space, then I* ;= 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).
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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.

Copyright © 2008 Pearson Education, Inc.
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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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Eclipse Photo Comparison Fhoto
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General Relativity:
Observational Implications & Tests
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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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One elementary equivalence principle is the kind Newton had in mind when he stated that
the property of a body called “mass” is proportional to the “weight”, and is known as the weak
equivalence principle (WEP). An alternative statement of WEP is that the trajectory of a freely
falling “test” body (one not acted upon by such forces as electromagnetism and too small to be
affected by tidal gravitational forces) is independent of its internal structure and composition. In
the simplest case of dropping two different bodies in a gravitational field, WEP states that the
bodies fall with the same acceleration (this is often termed the Universality of Free Fall, or UFF).

The Einstein equivalence principle (EEP) is a more powerful and far-reaching concept; it states
that:

1. WEP is valid.

2. The outcome of any local non-gravitational experiment is independent of the velocity of the
freelv-falling reference frame in which it is performed.

3. The outcome of any local non-gravitational experiment is independent of where and when in
the universe it is performed.

The second piece of EEP is called local Lorentz invariance (LLI), and the third piece is called
local position invariance (LPT).

For example, a measurement of the electric force between two charged bodies is a local non-
gravitational experiment; a measurement of the gravitational force between two bodies (Cavendish
experiment) is not.

The Einstein equivalence principle is the heart and soul of gravitational theory, for it is pos-
sible to argue convincingly that if EEP is valid, then gravitation must be a “curved spacetime”
phenomenon, in other words, the effects of gravity must be equivalent to the effects of living in a
curved spacetime. As a consequence of this argument. the only theories of gravity that can fully
embody EEP are those that satisfy the postulates of “metric theories of gravity”, which are:

1. Spacetime is endowed with a symmetric metric.
2. The trajectories of freely falling test bodies are geodesics of that metric.

3. In local freely falling reference frames, the non-gravitational laws of physics are those written
in the language of special relativity.
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General Relativity

GR follows from the principle of equivalence and Einstein’s equation
G, =R,,—"2Rg,, =—-8nGT,,.* Einstein had intuited the local

1RY 1AV VN

was not until November 1915 that he developed the final form of the
GR equation.

Gravitation & Cosmolo
( 24 3?)

It can be derived from the following assumptions (Weinberg, p.

2. G, consists only of terms linear 1n second derivatives or quadratic in

1RY
first derivatives of the metric tensor g, (<& G, has dimension L)

q = ° . . e
3. Smee 1, 1s symmetric n uv, so1s G,

4. Since T, 1s conserved (covariant derivative T+, =0) so also G*,. =0

5. In the weak field limit where g,, * —(1+2¢), satisfying the Poisson
equation V20=4nGp (i.e., V?g,,= — 8nGT,,), we must have G,,= Vg,

1AV

*Note: the r.h.s. sign depends other sign choices including the metric.
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Einstein’s equation can also be derived from an action principle,
varying the total action /7 = I, + I, where I, 1s the action of matter
and /; 1s that of gravity:

le = 16}76 JR(z) \/g(a) d*s

(see, e.g., Weinberg, p. 364). The curvature scalar R = R, g"V1s the
obvious term to mnsert in / since a scalar connected with the metric 1s
needed and it is the only one, unless higher powers R?, R* or higher
derivatives _R are used, which will lead to higher-order or higher-
derivative terms 1n the gravity equation.

Einstein realized in 1916 that the 5™ postulate above isn’t strictly
necessary — merely that the equation reduce to the Newtonian Poisson
equation within observational errors, which allows the inclusion of a
small cosmological constant term. In the action derivation, such a
term arises 1f we just add a constant to R.
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Renaissance of General Relativity 1960-

1960 OUASARS 1967 PULSARS
1974 BINARY PULSAR

1965 COSMIC BACKGROUND RADIATION

e —

WMAP 2003
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1971 BLACK HOLE CANDIDATES Cygnus X1...

1980 GRAVITATIONAL LENSES

1995 GPS SYSTEM OPERATIONAL
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Experimental Tests of General Relativity
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Experimental Tests of General Relativity

Early 1960-70 1970- frontier
| Mars lander
Cons:-'.‘n me )
. binary pulsar Antennas,
Gravty ni0"2 Lasers
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Droging ot werkl Gyro Satellite
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Anti-proton
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the Test
see Cliftord Will, Was Einstein Right | (iford

2nd Edition (Basic Books, 1993)
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Clifford M. Will
“The Confrontation
Between General
Relativity and
Experiment”
Living Reviews in
Relativity (2001)

wWwWw.l1vingreviews.org

(his latest update
was 1n 20006)
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TESTS OF THE
WEAK EQUIVALENCE PRINCIPLE
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Figure 1: Selected tests of the weak eguivalence principle, showing bounds on
n. which measures fractional difference in acceleration of different materials or
bodies. The free-fall and Eot-Wash experiments were originally performed to
search for a fifth force. The blue band shows current bounds on n for gravitating
bodies from lunar laser ranging (LURE).
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GRAVITATIONAL REDSHIFT TESTS
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LOCAL POSITION INVARIANCE
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Figure 3: Selected tests of local position mueariance via gravidational redshift experiments, showing
bounds on a, which measures degree of deviation of redshift from the formula Av/v = AU/
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Light Deflection; Shapiro Time Delay
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Figure 5: Measurements of the coefficient (1 +7)/2 from light deflection and time delay measure-
ments. Its GR value s unity. The arrows at the top denote anomalously lamge values from early
eclipse expeditions. The Shapiro time-delay measurements using the Cassmi spacecraft yelded an
agreement with GR to 103 percent, and VLBI light deflection measurements have reached 0.02
percent. Hipparcos denotes the optical astrometry satellite, which reached 0.1 percent.
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Shapiro Time Delay - an

light is deflected
from its original
straight path.

General Relativity: Light travels along the curved space taking the
shortest path hetween two points. Therefore, light is deflected toward
a massive object! The stronger the local gravity is, the greater the
light path is bent. 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.
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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.
No Sun

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 | 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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http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=1919Obs....42..119E
http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=1919Obs....42..119E
http://prola.aps.org/abstract/PRL/v75/i8/p1439_1
http://prola.aps.org/abstract/PRL/v75/i8/p1439_1

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, less & 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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http://www.astro.ucla.edu/~wright/deflection-delay.html
http://livepage.apple.com/
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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:

_—
L 26GM
cdi-— | 1

| (n)

ds” = | |

A ~1
~GM dr* — 7 (d6* + sin” 6y

(=) |

(2.21)

If we set dr=d0O =d¢ = 0, the proper time interval dt is given by

Qi M

dr = []— - } il
\ {rt“]l

The quantity rs = 2GM/c? = 2.95 km (M/Ms) 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

Figure 10.28. The rotation of the line of apsides in the binary
pulsar amounts to 4.2 degrees per year. This effect has been in-
terpreted to arise because the gravitational attraction of the
companion deviates from a 1/r* force law because of general-
relativistic corrections.
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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, 1n orbit with another star around a

common center of mass.
i

1 -

j

ohift in Perastron Time

~

1974 1975 1976 1977 1978 1979 1980 1981 1982

Figure 10.29. The decrease of the orbital period of the b_in'flry
pulsar. This decrease is consistent with gravitational radiation
causing a slow decay of the orbital separation as the two stars
spiral slowly toward one another.

The pulsar is a rapidly rotating, highly magnetized
neutron star which rotates on its axis 17 times per
second. The pulsar 1s in a binary orbit with another
star with a period of 7.75 hours.



BINARY PULSAR test of gravitational radiation
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Data on the PSR B1913+16 system:

Right ascension
Declination

Distance

Mass of detected pulsar

Mass of companion

Rotational period of detected pulsar
Diameter of each neutron star
Orbital period

Eccentricity

Semimajor axis

Periastron separation

Apastron separation

Orbital velocity of stars at periastron
Orbital velocity of stars at apastron
Rate of decrease of orbital period
Rate of decrease of semimajor axis

Calculated lifetime (to final inspiral)
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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.

B 2005 Sky & Telescope

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.
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Chin. J. Astron. Astrophys. Vol. 6 (2006), Suppl. 2, 162—-168
A Review of The Double Pulsar - PSR J0737—-3039

A.G. Lyne *

Table 1 Basic Observed Parameters of PSRs JO737—3039A and B

Pulsar PSR JO737—3039A PSR JO737—3039B
Pulse period P 22.7 ms 2.77 s

Period derivative P 1.7 % 10~1e 0.88 x 10~ 19
Orbaital period P, 2.45 hours

Eccentricity e 0.088

Orbital inclination ~838 deg

Projected semi-major axis x 1.42 sec .51 sec

Stellar mass M 1.337(5) Mg 1.250(5) Mg
Mean orbital velocity V., 301 kms—! 323 km s—1
Characteristic age 7 210 Myr 50 Myr

Magnetic field at surface B 6.3 x 10° G 1.2 x 1012 G
Radius of Light cylinder Ry, 1080 km 32 000 km
Spin-down luminosity £ 6000 x 10%° ergs=! 1.6 x 103V erg s—*
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2 TESTS OF GRAVITATIONAL THEORY USING BINARY SYSTEMS

Non-relativistic binary systems are usually precisely described by the five Keplerian parameters, P4, asing,
e, w and T, and these are all accurately measured when one object 1s a pulsar. However, a number of
general relativistic corrections to this classical description of the orbit - the so-called post-Keplerian (PK)
parameters - are needed 1f the gravitational fields are sufficiently strong. In only a few months, using the
Parkes Telescope, the Lovell Telescope at Jodrell Bank and the Green Bank Telescope, 1t was possible to
measure several general relativistic effects in 6 months that took years to measure with the Hulse-Taylor
binary pulsar, PSR B1913+16.

The following five PK relativistic parameters have already been measured in A, all causing small, but
highly significant, modifications to the arrival times of the pulsars’ radio pulses:

Relativistic periastron advance, w. This is the rotation of the line connecting the two pulsars at their
closest approach to one another. It arises from the distortion of space-time caused by the two stars, but
can also be understood as the result of the finite time needed for the gravitational influence of one star
to travel to another. This causes a time delay, during which the stars move so that the attractive force 1s
no longer radial.

Gravitational redshift and time dilation, . The redshift results in clocks appearing to run slowly in a
gravitational potential well and time dilation 1s the special relativistic effect which results in moving
clocks appearing to run slowly. Both effects cause clocks close to a neutron star to tick more slowly
than those further away. In other words the apparent pulse rate for A will slow down when it 1s close to
B, and vice versa.

Shapiro delay,  and s. Radiation passing close to a massive body is delayed because its path length is
increased by the curvature of space-time, an effect that Einstein overlooked but that was discovered in
1964 by Irwin Shapiro (Shapiro 1964) from radar measurements in the Solar System. Signals from A
are measured after they have passed through the distorted space-time of B (in principle the effect could
also be measured for the signals from B but its pulses are much broader and do not provide sufficient
temporal resolution). The signal delay is essentially a function of two parameters: s, the shape, and
r, the range, of the delay experienced by the pulses (with s being dependent on the inclination of the
orbital plane and 7 on the mass of B).
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Gravitational radiation and orbital decay, dP’,, /dt. Almost every theory of gravitation predicts that the
movement of massive bodies around one another in a binary system will result in the emission of
gravitational waves. This emission causes the bodies to lose energy and hence to spiral into one another,
so that they will eventually merge, creating a burst of gravitational waves when they do so. The rate of
decrease of the orbital period, dPy,/dt, indicates that orbits of the pulsars are currently shrinking by
about 7 mm per day.

S CONCLUSION

Several fortunate circumstances have come together to make these studies possible. Not only 1s this a
double-neutron-star system, but

— It has a very compact orbit, giving rise to intense gravitational fields and accelerations and hence abun-
dant post-Keplerian gravitational effects

— One pulsar is a millisecond pulsar which enables these effects to be measured with high precision

— Both neutron stars are visible, allowing the mass-ratio to be determined

— Both pulsars have large flux densities, giving high-precision measurements

— The orbit is nearly edge on, so that the Shapiro delay can be measured with high precision.

All these properties enhance the quality and speed of the tests of gravitation theories in the strong-field
regime. Furthermore, the last three also enable the investigations of the interactions between the stars and
the probing of the magnetospheric properties.

Future observations of binary systems like PSR JO737—3039 promise to greatly increase our knowledge
of strong-field gravity, but finding these systems will be a challenge. This i1s because double pulsars are
extremely rare and, more importantly, because the Doppler effect causes their pulse periods to vary rapidly
even during a short observation. It therefore becomes more difficult to detect the pulsars™ periodicity using
normal Fourier techniques and more sophisticated and computationally challenging search algorithms will
have to be employed to uncover them.
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Conclusions

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
iInteraction 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.

Clifford Will, Living Reviews, 2006
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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
o~ ¥ 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 c¢?(t — t)? = |r — r; |°.
In 3D there is only one solution, which determines the location of
the GPS receiver. Since ¢ = 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

CURVED SPACE TELLS
MATTER HOW TO MOVE

QRAVITY ACCELERATION

dut B
ds ‘|‘FMOCBU uB—O
MATTER TELLS SPACE Einstein Field Equations |
HOW TO CURVE GHY=REY —72Rgl = —8rnGTH — Agh

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

tanhic
0Ot | . )
Palllls Time (of distant observer)

)

tilted lightcones
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past

l

bbrl var £scihalg

surface or
vent

h()rlzon

- Radius
/R\ g {fOf' distant
Q _ observer)
Schwarzschild
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*
/ Figurel3.6.  The effect of spacetime curvature near a black hole. Lightcones are
tilted in such a way that the future-pointing lightcone tips toward the black hole

singularity and the past-pointing lightcone tips away from the black hole. At the surface of the
black hole (the Schwarzschild surface), all rays emitted in the future direction fall
into the black hole, and no rays from the past are received from the black hole. A
person passing into a black hole therefore receives no information of what lies

ahead. €. Harrison, (;—o_ftu.loﬁy_’
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CURVED SPACE-TIME 1S NOT JusT AN ARENA 1IN WHICH
THINGS MOvVE, (T s DYNamic. CURVATURE CAN CAUSE

WORIZONS, BEYOND WHICH INFORMATION CANNOT BE 3SENT.
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ﬂight CiTC]e

(a)
Radial
(b)

CURVED SPACE
NEAR A BLACK HOLE

F.Shu, Tha "lu‘s'.w Vuiverse

Figure 7.9. Flight circles in a plane (a) in Euclidean geometry.
. (b) in the non-Euclidean geometry near the event horizon of a
event horizon black hole. In case (b), one has to travel a greater distance inward
than in case (a) to have a flight circle of given smaller circum-
ference. The radial direction in both cases is as indicated. At
great distances from the event horizon (not drawn). the
“curvature” of our embedding diagram becomes negligibly small,
and the flight circles of case (b) have nearly the same gcometry
as casce (a).
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lightrays

LIGHT RAYS NEAR A BLACK HOLE

v/3 X radius of photon sphere

black
hole

Figure 7.10. When at a circumference equal to 1.5 times the
circumicrence of the ¢vent honzon of @ black hole. a suilably
suspended astronaut can sec the back of her own head without
the benefit of any mirrors.

. Deflection of lightrays by a black
hole. Rays approaching closer than /3 times the

radius of the photon sphere are captured.
Thursday, January 16, 14
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lightrays

/'y exit
b cone
\/ \/ 4
\ 7
X & /
N 7

slar

star larger than
photon sphere

4

star smailer than
photon sphere

o - ..-. Lightrays leaving a gravitating body
are curved as shown. As the body shrinks in size
the rays become more curved. When the radius is
less than 1.5 times the Schwarzschild radius,
which is the radius of the photon sphere, the exit
cone begins to close. Rays emitted within the exit
cone escape, but those outside are trapped and

Jallback. £ R Harrison, Cosmology

star almost the size

of photon sphere
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More About Black Holes

Black Holes
¢ Schwarzschild Radius, Photon Sphere, etc.
¢ Hawking Radiation (a quantum effect)

Planck Length — Gravitation Meets Quantum Physics
Black Holes from Stellar Collapse

Black Hole at the Center of Our Galaxy

Black Holes at the Centers of Galaxies

Intermediate Mass Black Holes?

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 1s 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 1s 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.

X-ray Binaries (in yellow) near the Galactic Center

Interesting links: Fantasy trip to and around a black hole - http://antwrp.gsfc.nasa.gov/htmltest/rin_bht.html
See also http://ircamera.as.arizona.edu/NatSci102/lectures/blackhole.htm
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BLACK HOLES FROM STELLAR COLLAPSE
Black Holes in Binary Star Systems

Black holes are often part of
a binary star system - two
stars revolving around each
other.

What we see from Earth is a
visible star orbiting around
what appears to be nothing.

We can infer the mass of the
black hole by the way the
visible star is orbiting around
it.

The larger the black hole,
the greater the gravitational
pull, and the greater the
effect on the visible star.

Chandra illustration
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X-ray: A Rotating Black Hole

BLACK HOLES FROM We expect everything in the Universe to rotate. Non-
STELLAR C O LLAPSE rotating black holes are different from rotating ones.

- ~
Rotating black hole

In GRO J1655-40, a 2.2 ms period was discovered. This
implies an orbit that is too small to be around a non-
rotating black hole. This means the black hole is rotating.

X-rays from Black Holes

In close binary systems, material flows from normal star to
black hole. X-rays are emitted from disk of hot gas swirling
around the black hole.

- X-ray: Frame Dragging

» Detection of a period
in GRO J1655-40 due
to precession of the
disk.

* This precession
period matches that
expected for frame
dragging of space-

Credit: J. Bergeron, Sky & Telescope Magazine
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The center of our galaxy
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There’s a supermassive black hole
at the center of our galaxy...

Modern large
telescopes can track
individual stars at

galactic center . . .
Need infrared (to " "
penetrate dust) —
LT
Need very good L

resolution -- use

Keck, 2 um Ghez, et al.
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The Galactic Center at 2.2 microns

Adaptive Optics

Ghez, et al.




The Galactic Center at 2.2 microns

A L ]
.
.
.
* a
o
@
‘ .
. L I " .
- . .o
* . o.'
O. . .
6 .o '.
. 3
&
L3
..
...
. .

* - &

. @ .

- e ©®

.
A

Ghez, et al.

22
Thursday, January 16, 14



1

[ _~Keck/UCLA

Galactic Center Group
"

® SO0-1
S0-2
® S04
S0-5
® S0-16
® S0-19
® S0-20

1995-2010
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Motions of stars
consistent with
large, dark mass
located at Sgr
A*..
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The central object at the center of the Milky Way is...
¢ \Very massive (~4 million solar masses).
¢ Must be very compact (star SO0-2 gets within 17 light hours of the center).
¢ Now seen to flare in X-rays and IR, in the past in Gamma rays.

Gamma-ray emissions

- X-ray emissions
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BLACK HOLES AT CENTERS OF GALAXIES

Cen A is known to be a peculiar
* gaiaxy with strong radio emission.

Optical image of Cen A

But it Is also a strong X-ray
emitter, and has an X-ray jet.

Chandra image of Cen A

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

M87 - An Elliptical Galaxy Radio shows the origin of the Jet

4000 Mt yours E 2000 Mgt years
:
il

- With a curious feature

Magnetic field from surrounding disk funnels
material into the jet
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INTERMEDIATE MASS BLACK HOLES

X-ray: Mid mass black holes

* Black Holes with masses
a few hundred to a few
thousand times the mass of
the sun have been found
outside the central regions
of a number of galaxies.

e Often found in Starburst
galaxies.

* May be precursors to

Active Galaxies. , ,
Optical and X-ray images of NGC 253
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INTERMEDIATE MASS BLACK HOLES

7 arc sec

The best candidate for an intermediate-mass black hole. Optical (left) and Chandra x-ray
(right) 1images of the M82 galaxy. The arrow points to the location of the ultraluminous x-ray
source that 1s 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

Thursday, January 16, 14



Particle —_ [\. ——Antiparticle
€

t | \J C.> ‘ ST

V\

L/ a < b
U .

> o

Thursday, January 16, 14



escaping
antiparticle \/ 0
Q -
o
ks 0
escaping 2 Q
particle \/ B
o >
E = 2 .
- g escaping l
= antiparticle
(7 s N
N -
L
-
" v
0 e’ escaping
particle

o
space

Figure 7.13. Hawking process near the event horizon of a black
hole. The creation of particle-antiparticle pairs usually ends with
their destruction a short time later. Occasionally, however, the
tidal forces of the black hole can cause one of the pair to fall into
the black hole, enabling its liberated partner to “tunnel” safely
to infinity and escape. Notice the assumption that the black hole
is (Quasi) stationary implies that the two sides of the event horizon
remain fixed in space. Actually, this diagram is even more sche-
matic than usual, because the actual spacetime near a black hole

ts highly curved. F. Shu, The Physical Universe
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HAWKING RADIATION

Luminosity (solar luminosities)
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t. Luminosity and temperature of a black hole of given mass.

E. R. Harrison, Cosmology
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WAYS TO MAKE A MINI BLACK HOLE

PRIMORDIAL DENSITY
FLUCTUATIONS

Earlyin the history of our
universe, space was filled with
hot, dense plasma. The density

Making
Evaporating
Black Holes?

inlocations where the relative
density was sufficiently high,
the plasma could collapse into
a black hole.

COSMIC-RAY COLLISIONS
Cosmic rays—highly energetic
particles from celestial
sources—could smackinto Earth's
atmosphere and form black

holes. They would explode in a
shower of radiation and secondary
particles that could be detected
onthe ground.

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

PARTICLE ACCELERATOR

An acceleratorsuch as the

LHC could crash twao particles
together atsuch an energy that
they would collapse into a black
hole. Detectors would register
the subsequent decay of the hole.

1(-«.“—0—--4“ -#«—-qx* y

Detector
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THE RISE AND DEMISE OF A QUANTUM BLACKHOLE

BIRTH TN N - BALDING PHASE SPIN-DOWN PHASE

' Mass: 10 TeV

oo 0 ST v Mass:10to8TeV i
s / | _ L SR - - Mass:8to6 TeV

~ Ifconditions are right, two partlcles R AR o .1t°3x10-2?second
* [shownhere aswave packetsjcan = Asitsettles down; the black hole emits S .
collide to create ablack hole. The _ gravitational and electromagnetic waves.
be r0tatlng, V'bfat'“gaﬂde'eﬂﬂca"&l - holelosesits hair—it becomes an almost PSR sothe A s dre’:axes
 charged. (Times and masses are ~ featurelessbody, characterized solely by mtopa N T L PR AR
. approximate; 1 TeVistheenergy . charge,: spinandmass: Eventhe charge - P i al P RO B TR T RN
: 'equnvalent of about 10-%4 ktlogram ]  quicklyleaks away as the hole gives off smﬁ:.»gg; Ra;r;ga ool P

- chargedparticles.
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