Last Lecture (given as Last Collection -June 2000)

First, | want to thank you for asking ne to speak at this tine. | may
be the only professor asked to give Last Collection who has never
been to one. O hers would give you advice or tell jokes, I wll stick

to what | do best and present a Last Lecture about sone startling
results fromthe area of ny research interest, quantum physics. The
Last Lecture today is titled: Superposition, Entanglenment, Conputing
and Tel eportation.

During the past century, many strange properties of the mcroworld
have been di scovered by physicists. My goal today introduce you to
amazi ng quantumeffects that will affect you in this century.

At key points in human history, civilization has advanced because
peopl e di scovered new ways of understandi ng and using nature. U ban
soci ety began when hunter gatherers |earned how to farm |l and and
donesticate animals. The control of steam power led to the industrial
revolution. The classical digital conputer began the infornmation
revol uti on and now quantum conputers and quantumtel eportation, which
rely on quantum aspects of nature that are now totally unexploited by
technol ogy, are going to have a dramatic effect on our lives.

The idea of a quantum conputer energed when scientists were pondering
t he fundanental technological Iimts of classical conputing. They
realized that as engineers try to pack ever nore |ogic gates onto
silicon chips, they would eventually reach a point where the |ogic
gates are so snmall that each is nade of only a few atons and they
woul d be quantum systens, which obey very different rules those of

t he cl assical world.

At this time, Feynman showed how a quantum system coul d do
conput ations using a property called quantum parallelism

To understand quantum parallelism we |ook at Young's double-slit
experinment in which he projected a point source of light onto a plate
with two narrow, closely spaced slits. As the |ight passed though the
slits and subsequently reached a screen, it produced a pattern of
dark/light regions called fringes, which Young said were caused by

t he destructive and constructive interference of classical |ight
waves.

Al t hough the classical wave theory of |ight seened to explain the
experinment, we now know that light is particles, called photons, and
photons only enul ate cl assi cal waveli ke behavior for intense |ight
sour ces.

Physi ci sts have now studi ed the extraordi nary experinental results

t hat energe when we reduce the light intensity so only one photon is
passi ng through the apparatus at any given tine. If we record the

| ocati ons of each individual photon as it arrives at the screen and
wait |ong enough, the sane interference pattern as that of an intense
source eventual ly appears. This occurs even though it takes nmany
hours to accumul ate the data one photon at a tine-very non-wavelike
behavi or!

We can try to determ ne which slit any particular photon actually
passes through by doing extra neasurenents, but this always destroys
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the interference pattern. So, if we try to deternm ne how they got to
the screen fromthe source, the photons behave |ike particles and do
not interfere.

There are several ways that physicists have tried to make sense of
this experinent.

The traditional explanation was to say that quantum objects |ike

phot ons can behave |ike waves or |ike particles, depending on what an
experinment required of them If we do not try to determ ne on which
path they travel through the apparatus, then they behave |i ke waves
and interfere. If we do attenpt to determne their path, then they
behave |i ke particles and do not interfere. The wave interference
argunent is invalid, however, for the single photon experinents.
There are no other photons to interfere with and they cannot
interfere with thensel ves.

In fact, you end up saying the follow ng: the photon did not go

t hough slit A, the photon did not go through slit B, the photon did
not go through both slits sinultaneously, and the photon did not go
t hrough neither slit.

This exhausts all possibilities according to ordinary |ogic!!

The nodern explanation is "superposition”. Superposition is "none of
t he above".

Al'l quantum systens(a photon in this case) exist in nmultiple states.
Classically, we can think of two ways the photon might get to the
screen in the experinment. It passed through one slit or it passed
through the other slit. QM says that we cannot continue to think of
t hese paths as real since we cannot determine if the paths are
actually traveled without ruining the experinment. W can show t hey
pass through a particular slit, but not if we also want to see

i nterference.

M says that when a single photon passes through the apparatus in an
i nterference experinent, what happens is that the photon passes

t hrough as a superposition of passing through each slit separately or
as sone conbination of all the possibilities at the sane tine. It
does not travel along either path. QM says that the photon only has
probabilities for being on each path.

Using this schene, QM is able to predict the probability that a
photon will arrive at any particular point on the screen and hence
predict the interference pattern. It does so correctly. However,
along the way QM really nesses around with the way we think about the
worl d; nmesses with our view of reality.

M says that when we are not nmeasuring its path, the photon does not
have a path. QM says that when we are not neasuring its path, the
photon is only a set of probabilities to have paths. QM says that
when we neasure its path, then the photon does have a path, nanely,
the one we found in the neasurenent. Measurenent seens to destroy

t he superposition and create a definite value or a reality.

The path of the photon, in fact, all of the photon properties are
only part of quantumreality when we neasure them In between
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measur enents, the photon is just a set of quantum probabilities.

Experiments now clearly show that this strange QMview is correct,
whi ch neans that quantum systens seemto have no objective reality in
bet ween neasurenents.

So when QM says that the photon passes through the apparatus as a
superposition of all the possibilities (two in this case), QM neans
that it seens to be doing all of those things sinultaneously as | ong
as we do not check by nmeasuring to see what it is actually doing or
as long as you do not neasure it and nmake it do sonething definite.

I f you do check, then you destroy the superposition and reduce the
systemto only one possibility, nanely, the one you found in the
nmeasurenent. This is called collapse of the superposition.

The photon is exhibiting a quantum parallelismin a superposition
because of nonzero probabilities for being on many different paths
si mul t aneousl y.

You m ght ask at this point: How can such a theory make any sense? |
woul d counter with the question: Wat do you nean by nake sense? You
m ght argue that it goes against your intuition. | would say that is
K because you have never been a photon and therefore you do not have
any intuition about how photons shoul d behave.

M correctly explain all known experinents in the m croworld
correctly. It is the correct theory for all technology that relies on
t he behavi or of atons. The superposition idea is now universally
accepted even though it says that the mcrowrld is one of
possibilities and probabilities instead of determnismas in the

cl assi cal worl d.

We can exploit this idea. Since a photon can sinmultaneously be on
multiple paths in the two-slit apparatus or in many states

simul taneously, theory says it is possible to build a conputer that
conputes using all the different states in a superposition

simul taneously like an i mense parall el processing nmachine.

One possible difficulty is that you can't |ook at the results of each
conput ati onal path separately because it is part of a superposition.
Just as in the two-slit experinent, |ooking destroys the
superposition or interference. If you | ook, then you see only one
part of the superposition and get only one result.

Does this say quantum parallelismis an illusion? Does it occur, but
give us no way to nmake use of all of the results? There is a way to
t ake advantage of all of the sinultaneous cal cul ati ons. W nust not

| ook at the results directly, but only allow parts of the
superposition to interfere in sone clever way. This is what happens
when we get information fromthe two-slit interference pattern where
interference occurs when we observe the position of photons as they
interact with the screen. Likew se, in a quantum conputer
interference can be achi eved by observing the result of a cal cul ation
in the proper way so that we do not get a result fromonly one part
of the superposition but get a sumor interference pattern over al
the parts. If we are clever in asking the questions, then we can
extract nore than one piece of the cal cul ation.
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How to do it?

I n hurman rel ati onshi ps, you nmay not know what your partner is

t hinking and this can cause all sorts of trouble. It is nothing,
however, |ike the trouble that occurs for QM partners. For a pair of
guantum particles, even a brief interaction creates a very strange
bond. When involved in this bond and before bei ng neasured, both
particles in the partnership are, not only, each in a state that is a
superposition of possibilities, but also, the two sets of
possibilities have a special relationship where they are dramatically
correlated. A very strange quantum dance.

When the state of superposition of one is neasured and col |l apsed to a
single possibility, the state of superposition of the other is

si mul t aneously coll apsed to a single possibility correlated with its
partner - even if halfway across the universe when the nmeasurenent on
the partner took place.

In the strange | exi con of quantum physics, the two particles are said
to be entangl ed. Entangl ement occurs when quantum systens interact.
Ent angl ement neans that if you perform any kind of neasurenent on one
of the particles, then it affects the partner even if they are
separated by a large distance. This is called quantum nonlocality.

Ent angl ement was at the heart of a phil osophical debate between

Ei nstein and Bohr over the nature of reality in the quantum worl d.
Ei nstein could not cope with the probabilistic or non-determnistic
nature of the world of QM

Einstein disagreed with the view that an electron in an atom has no
definite state, but only possible states. That, at best, the theory
can predict the probability that the electron is in a state. That the
el ectron m ght not be in one state, but in a superposition of al
states at once. That it is neaningless to try to describe the

el ectron's state until a neasurenent is nmade, at which point the
measur enent destroys the superposition and causes the particle to be
in a definite state.

Einstein felt that underlying quantumtheory was an objective world
in which all particle properties had real pre-existing values and
measurenents were just finding out what those val ues were and not
creating any reality.

Ei nst ei n, Podol sky and Rosen(EPR for short), designed an experi nent

i nvol vi ng entangl enent that was supposed to show t hat quantumtheory
gave an inconplete view of reality. They argued that the nonl ocal
bond of entangled particles was a physical inpossibility because it
had to act instantaneously everywhere and no known influence coul d
travel faster than the speed of light according to Einstein's own
special theory of relativity. Einstein dubbed these guantum

i nfluences - spooky action at a distance. At this tinme, an
experinmental |ower bound on the speed of the quantum i nfluence is 10
mllion times the speed of |ight.

Bohr, on the other hand, saw entanglenment as a quantum fact of life.
Entangl ed particles are essential parts of the sane quantum system no
matter how far apart they are. Although, we cannot neasure any

i nformation-carrying signal passing between them it turns out that
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no matter how far apart they are, they cooperate during a neasurenent
and end up with nmeasurenent values that are strongly correl ated.
Knowi ng a quantum property of one particle in an entanglenent tells
you the same property of the other particle w thout having to neasure
it.

This nonlocality is best described by saying that quantum theory has
a way of getting a feather in ny hand in New York to tickle soneone
in San Francisco even though the feather is always observed to be in
New York and the other person is always observed to be in San

Franci sco.

It was not until 1982 that a real version of the EPR experinent was
built. It produced convincing results that supported Bohr's view of
guantumreality. Today researchers are building nore accurate
versions of these EPR-type experinents to probe the boundary between
the classical and quantumworlds. In all cases, the QM view of
reality agrees with the experinental results. Bell, in fact, proved
that any theory that agrees with all of the probabilistic QW

predi ctions cannot be local. Nonlocality and entanglenment is a
guantum fact of life.

To understand how this all relates to the quantum conputi ng

revol ution, we digress to understand binary nunbers, their connection
to classical and quantum conmputers and how superposition and

ent angl enent cone into play.

| will use sone volunteers fromthe undefeated wonen's rugby teamto
hel p ne denonstrate. Rhiana, Meghan, Al exa and Danielle.

A bit is a object that can be either 0 or 1. In a classical conputer,
it is a nenory register whose voltage can be 0 or 5 volts.

1-bit register = 0,1
2'=2 nunbers

2-bit register 00=0, 01=1, 10=2, or 11=3

22 =4 nunbers

3-bit register 000=0, 001=1, 010=2, 011=3, 100=4, 101=5, 110=6, or 111=7

2°=8 nunbers

an L-bit register can store
2" nunbers

The 10-bit nunber 1111101000= 2000 =1024+512+256+128+64+16

A classical 3-bit nenory register can store only one of the eight
nunbers at any one tine.

A quantum regi ster conmposed of one quantumbit or a Qbit, can store
at a single nonent of tinme both of the nunbers 0 and 1 in a quantum
superposition of being 0 and being 1. A quantum regi ster conposed of
two Qbits can store at a given nonent of tinme all four nunbers

00, 01,10,11 in a quantum superposition being 0,1,2 and 3. A quantum
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regi ster conposed of three Qbits can store in a given nonent of tine
all eight nunbers 000, 001, 010, 011, 100, 101, 110,111 in a gquantum
superposition 0,1,2, 3,4,5,6 and 7. Al eight nunbers are present in
the 3 @bit quantumregister at one tine.

Quantum nenory registers are in superpositions of all the register
possibilities as long as we do not | ook at them If we do | ook at
t hem t hey beconme one of the possibilities or one of the nunbers by
col | apse of the superposition.

If we keep adding Qbits to the register we increase its storage
capacity exponentially, four Qbits can sinultaneously store 16

di fferent nunbers, five Qbits can sinmultaneously store 32 different
nunbers, et c.

Once the register is prepared in a superposition of different nunbers
we can perform quantum operations on all of them sinultaneously. For
exanple, if the Qbits are atons then suitably tuned | aser pul ses can
affect the atom c states and evolve initial superpositions of encoded
nunbers into different superpositions, carrying out a conplex

mat hemat i cal task al ong the way.

During the evol ution each nunber in the superposition is affected in
a different way and as a final result we generate a nassive parall el

conputation on a many-bit quantum nenory register. This neans that an
L Qbit quantum conputer can, in one conputational step, performthe

same mat hematical operation on 2" different input numbers encoded in a
superposition. To acconplish the sane task, a classical conputer has

to repeat the same conputation 2" tines or has to use 2" different
processors working in parallel. This is why conmputers using quantum
parallelismw |l be so powerful.

At the begi nning, however, quantum conputers were only an academn c
curiosity. In order to get a definite result froma quantum conputer,
it seenmed that we had to do a neasurenent, which always col |l apses the
superposition of possibilities(the results) to only one result. That
means, in a given tine step, it seened that both a quantum and a

cl assi cal conputer nmade the sane nunber of calculations(L). Since, we
al ready know how to build regular conputers and do not yet know how
to build quantum conputers, why bother?

A quantum conput er, however, has the ability to generate interference
between the different results or states in the superposition.

Thus, to exploit quantum parallelism one nust only ask questions of
a quantum conputer that can be answered by sone kind of interference
and not by direct questions that collapse the possibilities to one.
By doing a conputation on a superposition, then interfering the
results to get the answers, a quantum conputer can exploit quantum
parall elism

No one, however, knew how to ask such questions. |If quantum conputers
were to have any future, it needed a killer application - sonething
very useful that only a quantum conputer could do in a reasonable
amount of tine.

Peter Shor of ATT's Bell Labs, found the first true gquantum conputer
al gorithm He derived a nethod using quantum conputers to solve a
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probl emin nunber theory which has powerful real-world applications.
Shor created a tool box of mathematical operations that only work on a
guant um conputer. He showed how t hese operations |lead to an al gorithm
t hat enabl es a quantum conmputer to factorize(like 15 = 5x3) huge
nunbers extrenely rapidly, nuch faster than possible by conventional
conputers. Factorization is so inportant because a common net hod of
encryption(RSA) relies on the extrene difficulty of factorizing very
| arge nunbers. Recently, a 129-digit nunber was factorized by over
1600 cl assical conmputers hooked up via the Internet, but it took over
ei ght nmonths! The RSA schene relies on the fact that no efficient
classical factoring algorithmis known and any set of classical
conputers can be defeated by adding nore digits to the codes since
factori zing nunbers gets exponentially harder the bigger they are.

But then Shor dropped a second bonbshell. He showed that a quantum
conputer would be able to factorize RSA-129 in a few seconds or be
able to break any so-called "uncrackabl e" secret codes in seconds
rat her than years.

It does it by trying out very large nunmber of cases sinultaneously in
a superposition with the cal cul ati ons on every part proceeding in a
massi vely parallel way. The actual results are obtained by allow ng
all the conponents of the final superposition to interfere with each
other. Shor's algorithmwas designed so that only results leading to
a factor interfere constructively, while all the results that were
not factors cancel out by destructive interference. The interference
pattern produces the required answer!

There are many proposals to build a real quantum conputer. As |ong as
there is a way to put the systeminto a quantum superposition and
there is a way to get the Qbits to interfere, any system can be used
as a quantum conput er

One proposal is to use the nanotechnol ogy of quantum dots, that is, a
single electron trapped inside a cage of atons. Wien a single dot is
exposed to a pulse of laser light of precisely the right frequency
and tinme duration, its electron is put into an excited energy state.
An additional pulse of light of same frequency and tine duration puts
the el ectron back into its ground state again. In a quantum conputer,
the ground state and excited state of the electron are used to
represent 0 and 1 so that a single quantum dot can act as a 1 Qbit
menory register.

A quantum dot al so behaves |ike another inportant device. A pul se of
| aser light turns a O(false) into a 1(true), or a 1 into a 0, which
is the sane behavi or as a NOT gate.

It turns out, however, and this is nost inportant, that there are
operations that can be done with these quantum dot structures or

Q bits that cannot be replicated by classical registers. It is here
that we enter the strange world of quantum conputi ng.

Consi der the NOT gate again. The requirenent is that you shine |aser
light of the right frequency for precisely the right Iength of tine
to cause a Qbit to flip. What happens if we shine the light for half
the prescribed tine? According to quantum nechani cs, the quantum dot
does not flip, but instead goes into a superposition of both the
excited and ground states (a superposition of being O and being 1).
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This function behaves |ike the square root of a NOT gate.

The inmportance and significance of these square root functions is
that they have no analog at all in conventional conputers. You cannot
make themin a cl assical conputer

These ol d and new | ogi ¢ functions nmade from groups of quantum dots
are all the tools needed to construct a quantum conputer.

To build a quantum conputer, however, we woul d need over 100,000 dots
on a single chip, which is not possible now. There is also a big
difficulty with total conputation tine. The el ectrons in quantum dots
tend to stay in their excited states for only about a m crosecond.

Si nce each burst of laser light |asts around 1 nanosecond, there is
only time for about a thousand | ogical operations before all bits are
erased. This puts a severe limt on the |l ength of any quantum

cal cul ati on.

I n addition, physicists have only managed to entangle a maxi mum of

t hree-to-four quantum systens. To factor a nunber |ike 15 woul d take
20,000 | ogic gate operations on 20 entangled particles. So practi cal
guantum conputation is still a long way off.

Renenber, however, these are the early days of quantum conputing and
physicists are still trying to understand entangl enent. There are
many exanpl es where once technol ogy gets its foot in the door,
advances cone very rapidly. So watch out and watch for |PGs!!

Now et nme tell you about a real working exanple of a quantum
conputer. In this quantum conputer, the Qbits are the spin states of
a proton, which exist as a superposition of both O and 1 (spin up and
spin down) until a neasurenent is nade. Lov Grover of ATT Bell Labs
showed how a quantum conputer could guess a chosen nunber in a
certain range. The task is simlar to the ganme of high/low hom ng-in
on a nunber by asking if the your guess is too high or too |ow Such
repeat ed questioning would be all a classical conmputer could do.
Grover showed how a quantum conputer could figure out the nunber in
one try by packing all the questions into the superposed states of a

Qbit.

| saac Chuang of IBM s Al naden Research Center and Neil Gershenfeld of
M T s Media Lab, one of ny former students-a 1980 Swart hnore
graduate, have made a quantum conputer that works out one of Gover's
al gorithnms, answering two questions about one of four nunbers. This
problemis simlar to asking which of the nunbers 1,2,3 and 4 is odd
and greater than 2. Although a sinple exercise, they showed that it
can be done with a quantum conputer in one step.

They used the nuclei of a carbon atom and a hydrogen atomin a

chl orof orm nol ecule as two Qbits. Both nuclei had spin 0 and spin 1
states, giving four comnbinations which existed sinultaneously,

00, 01,11 and 10. Using nagnetic fields and radio waves in an NWVR
apparatus, they mani pul ated the atom spins, making them evolve in
time according to the algorithms logic. The correct answer to the
cal cul ation then cane when a neasurenent of the spin states singled
out, via interference, those states containing the correct answer.
This work proved that a quantum conputer was no | onger just a theory!
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The major difficulty is creating |arge enough entangl enents. In
addition, the entanglenents are extrenely fragile. D sturbing one
menber of an entangl ed pair destroys the superposition. Mking a
measurenent is one way to do this, but random noise is even nore

i nsidious |eading to decoherence, which is the arch eneny of
entanglenent. In order for a systemto be effective, we nust be able
to do nmany operations before the quantum superposition decoheres.
Decoherence is inescapable and gets worse as the entangl enment gets
|arger. | believe, however, that decoherence can be controlled by a
better understanding of howit works. | amvery optimstic that we
can nmake | arge entangled states very robust and quantum conputers
possi bl e.

Now, the dream of teleportation is to be able to travel by

di sappearing at one | ocation and sinply reappearing at sonme distant
| ocation, wthout ever being anywhere in between. Captain Kirk and
his crewdo it all the tine with the greatest of ease. This form of
travel, however, has seened to be science fiction and not a real
possibility. It turns out that in the world of QW teleportation is
not only theoretically possible, it has actually been done.

For our purposes, an object to be teleported is characterized by al
of its measurable properties. To make a copy of the object at a

di stant | ocation, we need to send the neasured information so that it
can be used to reconstruct the object.

Until recently, physicists had all but ruled out tel eportation
because particles can exist in superpositions. The difficulty is that
to produce an exact duplicate of any one particle, we need to
determne all of its properties. But doing so, requires nany

measur enents, each of which coll apses the superposition. Since each
col | apse wecks the superposition and hence the particle's
properties, a second neasurenent is inpossible on the sane particle.
In fact, QM says it is inpossible to exactly neasure all the
properties of the particle at the sane tine. The nore you | earn about
one set of characteristics, the | ess you can say about the others
with any real certainty. This is real content of Heisenberg's
uncertainty principle.

Al t hough QM says we have this neasurenent problemif we try to gather
information, QV al so says that it is possible to transfer the quantum
state of one particle onto another particle - the process of quantum
teleportation - provided one does not get any information about the
state of the particle in the course of this teleportation. This can
be done by using entanglenent in a clever way.

Experinmental teleportation has now been done, at |east for photons,
over distance of up to 10 kil oneters.

It is not Star Trek. No Beam ne up, Scotty, no shinmering sparkles as
soneone materializes in the transporter roomon the U S S.

Enterprise. The experinental group has not sent a colleague to

Kat mandu or a car to the noon. Yet they did denonstrate that it is
possible to transfer the properties of one quantum particle(a photon)
to another even if the two are at opposite ends of the gal axy.

The solution was based on the fact that in an entangled state, both
particles are part of the same quantum system so that whatever you do
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to one nesses around with its partner. The experinment used entangl ed
photons to transport a polarization state fromone photon to anot her.

Here is how the experinent works:

The diagram | have given you depicts the experinental setup for
guantum t el eportati on.

At the sending station of the quantumtel eporter, Alice encodes a
"messenger” photon Mwith a specific state: say 45° polarization. This
travels to a beamsplitter. Meanwhile, two additional "entangled"
photons A and B are created. Because of entangl enent, each photon is
in a superposition of two polarization states and the two photons
have a strong correlation - they always have opposite polarizations.
If Ais neasured to have horizontal polarization, then B collapses
into the opposite state of vertical polarization. Now entangl ed
photon A arrives at the beamsplitter at the sane tinme as nessage
photon M The beam splitter causes each photon to either go to
detector 1 or go to detector 2. In 25% of all cases, the two photons
go to different detectors, 1 and 2. Alice, however, cannot tell which
photon went to which detector. Alice's inability to distinguish

bet ween the two photons causes quantum weirdness to kick in.

The fact that the two photons A and M are now i ndi stingui shabl e
allows QMto say M becones entangled with A The pol ari zation val ues
for photons A and M are now opposite. At that instant, since nessage
phot on M nust have opposite polarization to photon A then photon B
which is also entangled with A nmnust al so be opposite to A and now
have the sane pol arization value as M Therefore, teleportation is
successful. The pol arization val ue of photon B when B arrives at Bob,
is the value of the nessage photon M

During teleportation, particle Mloses its identity as it becones
entangled with particle A and the initial state of Mis destroyed.

The neasurenment does not reveal any infornmation about the properties
of any of the particles, which is why the entangl enents are not
col | apsed. The teleportation of quantuminformation fromparticle M
to particle B can happen over arbitrary distances.

After successful teleportation particle Mis not available inits
original state any nore and therefore its twin, particle B, is truly
the result of a teleportation. The schenme does not teleport the
photon itself, it only transports its properties which are inparted
to anot her, renote photon.

Sci ence fiction com ng true!
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So here are ny final thoughts.

Rel ativity ensures a degree of separateness and individuality for

di stant parts of the Universe because of its inposition of a maxi num
speed of light for information transfer. Quantum entangl enment,

mai ntai ns |inks between di stant regi ons, and keeps the whol e the

Uni verse coherently connected. Randomess and superposition nmake it
possible to tie distant parts of the Universe together nore tightly

t han m ght otherw se be i nmagi ned, while ensuring that cause and
effect stay distinct and causality is nmaintained. Quantum nmechanics
manages to conbi ne nonlocality and causality so that everything works
i n har nony.
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Do we have any other choice but to use quantumrules? |Is quantum
mechani cs the only theory that can reconcile nonlocality with
relativity and causality? Can quantum theory be nodified and still be
consistent with the experinental world?

If you try to alter the theory very slightly say by adding sone extra
feature |i ke nonlinearity, then quantum nonlocality imredi ately
beconmes malignant. It allows faster-than-1light signalling which then
| eads to the possibility of tinme travel and all kinds of | ogical
difficulties with causality. It seens that quantumtheory as
presently known is the only one that is consistent with all evidence.
At this time, we know that the universe uses gquantum nechanics, but
we do not why that nust be so as yet.

Many phil osophers and physicists believe there is a need for a

radi cal change in the very nodes of thought that we use. For

i nstance, after Einstein introduced his theory of relativity we threw
out the old Euclidean notions of space and tine, and now have nore
general i zed notions, which work even better.

Quantum theory may denand a sim | ar revanpi ng of our concepts of
rationality and | ogic. Boolean logic, which is based on true-false
propositions, suffices for a world in which an atom goes either

t hrough one slit or the other or for your classical world, but may
not suffice in a world of superpositions. Quantum nmechanical |ogic
seens to be non-Bool ean. Soneday we nay know why.

Until then, |ike ancient cave dwellers, we can only stare at the
shadows of quanta flickering on the walls of our cave, and wonder
what they nean.

Thank you.
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