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Law Without Law
Law Wirthou: =&

Spegies will never vary, and have remained the same since

he creation of each species.”

-Charles Lyellfl) writing almost three

decades before The Origin of Species

' [The astronomer Sir John Frederick William] Herschel says
y book is 'the law of higgledy-ptiggledy'."

-Charles Darwin,(z) 18 days after the
November 24, 1859 publication of

The Origin of Species

e the laws of physics eternal and immutable? or are these

aws, like species, mutable(3) and of "higgledy-piggledy"”

he hierarchical speciation of plant and animal life,

e now know, arises out of the blind accidents of genetic
utation and natural selection(5'6). Likewise the gas laws,
he pressure-volume-temperature relation for water and for
ther substances, and the laws of thermodynamics take their
rigin in the chaos of molecular collisions. But as for the
molecules themselves, the particles of which they are made,
and the fields of force that couple them, is it conceivable

that they too derive their way of action, their structure,

and even their existence from multitudinous accidents?
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Such questions about the "plan" of physics we would hardly

raise if we had the skeleton of it in hand. But we don't.

Now and then we meet a colleague in another realm of thought
who still thinks Physics is in possession of this plan.

He cites the words of Laplace(7) and reiterates the Laplacean

vision as he understands it: the laws are definite, the

initial coordinates and momenta are definite, and therefore

the future is definite. The universe is a machine. No,

we have to tell him; that is a cracked paradigm. Quantum

mechanics allows us to know a coordinate, or a momentum,

but not both. Of the initial value data that Laplace

needed, the principle of complementarity(e%r indeterminacy(g)

says half do not and cannot exist.

It is no use to warn our colleague of the grip of determinism,
nor to compare it for him with "the hold of astrology on

the Renaissance mind; neither education nor enlightenment

[Jacob Burckhardt insisted(lo)] could do anything against

this delusion. . . . because it was supported by the authority

of the ancients and satisfied passionate fantasies and the

fervent wish to know and determine the future“(ll). He

reads more physics and comes back convinced that the plan of

the world is still determinism. No one can deny, he

insists, that the Schrédinger equation foreordains in every

detail the time development of the wave function. Yes,

there is a probability element in the physics that shows

jers of Time

he instant of an observation, he admits. However,
up at t

e i i ion with
e nt of chance is not at all in contradicti

t lem .

tha

. .
inism he tells us, but evidence that we have failed
mi sm,
deter

observer in our bookkeeping. In support

il (12,13,14)

this contention he cites the thesis of Everett
of

PR )
stulate of gquantum mechanics can

that the measurement po

ived out of the wave equatlon itself, rather than being
be der

. A
i =
om outside as a mysterlous and foreign element
added fr

n i namical
vie g us, e relevant )'d
i iew our colleague reminds S th e v d
o) this ’

server
is the system under study augmented by the ob
system

em. g y n
The wave function for this larger system lends
syst

= elf to bei ng written as the sum of products. Each
its

oduct contains one factor referring to the system under
pPr

study, H\UItlpllEd bY a second factor referring to the

observer. Measurement 1s described in terms of the corr la

o describes
ion between these two factors. The first factor
€1

i i ifi antum
the system under study as being 1n a specific qu

t ' g E ett's ly 1s,
state. The second accordin to veret ana S1s

der study
sents the observer as aware that the system un
repre

in that quantum state The X1s n n verall
1s . h coe tence g & one ove

tion of these alternative states of observer-plus-
wave func -

served-s tem a v & o such hrases as branchin
b ¥Ys has given rise = C phr
O g

histories and the many worlds 1nterpretat10n of qualltum

. can his, our friend concludes,
mechanics That one a get alk. € S

6di i WS more
out of the deterministic Schrddinger egquation sho
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clearly than any argument ever advanced that nature is at

bottom deterministic.

Imaginative Everett's thesis is, and instructive, we agree.
We once subscribed to it(ls). In retrospect, however, it
looks like the wrong track. First, this formulation of
quantum mechanics denigrates the quantum. It denies from
the start that the quantum character of nature is any clue
to the plan of physics. Take this Hamiltonian for the world,
that Hamiltonian, or any other Hamiltonian, this formulation
says. I am a principle too lordly to care which, or why
there should be any Hamiltonian at all. You give me what-
ever world you please, and in return I give you back many
worlds. Don't look to me for help in understanding this

universe.

Second, its infinitely many unobservable worlds make a
heavy load of metaphysical baggage. They would seem to
defy Mendeléev's demand of any proper scientific theory,
that it should "expose itself to destruction."

$1¢) [see also Wigner(la’ o 20)], Weizsidcker (21)

Wigner
and Wheeler(zz) have made objections in more detail, but
also in quite contrasting terms, to the relative-state or
many-worlds interpretation of quantum mechanics. It is

hard to name anyone who conceives of it as a way to uphold

determinism.

jers of Time

ou tell me what isn't the plan of physics, our friend

joins I1f you understand quantum mechanics so well,
ej .

hy don't you tell me what is the plan of physics?

We have clues, clues most of all
(23,24,25)'

o one knows, we reply.

but no answer. That he

in the writings of Bohr
did not propose an answer, not philosophize, not go an inch
peyond the soundest fullest statement of the inescapable
jessons of quantum mechanics, was his way to build a clean
pier for some later day's bridge to the future.

what kind of a "plan of physics" do you think Bohr had in

(26)

¥ 1Y .
mind, our colleague asks. I know Einstein's words

"physics is an attempt to grasp reality as it is thought

(28)

independently of its being observed." I know Bohr's reply

"These conditions [of measurement] constitute an inherent
3 3 Al
element of any phenomenon to which the term 'physical reality

can be attached. . . .[This requires] a final renunciation

of the classical ideal of causality and a radical revision

of our attitude towards the problem of physical reality.

But if I could have asked Bohr, how did he think the universe

came into being, and what is its substance, what would

he have said?

It is too late to ask. The plan is up to us to find.

i -piggledy.
The universe can't be Laplacean. It may be higgledy-pigg y

But have hope. Surely someday we will see the necessity

of the quantum in its construction. Would you like a little
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story along this line? g - [
wonder some of those decisions between "yes" and "no
Of course! About what?
. ) proved so hard!
About the game of twenty questions. You recall how it goes--
and the point of your story?
one of the after-dinner party sent out of the living room, Compare Siugia bt b s s Ase i i e s g
the others agreeing on a word, the one fated to be questioner two Formubabiams Al sRuient nd KimiugF L, b e
returning and starting his questions. "Is it a living the word SRESMIY Slotel SAUs Shera® as phisios dnie
object?" "No." "Is it here on earth?" "Yes." So the thoughE ARk Batitheh ahd SoRLin G Kb abhsroce
questions go from respondent to respondent around the room existed loutuiiimanl oleprinit. of e el B aasiddiion.
until at length the word emerges: victory if in twenty Second, inmamekuaediid i ik Ol Mkl i hdadiu
tries or less; otherwise, defeat. brought. isth Aetnies Mwatis Sadsngv-Eis tabsiite e
Then comes the moment when we are fourth to be sent from raised, ashe inovmation asbone W wlectson ke WHSHNE N
the room. We are locked out unbelievably long. On finally Soingiel by BhR.ly the upeEients ANat othe obde i
being readmitted, we find a smile on everyone's face, sign chooSes: SR NIL el MiE M it i s At e
of a‘joke or a plot. We innocently start our questions. quest i on P AR SN AR St e Al s
AF first the answers come quickly. Then each question the expevinehbirsonlisiane Snded b ol th ot Picspmie e
begins to take longer in the answering--strange, when the for the SelNEeibthaatt e S i s ke
AR AR A PR RE PR R B e quantities or the same quantities in a different order.
feeling hot on the trail, we ask, "Is the word *cloud'?" Fourth, whiptoln mind bl i S nging A DIPeiEuses
"Yes," comes the reply, and everyone bursts out laughing. word "clodiBtammlwingas Eo i I e i e
When we were out of the room, they explain, they had agreed Of the CRATEiNA RN AT Ei § it i e T
not to agree in advance on any word at all. Each one around or "no” sREbiEEE] kbe CoMauins el ahe Mook oA D BEElY ;
e clele SRl s WUt MRPE the experimenter has some substantial influence on what will
whatever question we put to him. But however he replied happen- 45, IS ESEE s Ak TR
he had to have a word in mind compatible with his own Will 36, aubsitt Saal bt apmst kit st i skl SOt 1 op
reply--and with all the replies that went before. No about: whaikl SRS A Ao L P B e s

Fifth, there was a "rule of the game" that required of every
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participant that his choice of Yes or no should be compa-
tible with some word. Similarly, there is a consistency
about the observations made in physics. One person must
be able to *ell another in pPlain language what he finds

and the second person must be able to verify the observation.

Go on!

That is difficult! Interesting though our comparison is

between the world of Physics and the world of the game,
there is an important point of difference. The game has

few participants and terminates after a few steps. 1In
contrast, the making of observations is a continuing process.
Moreover, it is extraordinarily difficult to state sharply
and clearly where the community of observer-participants
begins and where it ends.

This comparison between the world of guantum observations
and the game of twenty questions misses much, but it makes
the vital central point. In the real world of guantum
physics, no elementary phenomenon is q phenomenon until
it is an observed phenomenon. In the surprise version of
the game no word is a word until that word is promoted to
reality by the choice of questions asked and answers given.
"Cloud" sitting there waiting to be found as we entered
the room? Pure delusion! Momentum, py = 1.4x107!°gem/s,
or position, x = 0.31x10"%cm, of the electron waiting to

be found as we start to probe the atom? Pure fantasy!

Frontiers of Time

(29)
Mann may be going too far when he suggests

that' ™ ni " Ne
are actually bringing about what seems to be happening to
us." However, it is undeniable that each of us, as observer,

is also one of the participants in bringing "reality"

into being.

until I heard your story I had never grasped what a strange
and fascinating quality the universe has, and never under-
stood how absolutely indefensible determinism is. Won't
you go on? What do you think the quantum is trying to tell
us about the structure of physics?

Nobody wants conjecture!

But how can anybody even begin to ask the right questions
if he doesn't have at least some thought in his mind about

how the answers look? I can see you have some suspicions

about the shape of things. What are they?

Little though we know, I agree we owe it to each other to
talk as frankly as we can.

Please do.

"Law without law": it is difficult to see what else
than that can be the "plan" of physics. It is preposterous
to think of the laws of physics as installed by a Swiss
watchmaker to endure from everlasting to everlasting when
we know that the universe began with a big bang.

(30,3)

The laws must have come into being Therefore they

could not have been always a hundred percent accurate.

That means that they are derivative, not primary. Also
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derivative, also not primary is the statistical law of
distribution of the molecules of a dilute gas between the

two interconnecting portions, V; and V,, of a total volume

V=V, +V,,

(1) Ny = Vi(N/V); N, = V,(N/V).

This law is always violated and yet also always upheld.
The individual molecules laugh at it; yet as they laugh
they find themselves obeying it. The statistical fluctuations

about the predicted values,

(2) (6N1) pg = (8N2) e = (Mif/m 3,

in every normal circumstance are absolutely negligible.

Are the laws of physics of a similar statistical character?

And if so, statistics of what? Of billions and billions of

acts of observer—participancy which individually defy

all law?

The only thing harder to understand than a law of statistical
origin would be a law that is not of statistical origin,

for then there would be no way for it--or its progenitor
principles--to come into being. On the other hand, when

we view each of the laws of physics--and no laws are more

magnificent in scope or better tested--as at bottom

Frontiers of Time 13

tatistical in character, then we are at last able to forego
s

the idea of a law that endures from everlasting to everlasting.

individual events. Events beyond law. Events sO numerous

and so uncoordinated that, flaunting their freedom from formula,
they yet fabricate firm form.

wpabricate form"? Do you suggest that even the 4-dimensional
spacetime manifold is only a fabrication, only a theory--

jrreplaceable convenience though that theory is?

yes! Compare spacetime with cloth. Each it is useful under

everyday circumstances to call a manifold. Yet each is

exactly then most obviously not a manifold where it comes
to an end, whether in the selvedge made by the loom, or in

the geodesic terminations made by one of the "gates of

(31,32) (33)

time"--big bang or big crunch Nowhere

or tlack hole.

more clearly than in the ending of spacetime are we warned

that time is not an ultimate category in the description of

(34)
nature.

Aren't you being extreme? I see the lesson of the game of

twenty questions. I begin to believe with you that no
elementary phenomenon is a phenomenon until it is an

observed phenomenon. I accept that events of observer-

participancy as you call them, occupy a special place
in the scheme of things. I agree that that word "cloud"
was brought into being entirely through such elementary
however numerous, should

events. But that such events,

be the sole blocks for building the laws of physics--and
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ain you feel when you kick the rock? And how can matter--
P

Space and time themselves--seems to me pPreposterous. and spacetime--be anything but mutable, coming into being at

You surely have been involved enough in times past with one gate of time and fading out of existence at the other?

nuts-and-bolts physics to know the difference between science No physics before the big bang, or after the big crunch?

and poetry; yet if I appreciate the drift of what you say, No! The lesson of Einstein's standard closed-space cos-

you might as well be quoting Shakespearef35) mology is different and stronger. It denies all meaning

to such terms as "before the big bang" and "after the

- - . These our actors, big crunch."

As I foretold you, were all spirits and particles or fields or mathematics won't do for ultimate

Are melted into air, into thin air: puilding blocks. They can't come into being or fade out of

(30)

And like the baseless fabric of this vision, existence.

" 36) . Al L
The cloud capp'd towers, the gorgeous palaces, Yes, 1 appreciate the reasons glven( against believing

The solemn temples, the great globe itself, in any "magic particle" or any "magic field" or any "magic

Yes, all which it inherit, shall dissolve mathematics" as the foundation of physics; but isn't it

And like this insubstantial pageant faded, even more difficult to think of acts of observer-partici-

Leave not a rack behind. We are such stuff pancy as the magic ingredient?

As dreams are made on. . . Difficult, yes; inconceivable, no.

Go on!

I can't believe any such dreamlike vision of the physical No, we have to stop here. It is beyond the power of today

world. As Samuel Johnson used to say, I have only to to fit together the pieces of the puzzle.

kick a stone to find it real enough. Don't stop! You've carried me halfway into an exciting

Why do you say "preposterous"? Perhaps Shakespeare under- mystery story. You can't leave me without the traditional

stood this universe of ours better than we do ourselves! half-way-point review of the important clues and first try

You have known for years that the atom is more than 99.99 at a working hypothesis.

percent emptiness. If matter turns out in the end to be Review? A proper review would be impossibly ambitious.

altogether ephermeral, what difference can that make in the And how can one advance a working hypothesis that will not be
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wrong tomorrow and ridiculous the day after?
I appeal to you to go on. You have told me more than once
that science advances only by making all possible mistakes;
that the main thing is to make the mistakes as fast as possi
and recognize them. You like to quote the motto of that
engine inventor, John Kris: "Start her up and see why
she don't run." vYou point to Einstein's definition of a
scientist, "An unscrupulous opportunist." If you believe
all this, and are a true colleague of mine, you must go
on.

You leave no escape!

Good! Then let us agree to go on; but let us replace the
comprehensive review of clues that you wanted by something
more modest. How would it do, for example, to survey some
of the lessons we have learned from the study of time,

and how those lessons bear on "observer-participancy"?

I accept, and with many thanks.
point as you see it.

The absolute central point would seem to be this: The

universe had to have a way to come into being out of nothing-

ness, with no prior laws, no Swiss watchworks, no nucleus of
crystallization to help it--as on a more modest level, we
believe, life came into being out of lifeless matter with

no prior life to guide the process.(38'5’6)

When we say "out of nothingness" we do not mean, out of

But first tell me the centra

: 13
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he vacuum of physics. The vacuum of physics is loaded
t

ith geometrical structure and vacuum fluctuations and virtual
wi

irs of particles. The universe is already in existence
pai

hen we have such a vacuum. No, when we speak of nothing-
W

ss we mean nothingness: neither structure, nor law, nor

ne

plan.
A conception more clearly impossible I never heard!
preposterous we have to agree is the idea that everything

js produced out of nothing--as preposterous, but perhaps

also as inescapable, as the view that life had its origin

in lifeless matter.

But how? ' . B0,
vomnibus ex nihil ducendis sufficit unum," Leibniz told us;
for producing everything out of nothing one principle is
enough. Of all principles that might meet this requirement
of Leibniz nothing stands out more strikingly in this era
of the quantum than the necessity to draw a line between
the observer-participant and the system under view. Without
that demarcation it would make no sense to do quantum mechanics,
no sense to speak of quantum theory of measurement, no sense

to say that "No elementary phenomenon is a phenomenon until

it is an observed phenomenon." The necessity for that line

of separation is the most mysterious feature of the quantum.

We take that demarcation as being, if not the central principle,

the clue to the central principle in constructing out of

nothing everything.
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Let me ask if your reasoning couldn't be turned around.
You talk of the observer-participant of quantum theory
as the mechanism for the universe to come into being.

If that is a proper way of speaking, would the converse not
also hold: The strange necessity of the quantum as we see
it everywhere in the scheme of physics comes from the
requirement that--via observer-participancy--the
should have a way to come into being?

Your point is exciting indeed.
it should provide someday a means to derive quantum mechani
from the requirement that the universe must have a way to
come into being.(40)

I know that in that empty courtyard many a game cannot be
a game until a line has been drawn--it does not matter
where--to separate one side from the other. I know that no
Gaussian flux integral can be a flux integral until the
2-surface over wihich it runs--bumpy and rippled though we
make it and deform it as we will--has

been extended to

closure. But how much arbitrariness is there in the this

more ethereal kind of demarcation, the line between "system"

and "observing device"?

Much arbitrariness! fh2)

Bohr stresses that the stick we
hold can itself be an object of investigation, as when we
run our fingers over its surface. The same stick, when

grasped firmly and used to explore something else, becomes

an extension of the observer or--when we depersonalize--a

univers;

If true--and it is attracti
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art of the measuring equipment. As we withdraw the stick
P!
grom the one role, and recast it in the other role, we trans-

pose the line of demarcation from one end of it to the

other.

so evident at this scale of the everyday, is the without-which-

The distinction between the probed and the probe,

nothing of every elementary phenomenon, of every "closed"

guantum process.

po we possess today any mathematical or legalistic formula

for what the line is or where it is to be drawn?

No.

Then what is important about this demarcation?

Existence, yes; position, no. It is the mark of an obser-

. A 43
vation to leave an "indelible" record, according to Bellnfante.( )

Wigner argues that an observation is only then an observa-

tion when it becomes part of "the consciousness of the ob-

w(44)

server and points to "the impressions which the ob-

server receives as the basic entities between which quantum

w (45)

mechanics postulates correlations. For Bohr the

central point is not "consciousness," not even an "observer,"
but an experimental device--grain of silver bromide, Geiger

counter, retina of the eye--capable of an "irreversible

«47)

act of amplification. This act brings the measuring

w(48)

process to a "clcse. Only then, he emphasized, is one

person able "to describe the result of the measurement to

w (49)

another in plain language. He adds that "all departures

from common language and ordinary logic are entirely avoided
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by reserving the word 'phenomenon' solely for refe,:\
w (50) 1

i inable computer and
most powerful imagina
, even the
unambiguously communicable information. ] (52)
he brain:
I would have felt very uncomfortable if Bohr had used Ee with that argument?

ou ag

. can we possibl
ot believe that brain function itself will someday

explained entirely i

! e ST e
term "consciousness" in defining the eiemental act of y accept such a difference of principle?

vation. I would not have known what he meant. Howeve

am beginning to understand and accept the terms he n terms of physical chemistry and

adopts, "brought to a close by an irreversible act of what escape is there from the

Y hemical potentials?

amplification" and "communicable in plain language."® "‘-'nq of von Neumann(53) and Bohr and many active present

was his position on consciousness? when one of the three discoverers of

investigators ?
o

We have asked Jgrgen Kalckar, who collaborated with K hism of superconductivity today gives us, chapter

in his last months, and he has kindly replied(sn, L y verse, an entirely cellular account

wter and verse b
i& mechanism of memory,

.dj,stinguished computer expert and student of the

) 4,55,56 i ; .
work on the preparation of some lecture, to define (54,55,56) who can dismiss it?

phenomenon of consciousness, Bohr used a phrase some

like this: a behaviour so complex that an adequate o

would require references to the organism’'s 'self-awaren

: 57
I objected jokingly that with this definition he wou. s each down to noth_\_nqness;( ) what case can anyone

have to ascribe a consciousness to the higaly develo ply maintain for any distinction of principle between

electronic computers. This did not worry Bohr. 'I he computer and the brain?

absolutely prepared,' said he, 'to talk of the spiri ﬁ.hlPPY not to have to delve today into the term "conscious-

life of an electronic computer; to state that it is sgs." I find it hard enough to know what to make of

or that it is in a bad mood. . . .The question whether t rreversible act of amplification." Never have I heard

machine rcally feels or ponders, or whether it merely : an act of amplification that was not characterized by

looks as though it did, is of course absolutely amplification factor, or an equivalent quantity; and

meaningless.'" ever an amplification factor that was not a finite number.

Other outstanding thinkers have argued otherwise. For f 2tween infinity and a finite number there may be a difference

"consciousness" makes an unclimbable difference of prin f principle; but between one finite number and another there

' only a difference of degree. How big does the grain of

of society details, one by one, the distinctions proposed 1in

mes past between "consciousness" and the computer, and painstakingly
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silver bromide have to be, or the avalanche of electrons ip
the Geiger counter, before we count the measuring process
as brought to a close by an irreversible act of amplificati
According as I specify one or another number as the critica
level of amplification, don't I make all the difference
between rating or not rating a given process as an "elemen-
tary phenomenon"?

According as the closed Gaussian surface encloses a given
elementary charge or not, we find an unmistakable differenc
in the surface integral of the electric flux. Nevertheless
we know enough about the relevant invariance principle neve
to question the correctness of always identifying flux with‘
enclosed charge. About "elementary quantum phenomenon" we
have not today learned, but have a deep obligation someday
to learn, enough to display a similar covariance with respe

to where we draw the line. That is what "complementarity"

is all about.

Even if neither you nor I know how to define that line, I

like the idea that the "game" in the empty courtyard is onl
then possible when a line is drawn. May I question you
now about the game itself? How would you describe it if
forced to commit yourself?

Let us try to squeeze an answer(36) into three sentences
and a picture (Fig. 1). The universe is a self-excited
circuit. As it expands, cools and develops, it gives rise

to observer-participancy. Observer-participancy

Figure 1.

23



"Observer—participancy" in turn gives "tangible

reality" to the universe.

Frontiers of Time 25
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in turn gives what we call "tangible reality" to the

The universe (big U) viewed as a "self-excited universe.

grows and in time gives rise to observershipl rhank you for the brevity and challenge of that working
hYpor_masis. Forgive me if I respond wih an immediate
objection. Surely the universe existed long before any
acts of observation were going on. Doesn't that mean that
the universe cannot possibly owe either its structure or
its existence to those elementary acts, however numerous
they are in the more recent history of the universe?

Agreed we all certainly are that the big bang occurred

some 10x10°a [lOXIO’years(ss)] ago. We also confess

that we know more about the radiation physics and the building
of the elements that went on in those long ago days than we
do about the organization of the synapses in our own brains
right now. But how do we get that information? From the
primordial cosmic fireball radiation, and by way of photcns
from far away stars. Moreover no photon is counted as a
photon until it is an observed photon--any more than that
word "cloud" counted as a word until it had been conjured
out of nothingness by question and answer. There is a real
sense in which we in the here and now play a part in giving
tangible reality to that which had supposedly already happened
in the remote past.

Isn't what you say directly contradictory teo what we know
about the direction of time? How can an observation made
now have any influence whatsoever on what has already

happened?




i 23
26 John Archibalj onntlers of Time

henomenon. This is the sense, the limited sense, but
jt a P

Ah, but "what has already happened" is not so easy to the inescapable sense, in which we, here, now, havi a part
Perhaps here is where we should start to outline that ) in bringing about that which "had already happened" at a
that you made me promise to give. Let us take up in o ¢ime when no observers existed. '

next encounter (Review II) "The 'Past' and the Delayed put what about the unbelievably more numerous relict photons

escape our telescope? Surely you do not deny them

Choice Double-Slit Experiment." Here we shall see in that

nreality"?
of course not; but their "reality" is of a paler and more

sense, after an electron or photon has already traverse

. . . . 3
a screen with two holes in it, we can choose whether it

The vision of the universe that is so vivid

shall have gone through oniy one of the two holes (trige theoretic hue.

i i a few iron posts of true observa-
one or the other of two distinct counters) or through bot in our minds is framed by p

tion—-themselves also resting on theory for their meaning--
put most of the walls and towers in the vision are of papier-

of them (contributing to building up an interference

fringe“59{A decision in the present thus makes a strikinj
1 se posts by an immense labor
difference in what we can rightfully say about the past. maché, plastered in between those p Y

of imagination and theory. In this labor, ". . .we can never

neatly separate what we see from what we know. . .what we call

To say, "No elementary phenomenon is a phenomenon until i

i is i i our knowledge
is an observed phenomenon" is to make no small change in seeing is invariably coloured and shaped by

i w(BL)  uygs ome initial system
traditional view that something has "already happened" (or belief) of what we see. Without s '

1 i i i i e can stick unless it is
before we observe it. The word "cloud," we mistakenly without a first guess to which w

i i i o 'sense' of the milliards
thought, already existed in the room before we "unc overed disproved, we could. . . make n

- i i i from our environment.
1t. The photons of the primordial cosmic fireball radiat of ambiguous stimuli that reach us

istakes. . .the simplicity
that enter our telescope today, we customarily assume, al In order to learn, we must make mist

4 hesi is. . .the only condition
had an existence in the very earliest days of the univers hypothesis cannot be learned. It is Yy

i (62) our mind will
long before life evolved. However, not until we catch a under which we could learn at all. Pl

i i rum [of what we
particular one of those photons in a particular state wit still react to the challenge of this conund [

i king ready to test
particular parameters, not until the elementary phenomenon 'see'] by throwing out a random answer, making y

' it i i i . is these
1S an observed phenomeaon, do we have the right even to callf it in terms of consistent possible worlds. It

answers that will transform the ambiguous stimulus pattern
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into the image of something 'out there. ' (62)

What keeps these images of something "out there" from dege
erating into separate and private universes: one observer
one universe; another observer, another universe?

That is prevented by the very solidity of those iron posts,
the elementary acts of observership-participancy.

That is the importance of Bohr's point that no observation
is an observation unless we can communicate the results of
(49)

that observation to others in plain language.

I have the impression that texts on quantum mechanics deal

with the case where one observer is involved; research paper

on the Einstein-Podolsky-Rosen experiment(64)

address the
situation where two observers are making measurements;
and nobody deals with the richness of the case where many
observers are at work on the system. How then is the
limiting case to be analyzed that you have in mind? As
I understand it you propose that the statistics of billions
upon billions of elementary acts of observation gives rise
all by itself, without law or plan, to all the structure
and laws of physics. Ever to check that proposal would
seem an impossibility.

All of us--we agree--will have to try long and hard before
we learn how to do that kind of statistics; but have hope
that we will! It is good fortune for this enterprise that
some of the necessary ground work has already been laid in

a paper by Houtappel, Van Dam and Wigner.(ss) Why don't

prontiers of Time 29

make it the subject of Review III, "'Development in Time'
we

Gives Way to 'Correlation in Time'"?2
i

Good! There will surely come a day when the concept of
w1aw without law"--out of the statistics of acts of obser-

vation-PaftiCipa"CY"can be tested, and either

fleshed out or disproved. Until then, however, I shall

pe one of the many who will persist in considering Maxwell's
electromagnetism, Einstein's geometric theory of gravity, and
the yang-Mills theory(ﬁs) of the guark-binding field as

among the truly great achievements of science. They take
an enormous range of experience, and measurements made
over many years by gifted experimenters, and by way of a
few simple principles bring these results into beautiful
order. Those laws, in my view, mark our deepest penetration
to date into the working of nature.

Beautiful, yes; marvellous in their summarizing power, yes;
put depth of penetration--is that so clear? Isn't the
quantum, the fact that no elementary phenomenon is a pheno-
menon until it is an observed phenomenon--the clear evidence
that this universe of ours is in some strange sense a
participatory universe--a far deeper discovery?
For me what counts is not words, but equations: we have nature
boiled down into three laws, each with its own definite
equation.

Then perhaps we should devote Review IV to the theme of

"Many-Fingered Time, 'Imbeddability,' and the Laws of Physics."
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Those equations that took the efforts of so many investig
SO many years to work out can be derived today, all three
them, and in a few minutes, from the utterly simple
requirement of Hojman, Kucha¥ and Te1te1b01m(67' 68, 69’70)
that the physics of the field should be "imbeddable" in
spacetime. Never has one got so much physics from so
little,

This is news to me--and exciting, too. I realize we can't
get into technical details now. But can you at least give
me the flavor of the idea--and appraise it?

Compare the three field theories with the theory of elas
For a homogeneous isotropic solid subject to a small

strain--symmetry considerations tell us--there are only t

ways to form an expression for the stored energy of second

order in the strain. Either take the trace of the strain

tensor and square it, or square the strain tensor and trac

it. A linear combination of the two quantities with appro-

priately chosen coefficients gives the most general accep
expression. By this simple line of reasoning we conclude
that the elasticity of a homogeneous isotropic substance i
characterized by exactly two elastic constants. If this
example shows how much can be obtained from arguments of

symmetry, it also illustrates that those symmetry consider

conceal from sight any view of the underlying machinery.(n'

A hundred years of the study of elasticity would never haw

revealed that those elastic constants are formed by adding
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he second derivatives of hundreds of complicated molecular
tential energy curves, each multiplied by the appropriate

:jnxtion cosines. And a hundred years of the chemistry of

interatomic forces would never have revealed that these

forces--and the "hundred laws" of chemistry--have their

origin in something so fantastically simple as a system

of positively and negatively charged masses moving in accord-

ance with the Schrédinger wave equation. Symmetry is the

quick road to the mathematics of law, but no road at all

to the machinery behind law. That's why the work of Hojman,

Kudw; and Teitelboim makes those three deepest laws of

physics today no longer look so deep; rather, as "superficial"

as elasticity is superficial. Deeper we must look if we

would know in what soil those laws are rooted.

To constitute that soil, to compose that substrate, to

serve as that primordial building "substance," what can we

pcssibly propose today except the totality of elementary

quantum acts of observer-participancy. ;

When you speak of the machinery underlying the great laws,

are you suggesting that all of the important field equations

have already been discovered?

Quite the opposite. Never more rapidly than today is progress

being made in unravelling spinor field equations, as seen

especially in that beautiful development of our times known

as“supersymmetry.“(74_7?) Moreover, as bombarding

energies go up, and distances probed in collision experiments

go down, new effects will come to light which will provide--

S0 distinguished colleagues in elementary particle physics
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suggest--evidence for still other fields of force, world
without end.

I view that as an almost hopeless prospect.

Not at all! Cheer yourself up by remembering what it is t
do a harmonic analysis of the tides. The more components
we include in our Fourier analysis, the better fit we get
to the past, and the better predictions of the future.

No matter how many terms we include, however, they won't
do a thing to forecast the splash of tomorrow morning's
ship launching, or the tsunami from next week's earthquake
On the contrary, the more terms there are for dealing with
expected, the more prominently those features will show up
which belong to the unexpected. Even to begin to include
them in the bookkeeping requires one to go to a far more
comprehensive form of analysis that altogether transcends
the traditional treatment of the tides. When the number
Ptolemaic epicycles becomes too great, or the number of
"elementary fields" too large, we have a compelling motive

to look for a new paradigm.

In the topic you proposed for our Meeting IV you mentioned

"many-fingered time," in keeping with your overall theme of

"Frontiers of Time." But what about time itself, and

spacetime? Are they primordial concepts? Or are they
secondary and approximate?
Spacetime is a classical and approximate concept that

utterly contradicts the uncertainty principle. Give up on

prontiers of Time 33

or give up the other; you can't keep both.
[ can't see how spacetime can possibly relate to the un-

certainty principle, let alone violate it or be "approximate."

Then let us look at another, and simpler, classical concept
that also violates the uncertainty principle: a world
jine. At every point along its length the world line
attributes to the particle in question both a position and
a velocity, or momentum. That degree of definiteness
violates the uncertainty principle in the most evident
way would you not agree?

of course. And I know what we do about it. We give up
altogether the idea of a deterministic world line. 1In

its place we speak of a wave function or probability
amplitude.

You are right; but you have to go further and say more about
what is right and what is wrong with the idea of a world
line if later on you expect to see what is right and what

is wrong with the idea of spacetime.

I don't see anything right about the idea of a world

line.

Let us recall two features of a world line which you surely
know and accept. First, the classical world line is a

useful approximation to replace the quantum wave function you
spoke about when the particle wave iength is small compared

to all other relevant physical dimensions. In this limit--
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Front

icti 3 ; i and wave, are the two "rights" about a classical
we agree--the predictions of "geometrical optics" closely world line 4

4 line. To see what is "wrong" about a classical history,

model the predictions of "physical optics." Second, and worl
to note the overwhelming preponderance of
less of these relative dimensions, the individual world we have only
1y" histories(BO) over smooth ones in the Feynman
line or history, H, of the particle's motion is the ele- nynruly

ildi : horter the intervals between the times ¢ ,
mentary building block in Feynman's prescription for the The s 1

(78,79)

sum.

.- - -Cie

r. to xi+dri, of the particle, the greater are the gig-
1

i t at which we specify the position,
wave function. He emphasizes what we may call "the n

democratic equality of all histories." The probability

ags in velocity in the histories which contribute most
z

to the sum over histories. The more numerous and wilder

amplitude for one history is as great in magnitude as the

probability amplitude for any other history. One of these

ili i ; i ies are that we are forced to consider, the clearer
probability amplitudes is differentiated from another only the histor1l

i f "one history"
by its phase. The phase is given by the action integral we become that the classical concept o Y

for that history: is wrong.

What has all this to do with "spacetime"?
&L

(3) (phasej)=IH/ﬁ=(l/¢[i{ > Zagrangianlzy(t),z,(t), t]dt.
El

"spacetime" is the history of space geometry changing with
time. "World line" is the history of particle position chang-

i i ime. What we have just said of the history of the
The total probability amplitude to transit from the origin I th time J

i i i i try.
iti : 3 L1 escapably applies to the history of space geome
position r', at the original time ¢', to the final positiol particle in 3 ¥ app

"History" is right, "spacetime" is right, for an approxim;te

z", at the final time t", is given by summing the elementa

S e & . d emiclassical description of space geometry changing
probabilities over all conceivable histories with equal . s

R time. (8 is ri ilding block in the
i . It is right too as a building oc
weight for each; thus with time g

Feynman sum over histories to give the quantum description

of the dynamics of geometry. (g2-84) But a single classical

(4) gt e, st = fexp{iIH/ﬁ) DH,
history of space geometry, a single spacetime, is wrong;

where D# is a suitably normalized measure over the "space® it is incompatible with any proper quantum description of the

: 3 5 A x dynamics of geometry.
of all histories. This Feynman "sum over histories" or 4 9 4

over world lines, and the principle of correspondence betwe
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Why worry?

Because "spacetime" violates the uncertainty principle.
Take any deterministic classical spacetime, such as the
Friedmann universe, the Schwarzschild geometry, or the Taub

(85)

universe. Make any spacelike slice whatsoever through

it.(86) That slice assigns to space a definite 3-geometry.
However, it also assigns to space a definite curvature with

respect to the enveloping 4-geometry. That means a definite

"extrinsic curvature;"(87)

« (88) Moreover,

field theory, a definite "field momentum.
when we ascribe to space both a field coordinate--a definite
intrinsic 3-geometry--and a field momentum--a definite
extrinsic curvature, we collide head-on with the uncertainty
principle. We can talk of "spacetime," as we talk of a
"world line," but both are classical, anti-quantum concepts.
You agree that a "world line" ascribes to a particle both a
coordinate and a momentum?

Yes.

And you agree that that is incompatible with the uncertainty
relation?

I do.

And you concede that it is equally wrong to assign to a
field both a coordinate and a momentum?

I must.

Then what escape is there from ruling out "spacetime" as

or, in the language of Hamiltonian

Frontiers of Time

4 deterministic classical concept, applicable only at the
jevel of approximation theory?

I see no escape. But I would like to understand this matter
petter. Why not make it the subject of Meeting V?
Agreed. Let's give that discussion the title "Transcending
pime." In giving up "spacetime" as a basic idea in the
description of nature we have to give up "time," too; and
with time gone, even the concepts of "before" and "after"
lose all meaning.(89)
1 feel completely lost. I have never heard anything in
philosophy or logic that did not rest in the end, explicitly
or implicitly, on the distinction between what comes first
and what follows. How can I or anyone hope to make sense
out of a nature in which the terms "before" and "after"
have "lost all meaning"?

You have to recognize that we are discussing questions of
principle.
processes and in the collisions of GeV particles, the rele-
vant distances and times are enormous compared to the Plaack

distance,(go'gl)

(5) L* = (aG/2%)¥ = 1.6x1077 %em,

and the corresponding Planck time. Only at such small

distances in present day geometry, or in the extreme

37

In all every day situations, and even in radiative
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Reaction." There we can come back to the idealization of
geometry of big bang or collapse, do we expect to have to

X flat spacetime and classical theory. There we may summarize
give up the idea of before and after. And why shouldn't

the account of radiative reaction given by Wheeler and Feynman in
we accept that limitation on our customary presuppositions,

1945593'94) In it every charged particle is envisaged as
even welcome it? How else are we to come to terms with

3 coupled to every other charged particle by a field that
what Einstein's theory tells us? How else can we begin

is symmetric in time: half advanced, half retarded.
to understand that there is no such thing as a "before" i

3 Interconnections run forward and backward in time in such
before the big bang? no "after" after gravitational

numbers as to make an unbelievable maze. That weaving to-
collapse? The only thing worse than having to give up

gether of past and future seems to contradict every normal
"before" and "after" would be not having to give them up.

jdea of causality. However, when the number of particles is

! areat enough to absorb completely the signal starting out
I can't understand how we can arrive at such limitations on f

g from any source, then this myriad of couplings adds up to
our customary ideas of time starting from a theory--Einstein

! a simple result: the familiar retarded actions of everyday
geometrical theory of gravity--which accepts from the start

i y experience, plus the familiar force of radiative reaction
the familiar local special-relativity theory distinction

with its familiar sign.
between past and future.

How can couplings symmetric in time add up to a result so
Be happy that we have sure and simple guides through these

s obviously asymmetric in time?
questions. We have not only Einstein's standard theory of

s Asymmetry in the boundary value data provide the explanation.
the dynamics of geometry. We also have the standard

t 3 y 1 The particles of the absorber are either at rest or in
principles of Hamiltonian dynamics, interpreted as we

: (92) random motion before the acceleration of the source. They
interpret them today in the light of quantum theory. We

are correlated with it in velocity after that acceleration.
shall need no more to see how and why "time" is transcended

< 1 Pt Thus radiation and radiative reaction are understood in
as a primary category in the description of nature.

terms, not of pure electrodynamics, but of statistical

Now I feel better prepared for Meeting V. What do you (95)

mechanics.
propose for Meeting VI?

g s s 3 ) g Don't I also understand why heat always flows from hot
Initial Conditions and the Asymmetry in Time of Radiative

to cold and why entropy increases in terms of asymmetry in
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time in the boundary value data? In that reasoning don't

I dispense with interactions propagated in time? Don't I
jdealize--and idealize with good results--to instantaneous
couplings?
half-retarded interactions?

Our emphasis is on the directly opposite point: We need

asymmetry in time of boundary value data to understand the

asymmetry in time that we see in nature, regardless whether

the elementary time symmetric interactions are idealized
as instantaneous or are propagated in time.

I am happy with the perspective you give me; happy, that

is, with all except one point, and I fear it is an absolut

central point. Why should it be initial value data that

are specified in statistical mechanics? why not final val
data?

Your gquestion couldn't be more appropriate. You put your
finger on one of the great mysteries.
that we can't make any headway in answering your question

until we finally begin doing statistical mechanics in a

proper cosmological setting.

metry in Time and the Expansion of the Universe" the topi

ot Meeting VII? It will suggest some observations and
measurements.
I look forward to that topic.

And while we are on mysteries let us discuss in Meeting

Then why so much emphasis on half-advanced-plus

It is even conceiva

why then don't we make "AsyI

Frontiers of Time

another: "Memory."

How does it come about that we remember

the past but not the future? 1Is this asymmetry in time a

consequence of and witness to the "observer-participancy"
that we would make the underpinning for all the laws of
physics? It is not necessary for us to have answers to

raise questions.

Cosmological issues are so central to all you have to say
that before you end I would like to hear more about the
big bang, the big crunch and the black hole--what you

1(96)

cal "The Gates of Time."

Then let's make that the topic for a final Meeting IX

That will bring to a natural close our survey of some of

the "Frontier i i i
s of Time." Nothing indicates more clearly than

those gates of time that the universe did not exist forever
No evidence gives more incentive to conceive of the laws

of physics as having come into being. None suggests more

forcefully that proud unbending immutability is a mistaken
ideal for physics; that this science now shares, and must
forever share, the more modest mutability of its sister

sciences, biology and geology.

A new species of bird may appear unbelievable. The

upended strata of a mountain slope may look incredible. Yet
both biology and geology find their explanation in the

acc i
umulative consequences of many individual small effects

Tod
ay we do not abandon reason when we regard the kingdom

41
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of life, rich though it is, or when we look up at the rime?

. fps a
Himalayas, tall though they stand. How these wonders ca To jdentify an elementary building process that transcends

i iy 'Past' and the 'Delayed
about we now understand in outline, and count on someday gime: is that why you put The Y

Double-Slit Experiment" ahead of all other topics

being able to describe in detail. Have equal confidence choiCe'

1 i ?
that we shall find out how the laws of physics--and the on our list of meetings?

i i - icipanc in such an
universe--came into being, incredibly remote though they yes. The act of observer-participancy

i i i i ly alters what we have
today seem from being also the accumulative consequences experiment, right now, irretrievably
of many individual small effects. the right to say about "the past." In that sense, that

i i inescapable
Small effects? Accidents? Accidents like mutations, or carefully restricted sense, that act is an 1 p

: " ey " e
like the rainstorms that wear away mountains? Blind part of the actual building of "the pas
accidents? I begin to realize that not only topic II, but all the topics

We have to be careful with that word "blind accident." on our list of meetings make time their central concern.

"Blind" implies blind towards future consequences. It How did this come about, when the original focus of our

suggests a happening that is rooted in the past and discussion was "How did the universe come into being,

heedless of the future. Such a conception implies that an and what is its substance?”
order in time is already in being. The direct opposite is The answer is simple. We don't understand genesis and we
lesson number one of our survey of "Frontiers of Time." never will until we rise to an outlook that transcends
time. That is why a review of frontiers of time is

i iti i i e issue.
Time, we discover, is not a primordial concept in the struc precondition for any proper analysis of the ultimat

of nature. It is secondary and derived. So too, it would
appear, is the asymmetry between past and future that show Thanks! With your permission I plan to bring colleagues
up so strikingly in radiative reaction, in the flow of hea to our further meetings, even if that forecloses most of the
from hot to cold, in biological evclution, and even in the questions I would like.to ask along the way. However, I
mechanism of the memory. 1In contrast, how can any elemen- worry lest they miss the bearing of "time" on "genesis."

ildi i -— - wo.ild please
tary building process be an elementary process for buildin Therefore may I ask if for them--and me--you ad p

existence and law unless it transcends the category of
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level, Einstein's standard closed-space cosmology denies

boil down into a few lines that I can copy the gist of what 211 meaning to "before the big bang" and "after the big

you've said today? crunch.” Time cannot be an ultimate category in the

We would do better to have no summary at all than a summary gescription of nature. We cannot expect to understand

so short we cannot analyze for each point the evidence, genesiS until we rise to an outlook that transcends

whether weak or strong. Sine
ime.

I understand your concern. Nevertheless, please put every- There never was a law of physics that did not require

thing in a dozen brief points. Leave it to me to supply space and time for its statement. With collapse the

later, in the light of what you have said today, the quali= framework falls down for everything one ever called a law.

fications and caveats I know you would want. The laws of physics were not installed in advance by

Then let us try. a Swiss watchmaker, nor can they endure from everlasting

As surely as we now know how tangible water forms out of to everlasting. They must have come into being. They

invisible vapor, so surely we shall someday know how the could not always have been accurate. They are derivative

universe comes into being. We will first understand how and superficial, not primary and revelatory.

simple the universe is when we recognize how strange it is. Quantum physics teaches that no elementary phenomenon

is a phenomenon until it is an observed phenomenon. The

The simplicity of that strangeness, Everest summit, so "delayed-choice experiment" shows that an act of observer-

well directs the eye that the feet can afford to toil up participancy in the present has an irretrievabla con-

and down many a wrong mountain valley, certain stage by sequence for what one can say--with the help of theory--

stage to reach someday the goal. about the past

Of all s q i stranger
11 strange features of the universe, none are strange ‘ Conformant to these three strangenesses, how else can the

than these: time is transc ed, laws are mutable, and - z . . L
s scended, ’ universe come into being except as a "self-excited circuit?"

observer-partici 4 3 : : ;
== r-participancy matters As it expands, cools and develops, it gives rise to obser-

"Before" and "after" y a itness A0 R
after"” don't rule everywhere, as witnes ver-participancy. Observer-participancy in turn

quantum fluctuations in the geometry of space at the scale gives what we call "tangible reality" to the

of the Planck distance. Therefore "before" and "after” universe.

cannot legalistically rule anywhere. Even at the classical
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"Omnia ex nihil ducendis sufficit unum"--one principle
suffices to build everything from nothing.

From what kind of nothingness?

"Nothingness" is not the vacuum of physics, loaded with
geometry and field fluctuations; it is a nothingness
devoid of structure, law or plan; it is the zeroness of
existence of that word "cloud" at the beginning of the
surprise-version game of twenty guestions.

Build how much out of nothingness?

Law; and spacetime as part of law; and out of law substan
Build law out of the statistics of billions upon billions
of acts of observer-participancy each of which by
itself it utterly random. Recognize law as the accumu-
lative consequence of many individual small effects. EHo
else could law come into being?

No test of these views looks more like being someday
doable, nor more interesting and more instructive, than a
derivation of the structure of guantum theory from the
requirement that everything have a way to come into being
out of nothing.

If you would have an epitome of this summary, let it be
this: Nothing. No time. The line. Acts. Statistics.
Law. Spacetime. Substance. Observer-participant

Closed circuit. Test. But all our further meetings, we
have agreed, will focus on one part of this larger theme:

on time, and what it means to transcend time.
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The "Past" and the "Delayed-Choice" Double-Slit Experiment.

II.

npeality is theory."
-Torgny Segerstedt.

wo s s (59)
g the past has no existence except as it is recorded in the present. od

(The following is abbreviated from ref. (59).]

partway down the optic axis of the traditional double-slit experiment
stands the central element, the doubly-slit screen. Can one choose
whether the photon (or electron) shall have come through both of the
slits, or only one of them, after it has already transversed this
screen? That is the new question raised and analyzed here.

known since the days of Young is the possibility to use the receptor
at the end of the apparatus to record well defined interference
fringes. How can they be formed urless the electromagnetic energy
has come through both slits? 1In later times Einstein noted that in
principle one can determine the lateral kick given to the receptor by
each arriving quantum. How can this kick be understood unless the
energy came through only a single slit?

Einstein's further reasoning as rsported by Bohr (97) is familiar.
Record both the kicks and the fringes. Conclude from the kicks that
each quantum of energy comes through a single slit alone; from the
fringes, that it nevertheless also comes through beth slits. But
this conclusion is self-contradictory. Therefore gquantum theory
destroys itself by internal inconsistency.

Bohr's reply (%7

has become by now a central lesson of quantum
Physics. One can record the fringes or the kicks but not both.

The arrangement for the recording of the one automatically
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rules out the recording of the other. The gquantum has mo

mentum p, de Broglie wave length A=h/p, and reduced wave

wy
s
length X=#A/p. To record for it well defined interference ‘3
-
fringes one must fix the location of the receptor within N L‘
latitude '"‘:'
=
(6) by < (fringe spaecing)/2m = (L/2S)X. - )
oW =
=S G e s s Drear e ave o
< =
) o
[ X A
To tell from which slit the quantum of energy arrives one 1~ ek
— = >Sun v
Bl <3
must register the transverse kick it gives to the recepto — T
[SEEeS

.
N

within a latitude small enough to distinguish clearly = =
s =< -<
-~ .
between a momentum p=#/X coming from below, at the incli % &
3
(4
tion S/L, and a momentum coming from above at a like 7 s =
Uppth ae o SEw=RE
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functions would be incompatible with what the principle o}
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’ : 3 . < < __Sk=w .
indeterminancy has to say about receptor dynamics in the & it &

> W =S D=2
i i 3 SRTEES &
y-direction, = e e £
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[ S S
U lg 3 S
= =2 r:

(8) AyApy > R/2.

Not being able to observe simultaneously the two comple-

mentary features of the radiation, it is natural to foc
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on the one and forego examination of the other. Either one
Fig. 2. Top: Idealized double-slit experiment. Distanc
will insert the pin through the hole shown in Fig. 2. It
of each slit from optic axis, S; from photographic plate,
will couple the receptor to the rest of the device. It
L. For simplicity, details of the plate and plate holde
will give the receptor a weil defined location. Then one
are omitted from the circle encompassed by the magnifyini
will be able to check on the predicted pattern of inter-
glass and are presented below, magnified and in perspecti
ference fringes. Or one will remove the pin. Then one can
Lower left: the version of the Bohr-Einstein dialog. T
measure the through-the-slot component of momentum of the
plate catches every photon. It registers precisely the
receptor before and after the impact of the quantum. Then
coordinate of impact or the y-component of impulse deliw
one will say that one knows through which slit the energy
but does not and cannot do both. Omit the photodetector
came.
Lower right: The present "delayed choice" version. Inec
pin in or pin out: when may the choice be made? Must it
the photodetectors. One or other of them is sure to cati
be made before the quantum of energy passes through the
the quantum of energy when the plate is swung aside.
doubly slit screen? Or may it be made after? That is the
Whether to expose the plate or expose the photodetectors
central guestion in this paper as that question first seems
whether thus to infer that a single quantum of energy

] to impose itself. However, a closer look shows that the
shall have gone through both slits in the screen or only
measurement of transverse momentum kick, in principle
one, is subject to the free choice of the observer after
conceivable, is practically almost out of the question
the energy has already traversed the screen.
[because of the large mass of the photographic plate; details

of analysis omitted in this abbreviated account]. Therefore
it is appropriate to alter the idealized experiment before
taking up the question of "before" versus "after."

The difficulty is overcome by a simple change [Fig. 2,

lower right]:

(1) Give up measuring the y-component of the momentum

of the photographic plate.
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(2) Hold its y-coordinate fixed.
(3) By means of a hinge parallel to the y—axis arrange
that this high narrow plate can be swung out of the way
the incident light--at the last minute option of the ob:
quicker than the flight of light from screen to plate.
(Switch from "operative" to "open" position.)

(4) sSufficiently far beyond the region of the plate,
beams from upper and lower slits cease to overlap and b;
well separated. There place photodetectors. Let each |
an opening such that it records with essentially 100 pe.
probability a quantum of energy arriving in its own bean
and with essentially zero probability a quantum arrivin
the other beam.

Now the choice is clear; and the objective, too. We t
cannot argue, and Einstein in his later years would not
even have wanted to argue, his erstwhile case of logica
inconsistency against quantum theory: the photon goes
through both slits, as evidenced in interference fi-inge:
and yet simultaneously through only one, as evidenced
lateral momentum kick. Choose we know we must between
two complementary features open to study; and choose w
by putting the plate athwart the light or turning it o
the line of fire. 1In the one case the quantum will tra
form a grain of silver bromide and contribute to the ri

of a two-slit interference fringe. 1In the other case
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the two counters will go off and signal in which beam--

and therefore from which slit--the photon has arrived.

In our arrangement the photographic plate registers only

the point of impact of a photon. In the earlier idealized
experiment it could additionally (Einstein) or alternatively
(ohr) record the transverse momentum delivered by the
jmpact. We have assigned the two distinct kinds of measurement

to two distinct kinds of register. We have demoted the plate

from a privileged status. That demotion is irrelevant to
any question now at issue. Equally irrelevant is the
different distance--and time of flight--from entry portal
to plate, or photodetector, according as the one or other
register is exposed. But the essential new point is the
timing of the choice--between observing a two-slit effect
and a one-slit one--until after the single quantum of energy
in question has already passed through the screen. .

Let the reasoning be passed in review that leads to this

at first sight strange inversion of the normal) order of
time. Then let the general lesson of this apparent time
inversion be drawn: "No [elementary] phenomenon is a
phenomenon until it is an observed phenomenon." In other
words, it is not a paradox that we choose what shall have
happened after "it has already happened."™ It has not really
happened, it is not a phenomenon, until it is an observed

phenomenon.
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Whatever we now do to spell out the otherwise idealized
experiment, we will leave idealized its most unusual feat
the "swinging door photographic plate." That term includ
the arrangement, whatever it may be,

(1) for a last minute choice, to swing the plate aside
or leave it athwart the beam, after the arriving energy
has already traversed the doubly slit screen, and

(2) for completion of that movement before the energy
arrives at the plate. 1In practice it will be more
reasonable to swing the beam than swing the plate. Fix

the plate. Halfway from screen to it, position a Kerr

(98)

cell. Apply to it a positive or a negative voltage

according as one wishes to record fringes on the plate,
or register "which beam"™ on a counter. Or, still better,
Manfred Fink suggests, replace the experiment with the
photon by an experiment with an electron. Then the last:
minute deflection of the electron beam can be accomplishi
by a localized magnetic field centered between screen an
plate. One or another of these arrangements to swing th
beam will be understood hereafter to apply in practice w
in principle we speak of swinging the plate.

[Other requirements and presuppositions of the idealized‘
experiment are analyzed in the original publication but
these details are omitted here. Also omitted here are s

other types of "delayed choice" experiments. ]
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The double slit experiment, like the other six idealized
experiments(microscope, split beam, tilt-teeth, radiation
pattern, one-photon polarization, and polarization of paired
photons), imposes a choice between complementary modes

of observation. In each experiment we have found a way
to delay that choice of type of phenomenon to be looked
for up to the very final stage of development of the

enomenon, whichever type we then fix upon. That delay

ph
makes no difference in the experimental predictions. On
this score everything we find was foreshadowed in that

09 of Rutiagr 1oy

solitary and pregnant sentence of Bohr
can make no difference, as regards observable effects ob-
tainable by a definite experimental arrangement, whether

our plans for constructing or handling the instruments are
fixed beforehand or whether we prefer to postpone the comple-

tion of our planning until a later moment when the particle

is already on its way from one instrument to another."

Not one of the seven delayed choice experiments has yet
peen done. There can hardly be one that the student of
physics would not like to see done. In none is any
justification whatsoever evident for doubting the obvious
predictions.

We search here, not for new experiments or new predictions,
but for new insight. Experiments dramatize and predictions

spell out the gquantum's consequences; but what is its central
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idea? A pedant of Copernican times could have calculat
planetary positions from the equations of Copernicus as
well as Copernicus himself; but what would we think of

him if his eyes were closed to the main point, that the
"Earth goes around the Sun?"

@ Eaiel S e e e e S e enel e e el e m e o w e e s w R

[No analysis] in recent times moved our understanding
(97)

forward more than the Einstein-Bohr dialog Out of

that dialog no concept emerged of greater fruitfulness

w (100)

"phenomenon . .[In my discussions with Einste:

I advocated the application of the word phenomenon excl
to refer to the observations obtained under specified

circumstances, including an account of the whole experi

tB(IOI) No other point does the present an[

of idealized delayed-choice experiments have but to inwe

arrangemen

what "phenomenon" means as applied to the "past."

After the quantum of energy has already gone through the
doubly slit screen, a last-instant free choice on our p
we have found--gives at will a double-slit-interference
record or a one-slit-beam count. Does this result mea
that present choice influences past dynamics, in contra-
vention of every formulation of causality? Or does it
calculate pedantically and don't ask gquestions? Neithe:
the lesson presents itself rather as this, that the pas
has no existence except as it is recorded in the preseﬂ’

It has no sense to speak of what the quantum of electroi
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rgy was doing except as it is observed or calculable
ene

£rom what is observed. More generally, we would seem
r

forced to say that no [elementary] phenomenon is a phenomenon

ntil--by observation, or some proper combination of theory
u

and observation--it is an observed phenomenon.
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L "pDevelopment in Time" Gives Way to "Correlation in
Time.
w . . it appears that our theory denies the existence of

absolute reality--a dential which is unacceptable to many. .
1 do not know how one could define operatiorally the reality
of anything."

s, P, wigner(loz)

Most instructive of all the idealized experiments considered
in the great dialog between Bohr and Einstein was the
Einstein-Podolsky-Rosen experiment, (104,105) later simpli-

(EGE) to the version illustrated at the middle

fied by Bohm
of Fig. 3. The very light isotope of hydrogen composed

of one positive and one negative electron is allowed to
cascade down to its ground state of 0 angular momentum.

There it sits until it undergoes annihilation. Two photons
come off with equal and opposite momenta, as illustrated

by the two wavy lines in the diagram. An observer on the
right determines whether the photon travelling to the right .
is circularly polarized to the right or to the left.

Whatever the result, he‘is assured that a measurement of

the circular polarization of the left-hand photon will

give exactly that result, right-handed or left-handed,

which is required for conservation of angular momentum.

59
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s - In contrast to splitting a coin, putting the two

ces into envelopes, shuffling them, and sending them

511

o tWO remote observers (upper part of diagram) the

l.J,“‘."._ein—podolsky-Rosen experiment in the version of Bohm
middle part of diagram) permits a double infinity of
oices (point on right-hand Stokes sphere) for the

ation to be looked for in the right-hand (ete)

bolariz
(108)

jhilation photon, with corresponding consequences

or the polarization (point on left-hand Stokes sphere)

at will be found for the left-hand photon. If the polari-

ations were determined in the act of emission ("hidden

variables") the coincidences between the two photons would

how only half the dependence on relative orientation of

e two polarizations (dashed curve in lower diagram) that

s predicted by quantum mechanics--and observed (full curve).

JINCI-
INCES

FIGURE 3.
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ways to specify a well defined polarization can be set into

Alternatively, he may choose to study the photon going " 1
one to one correspondence with a point on the surface of

the right with the help of an analyzer of linear polariza :
the unit sphere. The observer on the right can delay until

Then he makes a clean measurement as to whether the polar

the very last picosecond before the arrival of his photon,
tion lies in the y direction (or the z direction). Then ; . X | E £ 3
the determination of which kind of polarization he will
he is assured that a study by similar equipment of the .
& b 100k for, as symbolized by point B on the right-hand
photon travelling to the left will show it to be vibratii 4
sphere. Whatever the choice--and he cannot, of course,

with 100% certainty in the z direction (or the y directi ’ o
know whether the photon that arrives will have the

polarization B or the polarization "anti-B"--he is assured
At first sight there is nothing very startling about the

that the running of the corresponding experiment on the

correlation in polarization between the two photons. : . 5 4 2
other photon will give for it the uniquely mated polari-

What difference in principle is there, one might well ask, (108) . "
' zation [see Kagali for the coincidence rate for the
with respect to the old game in which a coin is sawed in ) y .
general case of arbitrary polarization].
half? The two halves are put in separate envelopes and ) . |
i what is to be said of the polarizations of the two photons
sealed and dispatched to observers far away on the left ;
in the course of all their long travel from the site of the
and the right. If the observer on the right opens his

e+, e~ annihilation to their respective points of reception?
envelope and finds the head in it then he knows that the r . 3 )

Nothing. Nothing until the experiment 1is over. No
other far away observer will find the tail of the coin = £ s 1
elementary phenomenon is a phenomenon until it is an |

when he opens his envelope. There is no paradox involve
observed phenomenon.

There is no possibility of using the arrangement of envel b . [
Instead of accepting this lesson of the quantum one can

to send a signal in excess of the speed of light. ) . 3 Lo

try to quarrel with it. Why not assign a probakility

In the ete” annihilation, the new feature is this: The
amplitude to the state of the two photons, as for example
polarization of a photon is a more sophisticated gquanti A |
5 X o ] Iu(l)B(Z)-u(Z)B(l)]/Zé? Why not go further and view the l
than the differences between the two faces of a coin. 1 5 " - i
process of measurement in a Lorentz fra?e in which the right-
According to Stokes' parametrization of polarization [see : )
hand photon arrives first at its analyzer-detector? Is the
for example Born and WOlf(107)] each of the many alternat
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right-hand photon not suddenly recorded as having, for
example, the polarization a(l)? Does it not follow that
the left-hand photon, still en route from the site of
annihilation to the left-hand analyzer-detector, must
suddenly in mid-course be redescribed as having the
mated polarization B(2)?

Does not this redoing of the state function imply the
existence of an effect propagated from right to left in
excess of the speed of light? Then look at the whole
process all over again in a Lorentz frame in which the 1le
hand photon arrives first at the left-hand analyzer-dete
By the same reasoning is one not led to speak of an effe
propagated this time from left to right in excess of the
speed of light? What a confusion! What a warning not
to identify these pencil-and-paper readjustments, these
pencil-and-paper supra-light-velocity effects, with anytl
real. What an indication that the wave function is not
itself real, but a purely formalistic device, and withi
the present incomplete marriage of gquantum theory and
relativity not a very happy device, for calculating the
probability of real coincidences. Only when the counte
have gone off has the reality of the situation declared
itself. No elementary phenomenon is a phenomenon until :
is an observed phenomenon.

Continue to contest this lesson of the guantum. Argue

that a reality is to be attributed to the polarizations
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the two photons on their way towards the two detectors
’

regardless of the settings of the two analyzers Declar
> e

that the chance for the first detector to go off is

2
cos” (angle between the "true direction" of the

polarization of photon 1 and the setting

of analyzer 1),

and the chance for the second detector to go off is

2
cos® (angle between the "true direction" of the

polarization of photon 2 and the setting

of analyzer 2).

Argue that the chance for a coincidence is the product of
these two expressions averaged over the random direction

of the polarization of one of these two photons--the second

being of necessity orthogonal to the first In this
. way

end up with the dashed curve of Fig. 3 for number of
= o

coincidences as a function of the relative setting of the

anal i
alyzers on left and right. For the difference in rate

b
etween the least favorable and the most favorable settin
g

on 1
€ gets only half what is predicted by quantum mechanics

and i
only half of what is observed [Polarization of ete”

nihi .
nihilation photons: theory, Wheeler (1946)(109) Pryce

’
and Ward (1947)(110).

Snyder, Pasternack and
Hornbostel
(1948) (111)

observations by Bleuler and Bradt (1948)<112)
’
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Hanna (1948) (113), Vlasov and Dzeljepov (1949) (114), Wi

Shakhov (1950) (*15) | erefora (1951) (116)

)(117)

Bertolini,

Bettoni and Lazzarini (1955 , Langhoff (1960) (118)

Kasday, Ullman and Wwu (1970) (119)

Kasday (1971) (120). L
Faraci, Gutkowski , Notarrigo and Pennisi (1974) (121),

Wilson, Lowe and Butt (1976) (122);

polarization of the
photons given out by an atom in a 2-step transition, K
and Commins (1967)(123); Freedman and Clauser (1972)(12:
Holt (1973)(125) result in contradiction with quantum
predictions but not confirmed by Clauser (1976)(126);
Freedman and Holt (1975)(127); and ¥ry and Thomgson (19'
Quantum mechanics thus "exposes itself to destruction™
in numerous decisive tests--and stands up to these tests
It is a central point of this quantum mechanics that it
denies to photons any "real" polarizations merely in vir
of their being "on their way" and in default of any act
act of observation. In other words, an elementary phen

is a phenomenon only when it is an observed phenomenon.

If "development in time" of "the wave function" is not a
happy way to describe the state of the two photons in th
EPR-experiment, how should one describe this and more col

situations, in which observations are made at several or

eéven many, locations in space time? Correlation of

observations: this is the appropriate concept, according

5) (102)

to Houtappel, Van Dam and Wigner(6 and Wigner

antiers of Time

In this approach one makes a conceptual reformulation of the
equations of quantum mechanics, "eliminating explicit
reference to the equations of motion and to state vectors.
according to this [philosophy], the function of quantum
mechanics is to give statistical correlations between the
outcomes of successive observations., " (102)

As an example, Wigner considers the correlation between two
measurements. In the first measurement the physical
quantity under examination is described by some operator
9. The various possible outcomes for this measurement
are labelled by an index j. Associated with the Jth
outcomes is a projection operator PJ., with P:.=FJ.. Both

g and the Pj are envisaged to vary with time in accordance
with the same law,

9) Qrt) = Pt Mgy - iHE/R

10) Pice) = ei”t/”Pj(o)e‘i””/”,
in which # is the Hamiltonian operator. As Wigner notes,

we attribute "the operator Q(t) to the same measurement,
carried out at time t, to which we attribute the operator
Q(0) if carried out at time o," and PJ-(t) is "the projection
operator which leaves the state vectors of outcome o
unchanged, annihilates the state vectors of all other
measurement outcomes." A measurement of quite a

different physical quantity at quite a different time has

67
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associated with many quite different possible outcoué
which the kth is associated with the projection opera
P'k. "The probability that the second measurement y.
the result k if the first one's outcome was 7 is thei—
by [the ratio of traces]

¥
(11) (probability) = Tr(PéPj)/Ter - Tr(PjPify)/TrPi‘
and similar expressions [see Houtappel, Van Dam and Wi

A
Egs. (4.4-4.7)] can be given for the probabilities of |

This formalism replaces the older view of dynamics as

development in time by a proper quantum concept of cofg
lation as it depends upon time. It does not go the who
way towards what is eventually envisaged under the head
of "law without law." First, the correlation treatment
does not analyze, nor was it aimed at analyzing, down
the substrate of observation the ultimate make-up of

particle or field under study. It takes the existence
of the dynamic entity under study as for granted. Secol
it takes the concept of time for granted. It does not
transcend the concept of time nor was it intended to.

However, it has the great merit of providing a first

framework for working towards an ultimate statistics of

At that

69

i i f acts of observer-participancy."
. upon billions o
-pilllons

point the idea will come closer to testability,
rYthing-—including time--built from nothingness by
n]s eve

bserver-participancy?"
acts of o
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IV. Many-Fingered Time, "Imbeddability," and the
of Physics.

"....according to the remark which I formerly made on

occasion of an optical law....final cause....even in
"

(129)

serves to find and to discover hidden truths.

--G. W. Leibniz

The more one learns about the laws of physics, the
more one learns how little one has learned. Maxwell
electrodynamics, Einstein geometrodynamics, and the
chromodynamics of the Yang-Mills quark-binding field,
laws won through decades of effort, summarizing an un-
believable richness of experience, and representing
our deepest penetration to date into the machinery
of nature, full-bodied, at a si

spring oat, all three,

simple Alladin-like command, "let final values be indej
dent of the choice of many-fingered time."

It seems at first sight almost unbelievable that so mu
hard-won experience should be deducible from a demand &
simple. Therefore it may be appropriate to spell out
bit more fully this beautiful discovery of Hojman, Kuc
and Teitelboim (hereafter abbreviated as HKT).(67’68)
Specify the initial value of the field in question an

conjugate momentum on an arbitrary smooth initial spac
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l‘Ypersurface o From these initial data and from the
namiltonia“' H, of the field calculate the final value
of the field and its conjugate momentum on an arbitrary

nal spacelike hypersurface 02. Do the calculation

smooth fi
over and over again moving forward from o to o1 by

all arbitrary choices of many-fingered time (Fig. 4).
pemand that the final values on o shall be the same for
all these different ways of marching forward from o

to o,- HKT, recognizers and exploiters of this requirement,
call it the demand for "imbeddability." If it were
violated the dynamics could not be imbedded in a single
spacetime manifold. "Imbeddability" is the magic word
that summarizes ana delivers forth almost all we know

of the laws of nature.

Following this brief overview, it is appropriate to come
pack for a little more detail, especially on "time."
"Unfolding in time" being the essence of dynamics, it is
natural that changing views of time have led to changing
concepts of dynamics. The progress from Newtonian time to
the time of special relativity, and from that to the many-
fingered time of general relativity, was eesential pre-
condition for the discovery of H-K-T.

Time is absolute and universal in Newtonian physics.

In special relativity successive times correspond to

successive slices through spacetime. These slices are
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parallel to one another and normal to the time axis of

particular observer in question. For another observer
there is another time axis and normal to it a different
set of parallel flat spacelike hypersurfaces. Thus for
each observer, each inertial frame, there is a globally
defined time. Dynamics may be described in one of thes
global Lorentz frames, or another, or another; but in an
one frame it is described with respect to a single

time variable.

(130)

In 1932 Dirac, Fock and Podolsky introduced a way

of analyzing particle dynamics in which there are as
time parameters as there are particles. These time

parameters are at the disposition, not of the particles
but of the analyst. He picks up business-machine printe
cards telling what each particle has been doing. Nobo{
can keep him from placing on his desk the card that tell
what particle 1 was doing at a particular time tie anu‘
alongside it a card that tells what particle 2 was doin
at a particular time t,, and correspondingly other card
from other times t&’ Tys - - .tn in the lives of the
other particles. Not to have any of these particles

the zone of influence of any other of these particles

useful to impose the requirement that the chosen "events

on the several world lines should have a spacelike rela
each to all the others.
This concept of what we may call a "many-fingered time"

Tomonaga(13l) generalized in 1946 from the dynamics of
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P

paxticles in flat spacetime to the dynamics of the

tromagnetic field in flat spacetime. The field is

elecC
conceived to be studied in its dependence, not on one

T paramet9f' not on n time parameters, but on as many

time parameters,
(12) t = tlx,yy,8),

as there are points in space--which is to say, a continuous

infinity of time parameters. There is a simple way to

visualize this collection of paramecers. It constitutes

a mnmrsutface, a slice through spacetime, what Landau

(132)

and Lifshitz call a "simultaneity." Generalizing from

an arbitrarily curved, bent, or wiggly slice through flat

spacetime to an arbitrary slice through the curved spacetime

of general relativity, we impose the same kind of requirement

that Dirac, Fock and Podolsky did. We require each point
on this hypersurface to stand in a spacelike relationship

to all the other points. None is to be able to send a

signal to, or exert a force at, the others. In this sense
the hypersurface is "spacelike." To demand the existence

of such a global spacelike hypersurface is a powerful

condition.
: : : ) ]

timelike lxnes( = does not satisfy this requirement.

On this account that spacetime is generally regarded as

non- i
Physical. It we therefore exclude from consideration

GSdel's model of a rotating universe with closed

73
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along with every spacetime that does not admit global
spacelike hypersurfaces.

In classical physics the electromagnetic field has a d
istic evolution in spacetime. What does this mean for
description of this field in terms of many-fingered ti
Nothing startling. Pick the spacelike hypersurface.
Pick one point in the 3-dimensional space thus defined
Erect at that point the unique timelike unit vector
normal to the local tangent hypersurface. With respec
to that vector and that local tangent 3-space the elec
magnetic field falls apart into the magnetic field, 2,‘
the electric field, }E, both 3-vectors located in the 1
tangent 3-space. The magnetic field E = Xxﬂ or, bett
the vector potential.ii from which E lets itself be de
thus specified from point to point throughout the spac
hypersurface, may be regarded as the electromagnetic f
coordinate; the electric field, divided by 4T,
the electromagnetic field momentum,‘l = §/4W, in a ca

Hamiltonian description of the electromagnetic field.

It is enough to give B and E as initial data on an i

spacelike hypersurface, and to know the Hamiltonian de

for Maxwell's field,

H = (B*+E?)/8m

(13) = (1/8n)(VXA)2+{(4W)2/8n]lz,
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to be able to predict how the field changes with changes in

fingered time as the hypersurface is pushed slowly

many~

(or backward) in time. We will not write down the

forward

necessary Hamiltonian equations; they can be imagined.
Wwhy the particular Hamiltonian (13)? Why not some other
gamiltonian, some other law of physics? It provides only
a partial answer to this question to turn back to Hilbert's

5(134). He derived electrodynamics and

famous paper of 191
general relativity, or vacuum geometrodynamics--and the
combined theory of the two field together--by postulating

the simplest action principle that depends on a 4-dimensional

vector field
(14) A
or on a 4-dimensional metric field

(15) Iy

or on the combination of the two. But why the simplest

action principle? Why not some one of the thousand and

one alternative action principles that contain these two

fields in some other invariant combination?
"Imbeddability” is the new and magic and beautiful answer

that Hojman, Kucha¥ and Teitelboim(67'68) [see also Wheeler(135),
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(136,137,69)
.

Teitelboim and Kucha¥(138'139)] give to |

e a history-incdependent result

old question. They envisage a 3-vector field gggmetry (17) will giv

¢ Einstein's general relativity. No local Hamiltonian

excepP
; X e oy of
(16) Ai(i=l,2,3)(and its conjugate momentum) for @ vector field with an "internal-spin” degree
freedom
(17) g-k(j,k=l,2,3)(and its conjugate momentum)
. e TRy
(18) 7 L

or both (and their conjugate momenta). Whatever the g

compatible with imbeddability except the Yang-Mills

law that governs the evolution of these fields with vis

theorY(66) , today's standard and widely accepted theory

of the guark-binding field. Thus simply derived from almost

as many-fingered time is pushed forward from the space

hypersurface 0, to the spacelike hypersurface g, im

that law must give the same result for the dynamic vazr nothing are electromagnetism, gravitation and the current

whether this hypersurface is pushed forward first mo. theory of the forces that hold elementary particles together,

rapidly on the "right" and then more rapidly on the "1 theories that summarize an unbelievable wealth of experience,

or first more rapidly on the "left" and then more ra B cxperimcmtaticn, aud the 1ire work of scme of the

on the "right." If the conditions obtained at 02--by' most gifted men of the last two centuries. No one has
step by step forward integration of the Hamiltonian

to summarize the requirements that lead to physics as we

¥
know it.

field equations on an electronic computer--depended

the choice of history adopted in proceeding from o¢j to

he Hamiltonian, but the gauge features of field
then the history of the fields could not be imbedded fsonly the Hami ’ gatsg

~ theory follow from the argument of imbeddability. As
d(137) :

in any single spacetime manifold. With "independence

Teitelboim showe "A is not observable but only

history" lost, imbeddability would also be lost.

: g i = i ation of A itself
No local Hamiltonian law for the development with ma ny curl, = ..Yx‘é. SRS S w

: - I i i 3 s the gauge trans-
fingered time of a vector field (16) will satisfy Will not be in general integrable . i

condition of imbeddability except Maxwell's theory. formation

local Hamiltonian for the development with time of spa X
(19) A; Ai+3A/3x7'

T

'-ever seen a simpler or more compelling theme than "imbeddability"
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must have no physical effect: oOur efforts for preseryj
path—[history-]independence have led us to gauge invar;
He finds a similar result for the dynamics of the metrj
No dynamics of the g5h is imbeddable in spacetime unleg

the theory is left unchanged by a coordinate transfo

The significance of gauge invariance is familiar. The
physically meaningful quantity is not the vector field
A;(2=1,2,3), but its curl, a quantity that rises above
gauge, B = VxA; not the tensor field 9jx+ but a quantig
that rise above coordinates, the 3-geometry, (322;1, abouy
which Section V has more to say; not the Yang-Mills fiel

(8)

A but a new geometrical entity that once more rises

above gauge.

A scalar field, $, departs in two ways from the patte n

of the Yang-Mills field, gravitation, and electromagnet:
First, the requirement that its dynamics be imbeddable
does not introduce gauge. 1If such a field existed in n

it would be directly observable. Second, imbeddabilit:

does not determine a unique local Hamiltonian. The

function f(¢) in

(20) H = (9$)2/8u+f(¢)

is arbitrary.
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this arbitrariness of the Hamiltonian for a scalar the
Isason why no scalar field has ever been found in nature?
r: this omission a clue to how nature may build law without
{ No one can rest happy with "history—independence

w?
:: dynamiCS" as the foundation of physics, simple guide
though it is to the great laws. It does not explain how
it comes about that the dynamics must be imbedded in a
manifold of 1 time and 3 space dimensions in the first
place, nor why nature drops the scalar field.

No questions bring us closer than these to the frontiers
of time. No way seems reasonable for deriving the dimen-
sionality of 3 + 1 which does not start from a viewpoint
that transcends dimensionality. No building blocks offer
put elementary acts of observer-participancy. No
method of construction that has been seen at work in other
contexts looks more applicable than Feynman's

(78,79) , applied however here to the

sum over histories
higgledy-piggledy of yes-no-decision observations. No
feature of such a sum over histories would seem more
immediately susceptible to test than this, that it should
kill out by destructive interference any contribution that
looks like a scalar field. For the other three fields
there is a uniqueness of contribution that can be imagined

to lead to a constructive interference of elementary

Feynman amplitudes, and therefore a non-zero representation

Of such fields in the physics. For the scalar field,
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however, does the very wealth of Hamiltonians acceptal
at the classical level mean a wealth of values for
classical action IH, and therefore wide-ranging value
the phase, IH/ﬂ [see Eq. (3)] of the elementary Fe
amplitude? Does this feature of the phase in turn
destructive interference, and therefore finally zero:
representation for the scalar field in the scheme of
physics?
Whatever the next steps may be towards deriving "ever
out of nothing," the H-K-T result would seem to mark |
of the largest leaps of recent times. Their way of 3
starting from the "group" of deformations of a space
hypersurface, reminds us again of the power of symmet:
considerations to simplify the content of physical 1la
and their impotence in revealing the machinery behing
No one would dream of studying the laws of elasticity
to uncover the principles of quantum mechanics. Neit
would anyone investigate the work-hardening of a me
learn about atomic physics. The order of understandi

ran not

(21) work-hardening (1 cm) » dislocations (10 * cm)

+ atoms (10™% cm),

but the other way,

£ of Time
tiers f:
fron

4

atoms (10~ % cm) » dislocations (10”* cm)

(22)
+ work-hardening (1 cm)

had to know about atoms to conceive of dislocations,
one

d had to know about dislocations to understand work-
an

hardening- Is it not likewise hopeless to go from laws of
a

NWSics to underlying machinery? Must the order of progress
not be the direct opposite? If so, what course offers

itself except to try "acts of observer-participancy"

as the underlying "machinery," and see if out of them one
can derive the laws of physics? Nothing does more to give

a little encouragement in such an enterprise than the
g-K-T achievement of deriving so much from so little, with

the help of the concepts of "many-fingered time" and

wimbeddability."
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pigure 4. The "history of deformation" indicated by the
dashed hypersurfape leads from initial-value hypersurface
a B0 final-value hypersurface 02. So does the history
1
' indicated by the dotted hypersurfaces. The physics on
T Y )
s BT . - ~ resulting from a complete specification of the initial
St gy = q.‘. - y ; :
-’ LI 4 - . - yalue data on o must be independent of the history one
° D *Te o o
s o o & . ->° . . chooses to integrate along in passing from ¢ to o_via
’ *le ’ ‘e 1 2
> - . ! ® s ol ¢the Hamiltonian equations of motion. This heavy but simple
’ -
o Easp 2 requirement suffices to fix the form of the Hamiltonian
’ - -
P e emm = — poth for the dynamics of a vector field (giving Maxwell
== ‘.‘
/ - - - S = SN o h theory) and for the dynamics of the 3-geometry itself (giving
’ o
ikl ] ginstein's geometrodynamics) (Hojman, Xucha¥, and Teitelboim,

O’. : 1973) .

Figure 4.
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V. TRANSCENDING TIME

- - -Space and time are orders of things and not t

--G. W. Leibniz, (140

- - -time and space are modes Ly which we think and n
conditions in which we live"

--A. Einstein. (141)

There is no such thing as spacetime, quantum mechanics

us. Spacetime is a purely classical concept. It is a
cal history of space geometry changing with the progres

of time. What is meant by a "classical history of spac
changing with time?" How does it come about that quant
mechanics forbids this way of speaking? And what does

offer instead as acceptable way of describing the dynam;

of space? But first, before any of these questions, wh

have made it seem that spacetime 1is the "without-whic
nothing" ingredient of modern theoretical physics?
How can one accept going back from four dimensions to

when one knows that going from three dimensions to

Not putting the fourth dimension into his curved space
geometry accounts more reasonably than any other circumst
that one can easily name for Riemann's failure to discove

general relativity. 2lready at the age »f 27, in his

85
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gro”
jtation lecture of June 10, 1854 on entry into the
i1i
habl

phical faculty of the University of Gottingen,

Pb”pso ibe curvature
d set forth the mathematical tools to descri
he ha
number of dimensions; and he had declared that,
in any

" propeltles which dlStlnguISh space from other conceivable
The

: 1y-extended magnitudes are only to be deduced from ex-
trip

jence. . . At every point the three-directional measure
p:rcuzvature can have an arbitrary value if only the effective
:ﬂvature of every measurable region of space does not

differ noticeably from zero.“(l42) Einstein speaks of the
inspiration he derived from this lecture of Riemann in
developing his own geometrical theory of gravity, "But. . .
physicists were still far removed from such a way of thinking;

ce was still, for them, a rigid, homogeneous something,
spa

susceptible of no change or conditions. Only the genius

of Riemann, solitary and uncomprehended, had already won

its way by the middle of the last century to a new conception
of space, in which space was deprived of its rigidity, and

in which its power to take part in physical events was
recognized as possible."(143) Dying of tuberculosis at

Selasca on Lake Maggiore July 20, 1866, twelve years later,

in his final days achieving with Betti a system for characteriz-
ing multiply connected topologies, Riemann failed in the

other great enterprise to which he gave his last measure

of devotion: to provide a unified explanation of gravitation

and electromagnetism. It took 1905, Einstein, and special
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relativity to provide the missing concept: four dim

not three. With that recognized, it took only a deg;
achieve general relativity and a fully geometrical
gravity in the spirit of Riemann.

It took much longer to recognize the dynamic structur
of Einstein's geometrodynamics. The point that was |
central, and took the longest to grasp, was also t J
The dynamic object is not spacetime. It is space.

geometric configuration of space changes with time.

ks
it is space, three-dimensional space, that does the ¢

That 3-space is the dynamic object would have been
much sooner had the work and result§l44'1455f Elie
been more widely appreciated, whose deep insights

theory of partial differential equations gave him

on many of the essential ideas. However, physics
had a stardard machinery for dealing with dynamic
and it seemed natural to lay out general relativity
Hamiltonian pattern without further thought. If the

theory is 4-dimensional, should not the Hamiltonian
4-dimensional, and was it not therefore reasonable to

of the dynamic object itself as also being 4-dimension
(spacetime)? No wonder that the resulting equations
in yielding up zero quantities, statements that'”zero
equals zero," and deeper difficulties. These diificulf

clouded the subject for several decades until Dirac on

F.

road
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(146,147} 4 Arnowitt, Deser and Misner on the

hand
(148) oved from a 4-dimensional treatment to a
other
Jus 1-dimensional analysis. Still further down the
3-plus~

one began to see the larger pattern of subject in

all its pasic simplicity.
central concept lends itself to statement in a single

The

A 3-geometry describes the momentary configuration

(34)

sentence:
of space as it undergoes its dynamic change with time.

of space °°

w3-geometry"” is a coordinate-free concept.

One does not
have to use coordinates to speak of "a 2-sphere of radius
a," nor coordinates to define "a 3-sphere of radius a,"
nor coordinates to describe the deformation of a 3-sphere
;fradius a into a 3-ellipsoid of principal dimensions

a, b, c. But neither do coordinates hurt--nor the combination
of coordinates and metric that gives the square of the

element of distance,
(23) ds? = gin:cidxj.

For the 2-sphere one choice of coordinates gives
(29 ds? = a*(de*+sin?8d¢?);

another choice of coordinates on the same 2-sphere gives

_ dz*+dy® .
EN TSRO T i [l

(25) ds?

and there are similar options, infinite in number, for the
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coordinates on the 3-sphere and the 3-ellipsoid What 'PPleS, be expressed throughout one "local coordinate
g 2 Il

i i i (149) of one set of coordinates .ri
in these options is not the name given to the coordin p‘t‘:h.. in terms

The names for those coordinates one can standardize py one set of metric coefficients g, .. Reexpress that 3-
they always read z', z2, z’. What counts rather than geometry in terms of new coordinates z° shifted by the small

N § 1
nawe is the dependence on these coordinates of the met: amount £
coefficients. How is one to know that the metric of =" 7
(29) T =z -
> )

gl 1 yl 2 G g
(26) p 4 = 20im2.1 icture at the back of one's mind of what is going

e g% 0 a‘sin‘x g 2 P

on, envisage the 3-geometry in question as the right hand

front fender of a Ford automobile, short though it is by

and the metric of (25),
one dimension of measuring up to a proper mental image.

4 g i istinct in sha from the right hand front fender
27) 7 Trzlafy 2ty 24 (22)2 ) /a2 ) : e - il
921 gzz 0 1 of cars of a hundred other kinds. The difference is clear
cut. There is no need of coordinates to see the difference.
describe the same 27 _; i : .
AR Ehiy cane, Fhe aame zodiep But coordinates provide a useful means to express the differ-
2-sphere--whereas t i ;
S ence. To supply coordinates, take a sufficiently large and
2 transparent rubber sheet. Mark on it an intersecting
g g a 0
(28 e y< o grid of lines. lat T Al gt in b e i nd e S
) 9, 5% 0 (a?sin?z'+e2sin%z!)

g8, 79, 80, . .. Apply it to the fender, stretching it

describes a figure with an equatorial bulge? so it fits snugly. Then every point on the fender acquires

An alteration in metric coefficients that marks a real a pair of coordinates, (z',z?). Therefore a measurement gt

change in 3-geometry is distinguished most easily at the the distances from a given point to several nearby points

infinitesimal level from an alteration in the g.. that provides a straightforward way to determine the several
1d

arises from a mere change of coordinates. metric coefficients T The distinction is clear between

Let a certain definite (3,@, with all its lumps, bumps
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a mere change of coordinates and a true alteration in

shape of the fender, as for example in a collision. HE

Ggij'_‘i il

ild
ilustrate a mere change in coordinates, slip the marke

rubber sheet over the surface of the fender a little

in the direction of increasing z!. 1In that process a

. . E 71 Sw0BE /3 SB[ Ok
scratch mark on the fender acquires a slightly decrease g T g "m

coordinate, ' = x' -¢'; hence the minus sign in

(29) an abbreviation for the covariant derivative of the

! t of the displacement of & h o
The distance from one scratch mark on the fender to gamponen P the "rubber sheet

ect to the jth coordinate. Moreover
nearby scratch marks naturally is not changed by the EeoP

ment of the rubber sheet over the surface. In other = mn T J_ m
i (g /2)(3gjm/a: +8gi,/3: Bgij/az ks
(ds)? is coordinate independent. More concretely, we

\XE ed in terms of the rate of change of the metric
have for each pair of nearby scratch marks, £ <

efficients and the elements gm" of the matrix reciprocal

L z . e Rl 7o 5. N . 3 s
ds = 7;;(%)dx dz? = ds? = Iy (€ dx dx to the metric tensor, is the typical "connection coefficient,"

m m n n
G (THE) (AT +dE™) (dx"+dE") having to do with the way the coordinate grid turns and swells

(30)

(2, (F)+(3g n/afsjgs]x[dfm+(aam/afp)dfp][d5n+y r shrinks as one moves from point to point on the rubber
g e en

et, regarded as fixed.

n brief, an infinitesimal change in metric coefficients,

theory of elasticity. Comparing the coefficient of dz’e ;gﬂf that lets itself be expressed in the form E‘l'+€'|‘
Xt 7 b e
on left and right, and taking account of the symmetry betokens no change in 3-geometry at all, only a change in

metric coefficients in their two indices, we arrive at coordinates, otherwise known as a "gauge change." In

an expression showing how metric coefficients change as contrast, an infinitesimal change in metric coefficients

a result of the infinitesimal slippage of the sheet: that does not let itself be represented in this form is the

o gn of a real change in 3-geometry:
i) .= g.AE., . TG
ok 9ij = 9igt8y 1545500
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{35) 8g.. = ¢, HE

> +(8g
) o

erspace built of 3-geometries requires an infinity
sup!
i i’ real change* the

ameters for its representation.
of P2

: . & - . . . ere-
This latter type of change, like the slow Crumpling g mathematical simplicity limit attention here and h

ror s " " 3-
automobile fender, is what one means when one talks frer to closed, or in mathematical terms compact,
a

i i i triction
TR i The physics associated with such a res

tries.
geone

priefly recapitulated in Section IX. Among compact
is

34,150 ; ; i -sphere. Lifshitz
SuPerSpaée, ) ~ Superspace, with suitable mathem: quometries the easiest to consider is a 3 sp

{2500y
amendments >

i ifi i f the
is the manifold made up by the tota L Bd Khalatnikov have given a complete classification o

9 Tles. This manifold contains ]nf]njt. : = 2 (154)
1 = nall deformations of a 3-sphe1e into tensorial haImOlllCS,

many points. Each Point represents one and only one analogous to the scalar harmonics that one finds so useful
geometry, a collection of these points makes up the in electrostatics. The coefficients in this expansion
i PPASE SYolring with time. provide countable and convenient coordinates to describe
How does one coordinatize Superspace, and how does o the small deformations of the geometry of the 3-sphere. *
describe that movement from one point to a nearby poinj In the language of superspace, they allow one to "reach ‘
which is the eéssence of dynamics? out" a little ways in every conceivable direction from one
First ever to consider Superspace was Riemann himselff chosen point in the =-dimensional arena,&j. Similar ways
though not in the context of relativity, of course.. have been discussed(lso) for parametrizing, not only the
sSuperspace was composed of the totality of all confor; small deformations of other 3-geometries, but also the general
equivalent closed Riemannian 2-geometries of the same finite deformation--and thus coordinatizing superspace in
topology. Such @ Superspace is known today as Teichmii] its entirety.

Space. For more on Riemann's contribution to such Supe. An alternative approach to mathematizing superspace contents
FRE GE subssiiens development of the relevant theory, itself with an approximation that provides additional insight.
e may be made to the literature(150’153) . Fog As a smooth auditorium roof can be approximated arbitrarily
2-geometries of genustigiithe Superspace in question has closely by a geodesic dome constructed of sufficiently

many sufficiently small flat triangles, so a smooth 3-geometry

X Jrrotee e eHon e w[n-«f//m)/
Sff:ia)l Xe?ﬁ;v a A ekl chard
Qﬁl Kéj?

65-6 for g22 (g=0, 2 -sphere, dimensionality 0, g=1, 2-%
dimensionality iz figure eight shape, dimension 6)

manifold of a very limited dimensionality. In contrast

—
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can be approximated arbitrarily closely by a locked-
assembly of sufficiently many sufficiently small Et

tetrahedrons. This scheme of approximation,

(155), has received the name of "Regge calculus'

(156)

Regge
in a subsequent review
The triangles that meet at a common vertex on the gec
dome there ordinarily have angles that fall short
small amount 8 of adding up to 27 = 360° (Fig. 5). T
angle" provides a measure of the curvature that is e
at that point of the dome. Moreover, that angle anc
curvature, and the analogous angles at all the otherx
of the dome--and therefore the "shape" or "2-geometr
the dome as a whole--are all determined by a finitei
of parameters, the edge lengths, Zl, Zz, Za' b
these triangles. Therefore it might seem reasonable
to adopt these N lengths as coordinates to single ou
specify the one 2-geometry in question in contrast
the other 2-geometries available in the "truncated

dimensional superspace" of the i;- However,

the li amount in effect to mere reexpression

the same 2-geometry in terms of triangles of

altered sizes and locations. Excluding such
alterations by appropriate supplementary conditions,
reduces the number of independent parameters from N t
some lesser number, N', which has to be regarded as

Figure 5.
proper dimensionality of the "truncated superspace"
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B wgkeleton 2-geometries" with the given number of vertices.

Fi % - i i
gure 5 A 2-geometry (upper left) is approximate the larger the number of vertices, the mare closely one

kel .. : < 30
SEGAOLER 2 ORRnetry (ubnef wight), ALL e Gl ts to be able to reproduce the results of an analysis

expec

pased on the full =-dimensional superspace of 2-geometries.

shape of this skeleton 2-geometry are completely sp

by giving (in this example) all 98 edge lengths, L,,
Lsg- This information is represented by a single jihen one turns fdm & sloalitan dedenmmtyiEn A (g o coe
3-geometl’Yr the locus of curvature shifts from the vertex

(lower diagram) in a 98-dimensional "truncated supe:
o a set of triangles to the edge common to a set

wn t
of tetrahedra, and other details alter, but the end result

is similar. The curvature concentrated on each locus,

and the shape of the entire 3-manifold, is fully fixed by

a finite number, N, of edge lengths, on which one imposes
certain supplementary conditions (having to do with "evenness
zoning"), leaving over a number N'<N of parameters.

with their help one describes each 3-geometry as a point in
an N'-dimensional "truncated superspace." So much for
illustrations of superspace!

hat is the relation between space, spacetime, and

Fig. 6 tells the story in brief. At the

superspace?
space geometry evolving with time. Spacetime is the

istory of space in this sense, that any spacelike slice

ough it, such as A, is a 3-geometry, & simultaneity

n the sense of Landau and Lifshitz, a momentary configuration
of space. That momentary 3-geometry, conceived here for

definiteness as "closed" or "compact," and endowed with the
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topology of a 3-sphere, is illustrated schematicai . o have full liberty to push ahead their explora-

the upper leftssfor sant of dimensions on Fiuy ter in one place than another. They have perfect
as

s .

a small deformed 2-sphere. In it are two bumps. o to measure up the 3-geometry of the spacelike

symbolize the local curvature of space produced b; " This 3-geometry is represented by another

large agglomerations of mass-energy at an early st ¢, B', in superspace. No one simple line in superspace
et '

the history of the universe when the dimensions of b,»,ccomodate a1l the. DOIBES eRaaB Bl s

all the

were much smaller than they are today and galaxie _tries, that one gets by making spacelike slices
Yol

closer together. That entire 3-geometry A, with a ¥ s conceivable ways through a given spacetime. The

curves and bumps, is represented by a single point

the infinite-dimensional superspace at the bottom ¢

superspace occupied by all these points is not a

Pig« /6. L history (illustrated schematically by the bent

a leaf of

Another slice B through the same spacetime at the L oaf visible through the cut-away part of the lower

right provides another 3-geometry, another momenta: 6) cuts through superspace. It describes

jagram in Fig.

figure for space in its dynamical evolution with i geterministic dynamical development of space with time.

universe in this case is larger, but the two great

of mass-energy, because they happen to have star e of the 3-geometries, say

o be more specific, consider on

moving towards each other, are now closer than the g!that is met with in the history of spacejchanging its
~r

in moving-pi - z cr :
ving-picture-frame A In the superspace des shape with time.

At each space point of this 3-dimensional

the dynamics at the bottom of Fig. 6 this configura 4 there are three independent and meaningful altera-

manifol

the universe is described by a single point, B. tions that can be conceived in this 3-geometry (6 freely

A one-parameter family of spacelike slices through diminished by the 3

variably metric coefficients g

spacetime thus evidently "generates" a one paramete re changes in coordinates

types of change that arise out of me

of points running through superspace: a line or cu as in Eg. 30, giving a net of 3 "adjustable parameters"

However, time in general relativity has a many-fin or "real degrees of freedom" per space point). One of

character. It bursts the bounds of anything so nari these three modifications amounts to pushing the hyper-

a one-parameter family of spacelike slices. The exf surface ahead in time a small amount in the given spacetime
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space (upper left), spacetime (upper right) and

orspace (below). The leaf of history that curves through

_erspace includes all the configuration (4, B, B', . . .)
_nieved by space in its classical dynamical evolution in ‘

SPACE TIME

; that is, all spacelike slices through the given |

jcetime. A different spacetime (not shown) ; that is,
.classical history of space when the dynamics of space is ‘
ted off with different initial conditions, corresponds \
to a different leaf of history (also not shown) cutting

+hrough superspace.
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Oor 4-geometry: so much here, so much there, so muc}

each nf the points in 3-space. It describes that oved from its box only to reveal another box

em

can be I :

of exploration of a given spacetime which we subsume ; Bt taken away--another box, and so on, wtil even-
4--t

Ehe title of Tmany-fingeved time.* 1t describes gy there are dozens of boxes scattered over the floor.
ly

in superspace that leaves the representative point o sely the boxes can be put back together, nested

conver
jde the other, to reconstitute the original package.
ins ' .
kaging of (3Lé§'s into a (4L§' is much more sophi-
packag

Nature provides no monotonic ordering of the

given leaf of history. It provides the tool for
the given dynamics of geometry; for reaching, bit

every conceivable spacelike slice that one can thi
e (31 4
making through the given spacetime, illustrated at t A Two of the dynamically allowed < 's taken at

right in Fig. 6. ndom will often cross each other one or more times.
can

Conversely, given all details of the spacetime geome: ——— (4&5 o Fcih e enormously
en ON!

in question, and given all details of some particular (31;',5 "spread out over the floor" than he might

geometry that lies on that leaf of history in supers Conversely, when one puts back

herwise have imagined.

say C, then--apart from non-generic symmetries or de: cther all of the (31;35 allowed by the condition of

one can say exactly where that particular spacelike E onstructive interference, he gets a structure with a

is located, and must necessarily be located, in that jdity that he might not otherwise have foreseen. This

spacetime. In other words, jn.this.senee.the e %igidity arises from the infinitely rich interleaving and

Of a 3-geometry compatible with the LR : intercrossing of clear-cut well-defined (3lj 's one with

entirely equivalent to the complete specification B her
an .
fingered time. This is what one means by speaking o a4 different from the textbook concept of spacetime! There

3-geometry as a "carrier of information about time." ' geometry of spacetime is conceived as constructed out

"Time" conceived in these terms means nothing more Here,

than the location of the O,’ﬁ- in the “;&.

Put in still other language, "time" tells how to take

s " .ll
of elementary objects, or points, known as events

jy contrast, the primary concept is 3-geometry, and the

event is secondary: (1) The events lies at the "intersection

that are strung out on a given leaf of history in sup TPf such and such WL +1s. (2) 1ts timelike relation to some

! (4)3. !
‘hther (3) is determined by the structure of the ;;L, which

install them into a (’49, an equivalent description of &

same history. The child's
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. ‘ g . is a
ln turn derives from the intercrossings of all

(3LZk's.

Whether one starts with (3u2's as primary and

"
even the "time ordering of events
rl
» anothe

i £ all meaning.
R acetime
jderations reveal that the concepts of sp
e consl

: : ry i in the
the "event" as a derived concept, or vice versa, e not primary but secondary ideas 1

jtself ar n
These concepts are valid

make little difference if one were to remain in 5t physiCar theory.

y

of classical geometrodynamics. It makes all the dj mation. However, they have

-lassical approxi
ing nor application under circumstances
cts become important.

when one turns to quantum geometrodynamics.

~mean

There is no such thing as a 4-geometry in quantum g _geometrodynamical effe

a . 2 q s 1. : 3 r
dynamics, and for a simple reason. No probability orgo that view of nature in which every

7 7o 1
on one has ‘ | =3
function ¢ (3L ) can propagate through superspace a ; T e e
nt, past:. .
J There 1is

jtion in a grand catalo
.

indefinitely sharp wave packet. It spreads. It ha g called "spacetime."

Y ) : i 3 b . ere
finite probability amplitude in a domain of superspa time, there is no time, there is no before, th
eece : 0 j ithout
finite measure. This domain encompasses a set of ‘L« The question what happens "next" is wi

2 s no after.
2 “f £
far too numerous to be accomodated in any one (4L,L )
ning.

can express this situation in various terms. One es one see these lessons of the quantum

do
V ?
how close to being inescapable are they?

measurable.anyway?2« Especially is it measurable
metry
arable to the Planck

that proj.agation takes place in superspace, not by
any one classical history of space, not by followiny

one (4))1, but by summation of contributions from an in principle down to distances comp

infinite variety of such histories. 1In whatever way ¢ Jength of Eq. (5), where the concepts of "before and
leng A §

. e
states the matter, however, the facts are clear. The B . .. c predicted to lose all applicability?
a

that occur with significant wrobability amplitude do

7 d npare
fit and cannot be fitted into any single (4k/', That - Y—— try at the classical level. Compa
‘Consid et .
"magic structure" of classical geometrodynamics simply spacetime interval PQ anywhere in spacetime with a

does not exist. Without that building plan to organiz ¥ A

the (BW'S of significance into a definite relationsh SE3 -

“Use-any and all routes of intercomparisen one plea

in more detail?

X im4162-166)
at a particular location in spacet 7
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e-toaccept that the quantum theory of the dynamics

Get in every case without eéxception the same wva
A similar

otry is incomplete or incoerrect or both.

ratio(l63)
oteness Or incorrectness in what quantum electro-
b X=..BQ /HN. has to say about the possibilities for field measure-
(167 It took

s claimed by Landau -and Peierls.

3 (168,169)
That -is -the c¢entral point -and prediction of Rie : ous papers of Bohr and Rosenfeld 5 to show

geometry., It €Xposes itself to destruction on a h-:i possibilities for making measurements had been
fronts. ‘Were it not true, then for example elecA,.uj - rowly conceived, and that the precision predicted by
by different routes. to the same iron atom at. the | ent theoTy el i o i i o
the earth would be expected to have different pro;~ equipment when one looked apart from limitations

Then the Pauli exclusion Principle would not il A“sed by the atomic constitution of matter. 1In brief,
electrons would all fall to the K-orbit. The iron a8 measuring equipment that won't work is easier than
and the center of the earth--woulgd collapse, contrary = 54 R N oy 75
observation, (163) f'would seem to be the safest guide=-in the absence
When one turns from the classical to the quantum dyn;r of evidence=-on the reciprocal uncertainties of the
of geometry, then field coordinate and field momen mli field gquantities, .and on the precision attainable in
to be accepted as complementary, conjugate, and not measurements of the 3-geometry intrinsic to a spacelike

simultaneously measurable quantities, the reciprocal hypersurface or the extrinsic curvature of that geometry
uncertainty relations between which are given by the th Izelative to the enveloping spacetime. We adopt this point
itself. Into-these relations enters hlyconcuphyns of view pending further analysis and assessment of the
quantity, the Planck length of Eq. (5). wigner andﬂ‘nb conclusions of Wigner and Saleckar.
Saleckar,(lsz) looking at Possible methods to S ' The plain straightforward conclusions of quantum geometro-
the geometry Compatible with the quantum Principle, - dynamics about uncertainties in spacetime geometry follow

that any deternination of substantial precision el s from an elementary line of reasoning as familiar in the
not y the Planck distance, but by a distance many po physics of the simple harmonic oscillator as in the analysis
of ten greater, If this conclusion were to be upheld, of the electromagnetic field.
The essential ideas show up already in such an elementary

System as a single harmonic oscillator. There we write the
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; Y nd therefore the wave function (33);
wave function of a typical state, for example the grour Jetermine the Lis g

state, in the form

- 3
(37) U(X) = Nexp(-muwz?/2f) |i o= v(Blx,4,2)) = Hexp‘(l/16n"ﬁc)ffrlz 22(1)-E(Z)d’xld = .

where ¥ is a normalization factor. we proceed similar] AP : :
with a collection of harmonic oscillators; and with gn-expression (40) one has the probability aépllfude ax
suitably normalized displacement coordinates E1r S0 k iven, global, configuratlo? of %he ma?netxc field.

we have for the ground state probability amplitude fune e exarple, a configuration in which B AR, wog ever*where,
the expression except for a non-zero value Ag in a region of extension ~I,
; has a probability amplitude in which the exponent in

(38) VELHE i in nda= Nexp(-g* ~£2 - . ), B = of the order
4 2
1 L* (AB) “/fic.
More familiar in the case of the electromagnetic fie “)
this description in terms of oscillator amplitudes i e
so-called occupation numbe epresentation; but a thi In this sense a field fluctuation AB has a negligible
- u n r repr > h.
i " ) probability unless its magnitude is of the order
spacelike, representation prepares the wvay for sit

as in general relativity, where Fourier analysis is Rt
d (42) AB v (Be) /L
appropriate. - The magnetic field at the POLNL 3 5ty Bt

eéxpressed in terms of normal modes and the amplitudes..

or less.
o i 3y .~y o Y these normal modes, has the
4

In a fuller description the appropriate wave function
depends on the time ¢ as well as on the entire configuration

(39) P 28 s,

S of the magnetic field at that time. However, in a curved

To specify the amplitudes is to specify the magnetic
field; but conversely, to specify the magnetic field

everywhere is to have all the information required to




3G

110 |
John Archip ;ers of Time
i

ront

spaceti i i
P ime one generalizes from a time coordinate ¢ |{ :
< L petic field B (Eq. 43). Therefore the change in v

arbi i
rbitrary spacelike hypersurface o. _The probabi : .
jng from the transformation (46) must vanish

ampli sult
mplitude Jepends as well on o as on the configura " bty £ e
of the gauge function A; at is,

the magnetic field wpon this hypersurface:
the last integral below,

(43) -
"% = yY(B,0).
oy sv = f (6y/6R,) oA, d’z

“Thi 3 . . X
S wave function in this spacelike representatio = 'I A[(3/3x%) (8v/83,)) d’z,

fies Tomonaga's wave equation, with its "bubble-
functional differentiation,(lu) the expression in square brackets must vanish everywhere.
ghis is the condition that the divergence of the electric
(44) Th§y/ o= (EZ/GW)W('I/GWY [(4mh/i) &6/8A) _field should vanish, expressed in operator language. It
is also the condition that ¢, ostensibly dependent upon

The wave function ostensibly depends on all three cor potential A, with its three independent components per
of the vector potential A; thus, -pace point, should really depend only on the divergence-
free field _BI,‘with its two independent components per

45 ' ]
(47) b= y(A,0) e point.
dgn-a-similar way the superspace formulation of general

relativity (here taken for simplicity to be source-free)

However, the change in these components induced by the
as ostensibly dependent

expresses the state functional

arbitrary infinitesimal "change in S
r
he six independent g, of the metric upon a spacelike

_hypersurface, but in reality as dependent only on the coordi-

6
(4 ) Ak ES Ak _’_a)‘/axk'
pendent 3-geometry (3),7:);' described by this metric.

nate inde

 This 3-geometry is not at all affected by the arbitrary

produces no change in what alone counts physically
r
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amplitude from time is possible.  The 3-geometry
ave
s ; oordinate transformation ’ ).

i i i about time
hole is a "carrier of information

‘ i L ES i infinite
‘ 3-geometry requires for its specification an infi
it £ rp-gp, E resented as a point in
aramters and can be rep
er of P et

| i i ifold, superspace.
‘ =g ¢ + . ..finite dimensional mani »
%pq T Ipq gplq €Q|P 2 infin

] i ility amplitude, ¥, in the
where the vertical slash stands for covariant different: sropagation of the probability amp

1 ires a propagation law
Therefore the change in g resulting from (48), calculate srspace Of geometrodynamics requ

. ion (44) of electrodynamics;
i i o Ml TERRED, foF, arhitanal ogous to the Tomonaga eguatio (

of the three infinitesimal coordinate shifts &P, from polically,

which one concludes that the three conditions,

&2 3
(51) s2y/08 3Ly )24 B30,

(49) 6u/85, )1, = 0, gree
£ i .‘
where (3)R is the local value of the curvature scalar
upo pproximation, where y is
must be fulfilled eve here. Thus ¥, instead of depe the 3-geometry. In R . '
i litude factor times a
n 6 gquantities gij pPer space point, depends only o represented as a slowly varying amp

three quantities ber space point that are carried in” szidly Ay St

£s))

: s Gh Y
(50) =t i) . k. T s
‘ - Hamilton-Jacobi function S((3Eéé)
Of these three "info tions," two have to do with gravit tiie "dynamical phase," or Ham . f Peres}17l)
i i i - obi uation o
wave amplitudes; and one with time.- “In the case of elects satisfies the Einstein-Hamilton-Jac -
magnetism these two kinds of data are cleanly separated ir TR
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All of (source-free) classical general relativity fo
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6m 2y e g mq a Vebss8a ) (sussg e k=0

ngs e

i R
&1

from this one w(ln) 5

Consider a classical history # of 53-geometry develoj

class
deterministically in time in accordance with Einstein's
field equation. Consider the "leaf of history" in super
that describes this dynamics. Consider one of the (35g{
that is met on this leaf of history. Per space point of

this 3-dimensional manifold there are three independent

modifications that can be conceived in this 3-geometry

(6-3 arbitrary coordinates iy =3 real degrees of freed m

per space point). One of these modifications amounts

pushing the hypersurface ahead in time a small amount in

the given 4-geometry. The other two modifications changg

gravitational wave degrees of freedom, therefore change |

spacetime, and therefore carry the répresentative point i

superspace off the given leaf of history. " In other word:

the-infinite dimensional space of small deformations a
from the given peinvt:.«r -(3w‘<m the leaf of history ("1lo
tangent space of superspace") breaks down into the p

of two subspaces, each also infinite dimensional. One"

has one third the dimensionality of the original space.
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is the subspace of deformations that leave (3)4 on the leaf

of history. The other has two thirds the dimensionality
of the full tangent space. It is the subspace of deformations

3) /)
( )*,r"off the leaf of history. Quantum geometro-

that move
dynamics makes no such sharp distinction. It assigns a
finite probability amplitude w((3),/;:~) to 3-geometries off
the classical leaf. This spread of the state function in
superspace is the superspace description of the quantum
fluctuations in geometry. A closer analysis(ln'l“)

tells us that in a probe region of extension L, the gquantum

fluctuations in the normal metric coefficients (=1, 1, 1, 1)

are of the order
(54) T i T2 PO

where L* is the Planck length.

To-summarize, the sharp division of superspace by a classical
shistory into "Yes" and "No" UL’?—'S is denied by the gquantum
principle, which assigns a probability amplitude w(”).j») to
‘every 3-geometry. The (3)-;[ 's with appreciable probability
amplitude are too numerous to be accommodated into-any one
spacetime.  Thus the uncertainty principle declares that
_Spacetime is only an approximate and classical concept.

In reality there is no such thing as spacetime. "Time"

'kf-self loses its meaning, and the words "before" and "after"
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causal Order Without Causal Order
/

not primordial. [It, like every concept that man works

These long known consideration

are without application. s

are of importance only at the Planck scale of distances. issecondary and derived. How time, and spacetime,

They all flow out of the straightforward analysis of the | themselves upon us in our efforts to organize our obser-

e is a question on which only a miniscule beginning has

dynamics of geometry in the arena of superspace, inescap
h(175)

conceptual adjunct of general relativity. cyr been made despite the impressive pioneer work of Mac

[The above ten paragraphs are from reference 170.] mget(176)- Not one bit of further headway into this

orise do the present lectures intend to make. Their purpose
Vh less courageous. Don't try to "take time apart" into
elementary quantum acts of observer-participatorship out

hich we conceive it--and everything--to be built. Instead,
cking to the solid ground of physics as we know it, identify
sins where familiar concepts of time and causality come to
,1imit of applicability and have to be modified. We have
finished exploring one such frontier. We have seen how

y time and spacetime, according to existing theory, lose all
lication at the Planck distance and the Planck time; but

out of a description that transcends time--out of superspace--
e back in the appropriate correspondence principle limit
iliar views of time. We now turn to another question.
similarly arrive at the familiar ordering of cause and
fect from a description that transcends that order?

consider a system of point charges coupled with each other
elementary electromagnetic actions-at-a-distance, individually
e synmmetric, in the sense that the force exerted on particle
by particle o is given by half the retarded field of g,
usually calculated, plus half the advanced field. Of the
tives for considering such a coupling--that it should be

rivable from an action principle, that it should be compatible
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with a pPrinciple of action and reaction, that it s issue then is this: How is one to reconcile the
e

pcret

e 2 Liny PRYSAES O% slretivstasiciiy oin 1 (1/2)A field that the accelerated particle produces in
. .

netism--we shall say nothing here, for the subject j i ith the 1 R field that the particle in actuality
“del W

at length in two Papers written with Richard Feynm; 9 The answer is easily summarized. The far away

~eSs - s
For simplicity the interactions are treated in the i driven by the source, produces a field which in
ber

classical theory and a pPre-existing flat spacetime, hborhood of the source, though source-free there, looks
£

of interest is the field created by one of these p; : were a field for which the source is directly res-
51

it undergoes a sudden acceleration. Experience say ] (1/2)R - (1/2)A. Combined with the field due to
Rie,

effect produced will be confined to the future ligh i e, this field generated in the absorber gives rise in the
] ource,

the acceleration. With this observation the model I of a to total field, R, in full agreement with experience.

absolutely incompatible. It links past and future ;e familiar ordering in time of cause and effect is

of backward and forward running light rays. NowhiEs } in a model which at the beginning violated that ordering

slightest change be made without altering motions strageously as one could well imagine.

into the indefinite pPast and future. jdea thus so briefly stated raises several questions. How

Why should we be interested in trying to derive caus the "superposition of the advanced fields of a large number

of an apparently so preposterous model? Because we articles...give the appearance of both retarded and

establish in this one example a point of more genera .45 Gud T EITIIL itself[?]es) The advanced

tion: The apparent inability of an action taken d of a single charge of the absorber can be symbolized as

influence the past by no means rules out a direct in here which is converging towards the particle and which will

Ay, e e 1 se upon the source. But at the moment when the source
ticle itself was accelerated, the sphere in question had a
antial radius. One point on it touched, or nearly touched,

The shrinking sphere therefore appears to the

the universe at an era when no observers existed. rce as a nearly plane wave which passes over it headed

deeper question with which physics is not yet preparex ards one of the particles of the absorber. When we con-

deal. However, one is open to believe that the kind the effect of all the absorbing charges, we have to
tions that elucidate the one may clarify the other. sialize an array of approximately plane waves, all marching

¥ards the source and passing over it in step. The resultant
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of these individual effects is an spherical wave,
of the many nearly plane waves. The sphere conve
on the source, and then pours out again as a divepg:
sphere. An observer in the neighborhood will gain t

that this divergent wave originated from the source.

"Why does radiation have [an] irreversible character

a formulation of electrodynamics which is from the b
symmetrical with respect to the interchange of past

(95) thatth

...We have to conclude with Einstein
bility of the emisSion process is a phenomenon of
mechanics connected with the asymmetry of the ini
with respect to time. In our example the particles

absorber were either at rest or in random motion be:

time at which the impulse was given to the source.

"That it is solely the nature of the initial conditi

governs the direction of the radiation process can b

imagining a.reversal of the direction of time..
a solution of the equations of motion just as. .conm
the original solution. However, our interpretation

solution is different. 4s the result of chaotic

at the proper moment just the right impulse to gene:

disturbance which converges upon the source at the

instant when it is accelerated. The source receives
and the particles of the absorber are left with dimi
velocity. No electrodynamic objection can be raised

this solution of the equations of motion. Small a p
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Bbility of the given initial conditions provides our only

. on which to exclude such phenomena."

45 the effect on the source particle of the (1/2)R - (1/2)A

g produced by the absorber? It gives rise to the familiar

511 tested force of radiative reaction(93). What for our

ent pUTpPOSe is the central lesson of this study in electro-

ics? That an~order—in time, ostensibly-causal; can-origi-

p-an underlying machinery that is very far from

this point relevant to our larger theme (Section I) of

without law"? Because we see here a sample law, causality,




f Time

 ¢ne amount of !®7Re really fall off exponentially with

;11 temperature differences really sink exponentially
VII. Asymmetry in Time and the Expansion of the Wi

, 1Is perpetual approach to equilibrium guaranteed?

Rhenium-187 has a half-life of 40x10°%a (a=year) , impOSSible to face up to such questions in our own time

today. 1In other words, of !®7Re atoms now present, - encountering issues of cosmology and without having to
.

here a connection between statistical mechanics and

is t!
(55) -dN/N = A at i )
A APREECHE logy? An exponential can only be brought to zero in an
will disappear, on the average, in the time dt, i . ite time; but a finite time is all that is available in

model of a closed universe. If the

familiar constant for radioactive decay has the val . familiar Friedmann

se is to end out of equilibrium who knows enough to

(56) b = 0.693/40 in units of (10%a)~ !,

T it should not end as much out of equilibrium as i

Therefore, it has often seemed natural to suppose & How then can one properly predict the amount

i i i i i min
pumber, N, of these atoms has been, is now, and wi over a cosmological range of time without first coming

falling off as exp(-xa t). This assumption is a with this guestion of "double-ended" statistical

PP
case of the belief of older times that the universe

} . : . P . hed
endure forever but that all activity in it will eve , first line of the first page of a recent and distinguis

slow down and end in a "heat death." In that final ¢ by two leading mathematicians declares that, "The funda-

problem of mechanics is computing, or studying qualita-
2ly, the evolution of a dynamical system with prescribed

* initi ime and
departure from statistical equilibrium will have sur tial data." Moreover, thus to focus on an initial ti

i i i i ften
and "the entropy of the universe" will have attaine at time to specify all coordinates and momenta is o

r s i 4
absolute maximum" of which N. L. Sadi Carnot was alr » most useful way to apply dynamics to a given problem an

i in
writing in 1824, inspiration for the phrase "the hea mes the only way. However, one states the data i

of the universe" that Clausius first set down on quite different and thoroughly time-symmetric, "double-

1865517% d," way when one derives dynamics in the first place from

and that Bertrand Russell much later took
truth when he wrote$17& "The second law of thermody her

makes it scarcely possible to doubt that the univers: (1) the Euler-Lagrange variation principle of point

down, and that, ultimately, nothing of the slightest mechanics;

will be possible anywhere."
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. TTLEal e UM TG £ the great puzzles of our day; but others are

(3) the Hilbert variation principle of ele 3 onvinced that the one answer or the other is the
gy C

CIF CERR R LR S JOL S P A 2 ;: + answer and that the answer is perfectly obvious
-1 g0

i v 4 T :
IR BT ke SreTt srboin inbeddeo » 4 be accepted without question. This is the insanity

P TSecEIORT I or 7 ubject [of the arrow of time]." To paraphrase,
4

(6) the Feynman sum-over-histories. westion of accepting a solution; it is a

not @ 4
i (189)

©One deals with the coordinates of particles _ of accepting a problem.

coordinates only, but at ;wo PEaSsyerson > any real doubt that each revolution of the earth

sur faces. 2 the sun will see a greater statistical-mechanical

;f one thus plumbs some of the deepest issues of in the universe, down to the end of time? Doubt

TRERS Bt "double-ended ol i lear in the works of leading figures in statistical

statistical mechanics 100ks like when it too jcs from Boltzmann to today. Presuppose order in the

terms=0f.double-ended-gata? No more quicklyne 1 conditions, and randomness otherwise? That assumption,

g e % - s o (18 1= .
LSS ERTE1 6 s 5" her” 1ee- 15 i ecognize, will reproduce the evidence of experience

the automatic presupposition that departures from \tropy increases. But has so cosmic an assumption

WHE netSiuariny’ decrotce” i butibpy willVAE seper foundation? Doubt begins when it is asked whether

in the Einstein-Freidmann-predicted phase of cont:

py will increase forever. Doubt grows when it is asked,

R er in the initial conditions? Doubt takes a new turn

A recent review(lﬁn puts the issue in these te

dynamic time marches forward, what will happen

e advances of relativistic astrophysics of recent

How can a cosmological requirement on initial condi-

pPhase of contraction] to [the arrows of] statistic possibly be imagined to be well grounded when it

biological time? Will they continue to point in pposes the out-of-date cosmological model of a universe

A : 2 . . g - p
or will they point in opposite directions? 1In endures from everlasting to everlasting?

to a person alive in the second phase of the univ this doubt about the right end-point conditions for

universe will appear to be contracting. In the otl istical mechanics has a long history one can forbear

it will appear to be expanding, simply because a reminding oneself anew by skipping the next few pages

of contraction run backwards looks like expansion.

colleagues agree that the question is open and that
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of brief quotes, extracted for the most part from - “Aif we Know that! e o gas at a certain
t fu i ¥

of reprints ang translations of reprints edited by s e is a non-uniform distribution of states, and that
there

L
Brush.( 0 Nothing stands out more strikingly from | ] has been in the same container without external dis-
a
gas

oversight of the last hundred years than the "forevye for a very long time, then we must conclude that
nce

of the cosmology taken as forgranted in all the disg i lier the distribution of states was uniform and
h ear

i adually became non-
Gibbs (191) (1875) : "The impossibility of an uncompe the rare case occurred that it gr 4

: b & is reduction of the second law
decrease in entropy seems to be reduced to an improbs gm." "If perhaps this r

realm of probability makes its application to the
“

19 " _— e
Bo]_tzmann( ) (ABTT) < %, .The fact that this 1nte e universe appear dubious, yet the laws of probability

[fdQ/T] is actually <0 for all processes in the Worlg are confirmed by all experiments carried out in the
ry

which we live (as experience shows) is not due to 2=
boratory -

of the forces, but rather to the initial conditions_‘ _ aréag?) (1893) : "A theorem, easy to prove, tells us

a bounded world, governed only by the laws of mechanics,

than non-uniform ones that the distribution of states always pass through a state very close to its initial

will become uniform in the course of time. One there on the other hand, according to accepted experimental

e.

c€annot prove that, whatever may be the positions an; B the universe tends towards a certain final state
3 . .

velocities of the spheres at the beginning, the dist;

f uniform temperature], from which it will never depart.

must become uniform after a long time; rather one ca not know if it has been remarked that the English
do

prove that infinitely many more initial states will etic theories can extricate themselves from this contradiction.

fhe world, according to them, tends at first toward a stage

non-uniform one." »_ -When we follow the state of th B  cnains for a long time without apparent change;

into the infinitely distant past [here Boltzmann is s d this is consistent with experience; but it does not remain

without benefit of the present day evidence for big hat way forever, if the theorem cited above is not violated;
N3 ’

Ccosmology, and is tacitly assuming that the universe e ‘merely stays there for an enormously long time, a time

from everlasting to everlasting], we are actually jusi ich is longer the more numerous are the molecules. This
Correct in taking it to be Very probable that we would fate will not be the final death of the universe, but a
a state in which al]l temperature differences have dis I ort of slumber, from which it will awake after millions of

as we would be in following the state of the world inte
!

illions of centuries. According to this theory, to see
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heat pass from a cold body to a warm one, it will

jon of it to the theory of heat is not.

necessary to have the acute vision, the intellig . his applicat

according to the laws of probability a certain quantity

pich is some kind of measure of the deviation of the

dexterity of Maxwell's demon; it will suffice to |

little patience."

(195)

Zermelo(194 ) (1896) : "Poincaré's theorem says .iling state from Maxwell's) can only decrease for a

Lionary 9as in a stationary container. . .[Thereafter the
wel almost always runs very close to the abscissa
me] axis. only very rarely does it rise up above this

recur arbitrarily often, at least to any arbitra . we call this a peak, and indeed the probability of a

e e $ : 3 : .
of approximation even if not exactly, provided ,élsignlflcant deviation from Maxwell's distribution]

i i inei A i i increases. . .
coordinates and velocities cannot increase to infin .ases very rapidly as the height of the peak inc

i i 3 i i initi ates that the
Hence, in such a system irreversible processes are just for certain singular initial stat

(aside from singular initial states)." vell distribution is never reached, for example when all

"Suppose we have a gas enclosed in a solid containe molecules are initially moving in a line perpendicular

i i i i i o8 has s Zermelo says
elastic sides that are impermeable to heat. In g rwo sides of the container Wherea Y

there will indeed be an infinite manifold of states t the number of states that finally lead to the Maxwellian

molecules for which the gas will undergo permanent ¢ e is small compared to all possible states, I assert on the

i ; - ible states
of state, such as viscosity, heat conduction, or di rary that by far the largest number of possib

However, there will also be a much larger number of  "Maxwellian" and that the number that deviate from the

-

i i i i ST i to the
initial states, which can be reached by arbitrarily ellian state is vanishingly small. According to

displacements from the former states, and these s ecular-kinetic view, this [second] law [of thermodynamics]

i : A i
instead of undergoing irreversible changes, will merely a theorem of probability theory. According to

periodically to their initial states as closely as ¢ s view, it cannot be proved from the equations of

Idkese oot L jon that all phenomena must evolve in a certain direction

Boltzmann(lgq (1896) : "Poincaré's theorem, which

: - JUm T s £ at
explains at the beginning of his paper, is clearly ct  answer to the question--how does it happen tha

sent the bodies surrounding us are in a very improbable
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s of pictures. One can

State--cannot be given, any more than one . 'the choice of two kin

£33 aniverse find itsel P Ein
f at resen
S
e 5%
e en

science to tell us wh henomena occ
e ell Y P ur at at th can assume that for] the
i ne o
place according to certain laws. pable state. [Or © indistinguish-
impro ; tions of time are indis
: the two direc
a whole

o as
i however]
- i rlds)
ize of our galaxy (which we call wo 5
he s1

here and there relatively small

sufficiently long time, and hence there must b of t

: elativel short time of eons deviate
E
uring the r 0’4

he age of the unives cantly from thermal equlllbrlum. . .a living being
N cont . o 2 L n per
vhich 1 f n such a world at a certal eriod of
ains i £ :nds 1tsel
an define the time direction as going from less
states (the former will be the
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th nitia
1t ’
€. will find t S S g1
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which the H-function of the part of the world ace ‘ s
i ee some light thanks to e

observation decreases This coincidence is re ified, one begins to s '

. k £ .Bogoliubowv . Bogoliubov pointed out that im

o > (263

accident, since the existence and functioning of ¢ s . . i
. i heory the roscopic variables must be

oscopic t t mac

organisms, as they are now, would not be possib . i

: : y , se secular variables, that is they must vary in

other period. To try to explain this coincidence | o E »
B b 2 i slower than all the remaining variables needed
kind of pProbability considerations will in my opin R
1 ipe the molecular system.
necessarily fail. The expectation that the irreve . 1 js-
b ¥ p (293 (1973): "It is the Boltzmann Ansatz, the statis

behaviour will not sto suddenly is in harmony wit] > . 3
P & Y5 41 Ansatz of molecular chaos, which introduces the arrow

mechanical foundations of the kinetic theory." 1 .
r , z 3 .the approach to equilibrium. It is the

 gime oT. -

(200 e ) v i e
frrniesh R e s - tion of the factorization of the s-particle distribution

e s . S : i 5S 3 ——
ystem is not in thermal equilibrium it almost alj ¢ = 0, which is a generalization of the statistical
-ime = U

go into that state; and if the system is in the ' R .
; atz, which introduces the irreversibility.

equilibrium, it almost always will stay in that st .
q : s : - ore on the history and the issues, reference may be made
m

fluctuations away from equilibrium will and must oc

because of the quasi-periodic nature of the motion

2 20 g 4
»a review article of Prigoglnes 6) Klein's biography
B | 40 i books of Gold(186)

f Paul Ehrenfestf“ and especially the books o A
F-point. This is the Boltzmann picture; it clearly ol Wi
h(zog), and Davies ’

ciles the reversibility of the mechanical motion as

&

summary, after a century and more, half the battle has been
X ; .
by the Poincaré theorem with the apprcach to equilil

7 i i i ther
n to understand the direction of time in heat flow and o

as required by the roth law of thermodynamics. g ) .
‘ . v ¢ tatistical processes; but the other half looks like being a

is it possible +hat a contracted description can

p P long struggle. Evidently it is generally accepted that the
and causal [?]. In a bona-fide macroscopic theor 3 . ‘ ic i 1
i 3 S mentary molecular interaction is time symmetric in therma

of course not be necessary to go back to the microsc E - . .
r ; ' duction, in viscosity, and in other irreversible proces

molecular picture (in this sense the theory must be i
P Y 1 of everyday interest; and that the observed macroscopic

and it should be possible to make predictions, that : 2 - : the

e J ‘ rreversibility takes its origin in two circumstances:

theo must be causal. This is the macroscopic caus
ry P enormous number of molecules involved, and the asymmetry

‘problem and although it is in my opinion still far
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i i i i he big bang? Or is it even
in time of the initial conditions. In other word pat one imagines imposing near the 9 h
i c
as some would suggest, to raise su
were ordered before the relevant observations ithout sense, o Ao
ion
and disordered afterwards In the rare case in W] «cuyes? To flee the abstractness of these ques ’
3 t >

to a concrete model.
el ever illustrated approach to equilibrium more in-—

— moa.l“"g'“s)(ﬁg. 7).
an hour--the temperature difference between a hot b RNt o é N 2 Hete
of metal and a cold one in contact with it, then e ot s ket ¢ lf i e
orescribe a departure from equilibrium at a "final time \

R o s -
+T as great as the departure at an "initial time,

than falling exponentially with time, should rise ex i ‘
$ = -T The idea is due to Cockefl") One starts as did

This reasoning about exponential rise has been confi o 2o\
: e Ehrenfests with the 100 balls divided 75 = 50+ =
observationally so far only at the level of small
50 + n = 50 + "surplus" in the left hand urn and
= 50-25 = 50 - n in'the right hand one. Each spin of the
by chance fluctuations to any truly macroscopic--and = e £
roulette wheel brings up a number between 1 an %
macroscopically observable--level would require a tip e . ' o
pall with that number painted on it thereupon jumps fr

fantastically long as to put a test at this level :
S whichever urn it's in to the other urn. To start with there

beyond reach. All this is not only understandable, ) ; I
are three times as many balls on the left. Therefore

well understood, as the quotes indicate. Different i > g
is three times more probable that a given number will turn
vestigations use different words to make the same by Babile
up on a ball on the left. Consequently the most pro
generally agreed points: all the elementary processes 4 A £ Bakls
course of events is a gradual decrease in the number o
normally taken into consideration are reversible in

2 . , on the left:
the microscopic level; and the macroscopic resultant c

causes ball on left to jump) ~ 100

chance that roulette wheel \_ 50 + n
large numbers of such Processes is shown to go accords A= 22 T

to the usual sense of the arrow of time only by app g
B = (change of n in such a jump)= -1

boundary value conditions on the microscopic motions t

Presuppose order in the pPast, disorder in the future.

Here consensus ends. Shall one or shall one not impose

boundary conditions near the big crunch similar to thos




jers of Time

pront 137

Figure 7. Tre Ehrenfest double urn in a 1978 rendering.

hen numbeT 17 comes up on the roulette wheel, the ball
carrying that number is transferred from whichever urn it
happens to be in to the other urn. Thus 100 balls, 75 of
then jnitially in the left hand urn and 25 in the right

nand, gradually approach (see Fig. 8) a 50-50 distribution as

wpime increases' (more spins of the roulette wheel)
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_ fchance that roulette wheel

( e
causes ball on right to '|ump (N !N] ft) left
left ! : Te

a root mean square fluctuation in the "surplus,"

D = (change of n in such a jump) =
. plyind
(57) expectation value ) i
of change in n o DBy iy o i Nleft_SO' . v
(5n) = (Fy et = 7007
RMS 1eft 3

s and downs drown out the tail of the exponential.

roulette wheel, and dealing only with averages se Up

in the left hand urn

values, one thus analyzing events at the simplest
From time to time a

+» fluctuations in the "surplus," n,

finds a differential equation for approach to equ 3
3 _ not limited to the magnitude (m 2°
(58) dn/dt = -n/50. arger variation occurs; and very rarely, a much larger one.
t is to be said about a much larger than average fluctuation
What

The solution of this equation shows the familiar
point P in Figure 8.

of exponential approach to equilibrium . at the "Boltzmann peak" or
’
- time asymmetry? - There is-none. ~The behavior prior

(59 = ’
. n = 25 exp(-time/50), to p is dominated by exponential rise as that later than P
js dominated by exponential fall-off. In other words ,the

in agreement with the standard "law of cooling'
1 _sidedness in time of the exponential law of fall-off of

Eq. sa i
q. ( ) predicts that the expectation value of t | 8 < ARG Syl 5 R
e "surplus" has e erstood, not as an indicator

" .
number," n, in the left-hand urn will drop to 25/2. i
) of -any asymmetry in time of the elementary process itself
as a consequence of the special initial conditions

100 spins; to A = 1.25
g = 1.25 after 150 spins; and to n =
7 n=
("order" at P). We see here in an example as elementary as

anyone has ever devised what is also apparent in the pheno-

after 200 spins. However, superposed on this regtil

off--to be seen onl :
y by averaging over many ind I
epe
gl 3 menon of heat conduction and in thecowling of a complete

anced,

runs, each starting with n = 25 .
= --will be the fluct
) absorber with an accelerated source by half-adv

half-retarded potentials (Section VI).
spins. of the roulette wheel, molecular

this average unique to any one individual run.

1

random variations qUJ-Cle grow to a magrutude given ree -
+All th P

good approximation b s s
y the familiar formula
: .collisions, radiative coupling--convert ordered into disordered
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jgure g§. Approach to equilibrium, and fluctuations about

ilibrium, as they show up in a typical "run" of the

oenfest double-urn experiment. The point P marks a larger-

p-average fluctuation away from equilibrium. When one makes

15 . - - -
Batistical run after statistical run, each run containing

or example 300 spins of the roulette wheel in Fig. 7, one will

ind some Tuns in which statistical fluctuation brings Nleft

ight at the end of the run bac‘k to its original value. When
kaverages over ‘sufficiently many of the runs that satisfy
hese special end point conditions one washes out the statis-
;:al fluctuations and arrives at a cosh-curve (Fig. 9). If
lrule out all the other--and much more numerous--runs as

ght—have—been" but "never-were" runs, we have a model for

hat is meant by a universe ruled by “double-ended statistiess”
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em completely free of special disturbances,

‘stat
€s; although every elementary inte
a Syst

an equally overwhelming chance that the energy
s then increasing at a rate given approximately
In this case

Scopically Teversible. ali thr
- 4 €e are epj

conduction. yh
: - eel
n €r and Feynman remark,( 93
matt
er observed at the present sl parge wa
to ,
averse of the law of radiative damping.
st conduction the abnormally high energy of the object

erpreted as the result of a statistical fluctuation.

e int
that the sun at some past age acquired its energy

4]
s fluctuation no one now would seriously propose.

the universe is a special system with-respect to=

than cooleg
down to it
- In other word
S, we are
~of which probability considerations.cannot freely

understand th
3 € present tem
N\ Perature of the p, -
ody a

these considerations bear on the Ehrenfest double
We

of a simpie
Statistical f£)

Uctuation in th . 8

e dis

ohe first part of our response is immediate.

€nergy throy
gh the entire
System. This 4 ;
eductio;
The

tion. Howewer, common experience tel] fy the point P with a statistical fluctuation.
s yant feature of n(t) before P is exponential rise, and

r P an exponential fall off. However when we turn from
soint P to the start of play, we do not suggest that n

25 as a consequence of a prior and

jred the value n
On the contrary we

¢ large statistical fluctuation.
tand n = 25 as an initial condition. That initial

1]

brium b 5
Y @ quasi-elastj
tic force
- Furthermore 5
Suppos;:
£ ‘ pdition in the double-urn problem symbolizes the guiescence

the absorber before the acceleration of the source charge
in the problem of heat flow--the initial condition of

disequilibrinm in the early universe. In other

the initial surplus, n = 25, symbolizes a cosmological

dary condition-at the start-of time.
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n=20.46 = 0) and treating each of the 100 balls

Ar 2
€ any cosmological boundary conditions
co;
do not deal wi
th the end of time :
as c . :

beginning of times 1e omplete ing a probability (1/2) to be in the left hand urn and

< e 5

fniverse collapses ; | probability to be in the right hand one.

Crunc i i i
h as it begins with a big bang is jt not
for require 3 |
) ments on particle i
motions and fie
fielg are contained--each with its characteristic probability--

: .
she binomial expansion

to be i
€ 1mposed at the end as at the beginning?.
See what |
are the consequences for the Ehrenfest
cd 1= [(Beee * (%)right]lac
(100)! ) Neft i, right
£ SO IR A 3 i
leftil right,
100

of i ; .
lmposing a final nisin%ratoa Einal it
me t =
same f i i
ooting as the initial n = n' a¢ the init
1

t' = 12 1
? e (179 ;
ocke was the first to ask a + N o
E Meft < right
erefore the desired probability to return at t
25 on the left--in the stated approximation

=T = 100

this i
question for the Ehrenfest double urn

1s carried further here.
y the surplus n

jow by not quite a factor 2, but uncorrected here)--is,
1 _1 10C.5 ~
) v(n=25)=rsriggr7— (1) 7 et rer = 1922107
 other words, -out of the 202 repetitions of a 200-spin
S | e

hat does it lean to impose on the-double

fl"al co'“dltlcﬂl n > s
Tiin, 25! Symmetric to
cand.ztl.on, P R,
.- 252 For deflllltEHESS let
of lay 2 b imit wa ko 2@ = 200 Spi d up with ) f
P ’ T e ik ited al ys en P ; 3
der of 192 will \le
of Let existence

roule
tte wheel. By that time the initial conditj
hese ~192 histories be called 'acceptable's

almost forgott LN
en [n = 25 exp(-200/50) = 0,467
let them be ruled out as

enied to all the others;

(An = 2
RMS 7.07) will dominate. Thus, let the 200
ceptable", as "might-have-been'" but '"never born"

be
Tepeated over ang over 10° times €ach tim,
. e
This is what we shall mean by speaking of

TSES.

uble-ended statistics".
are the features of the typical history that is allowed by

It is marked by an almost exponential

a
surplus of balls on the Teft.n o= nls= 25

will end wi = .
With n = pn Sometimes equal zero, somet

SOmetimes -
10 ang, very rarely, but occasionally :
r

double-ended statistics?

initial
value. The Probability that exactly this !
decay of n at the beginning and an almost exponential rise of n at

attained at the time t = t" =7 = 100 j

. & 1s estimated
easil 4

Y by neglecting altogethe . : . 4 '

T any "memory of end. Superposed on this general trend are the inevitable

fluctuations. To iron them out we turn attention from the individual
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history to the average of all 192 acceptable histe solution which takes on the value n' at time t°' and n"

increase the number of tries from 107 to 101¢ ime t' is given by the expression

of acceptable histories from 192 to ~192x10°, Or n = [n'-sinhA(t"-t)-+ n'" sinhA(t-t")]/sinhA(t-t").

the number of trials by still further powers of te js-solution is characterjzed, for positive n' and n';~by

this way reduce below any preassigned level the ef: egions (Fig. 9). _The first is a region of nearly exponen- i
\

the fluctuations which show so clearly in any onéﬂ fall off near t'. The last is a region of nearly

run and which still show a little when one takes gponential rise near t'. Between is-a region of transition ‘

of 192 acceptable runs. - fall off to increase.

The "ideal avera " 3§ : sl fhese considerations make a little clearer what it means to
rage run" in the sense just describe Thes

a simple mathematical formula. There is a quick sk whether there is any correlation between statistics and

this formula: a differential equation. ~The app wsmology. In further pursuance of this point, let "the 1

differential equation is not the usual law of wrning of the tide" refer to the phase in the dynamics of the

umiverse where expansion gives way to contraction, and let the
(64) dn/dt = -n/S0 = -.n_, ' ‘
term "'the statistical turn of the tide" refer to the minimum

That is asymmetric in time. The new law mus
L "the departure from equilibrium", as represented in Fig. 9.

directions of time s ‘mmetrically. It must ma
e i e fren if there is any correlation between statistics and cos-

to the initial time or the final time. It must > - i
ology, it is not a necessary consequence of the reasoning

reference to initial n' or final n". Those
bound that the statistical tide should turn at the same time as

data must go into the final formula for n onl
- y 22 the cosmological tide, nor is it necessary that either time

value data. The onl law that meets - 'S
> W occur exactly half way between start and stop. There are few

of .the problem is one that treats exponential
POftearEan: odel universes easier to analyze in all detail than the

exponentially falling functions on the same (214-217)

(65) a’n/ae? = 2%

“This is the law of change of n with time in d

aub model universe For the extreme time-asymmetric

large m') case of this model the volume varies with proper

time in accordance with a relation which, written parametrically,
‘statistics. s (217)

The general solution of (65) is a linear combinatif A= 32-"2‘?3(“1-)2 sin f(1l-cos f),

and exp(At); or a linear combination of sinh At and 1 = fm'(f - sin )3
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Fig- 9. Relative departure. from equilibrium of temperature
or number of radioactive atoms as a function of time calculated
under quite schematized assumptions for one illustrative
scenal’io [see Eq. (6¢)] out of many equally conceivable
alt(.nrnatives; specifically: (1) initial and final depar-

tures from'eqﬁilibrium identical; (2) total time avail-

sple from start to end, 60 x 10%°a; (3) symmetry in time;

(4) no reaction chains; only one characteristic time

“! =1 =30, 5, or 2, in units of 10%a for the

relevant, A
three cases illustrated. These are gross and highly
arbitrary simplifications. The departure from standard
exponential decay in the first half of time shows up
trongly only in the last e-folding time before "turn-

und. "
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Only for the special choice of the parameter, m' = 08 what is the observer of the roulette wheel to think as he
n ;

dynamics time-symmetric. Moreover, there is no obvio; watches the end of the play approaching?

Spin after spin the

why the final value of n = n" in the double-urn exper; wheel turns up predominantly the identifying numbers of the

be identified with the initial value; or, to spell ou palls that lie in the right-hand and less occupied urn. Against

the analogy, no obvious reason why the conditions at f all normal odds the smaller number N

right grows still smaller.

crunch should be in every way identical to those at ti And with the final spin of the wheel the numbers of balls in the

s : " o urns are restored as if by magic to their initial values
bang. Moreover, the inescapable fluctuations that o two U b 4 g s

= . " 1
given history and that produce deviations from any Neft N Left 75 and N_. N

right 'Tight = 25. He would find

statistical law will normally be quite distinct in t. this outcome utterly beyond understanding if he did not know

and ascending phases of the curve of Fig. 9. Despi'f that every history had been thrown out as impossible which did

provisos and caveats, the simplest model makes the not end as it began with prescribed conditions.

appeal in any first sketch of the possibilities. In With what words will one describe the biased probabilities spun

. . s "
turning of the tide for the statistics is identical ;i out by the roulette wheel?

"Bias'" or 'providence factor" are

timing with the transition from expansion to contract the only terms that immediately suggest themselves. A factor is

both are mirror symmetric with respect to that commor at work that pushes the probabilities ever more strongly toward
oth a

The "h eneity and isotropy” of the Friedmann model, the predetermined end as the final time of reckoning approaches.
e"homogen ;

applies to the universe at all, applies in the large .A providence factor defines itself naturally in the context

. g ; . e = of the smooth average number, n(t
detail. Likewise "mirror symmetry in time", if it g > n(t),

(average over many repetitions

to the universe at all, applies in the large, not in of a 200-spin run) in its dependence on time.

It also shows up

If it applied in detail the configuration of every in quite another way in the biasing for or against certain

i numbers on the roulette wheel according as the balls so-numbered
i . + 1d have to
the universe at the time t . . . t wou ,1
: ¥ . . 1 ie in the right-hand or left-hand urn.
cal with its configuration at the time LS tror t. g
. . Let us turn to the continuum descripti i s the simpler
mean that every motion would come to a halt at t . . o e ption first a P

way to analyze this bias. We want to say that the surplus,

Nleft - 50, decreases in time in accordance with the normal

law
Earth.

of cooling except as modified by a bias of "unknown origin"

To accept double-ended statistics for investigation i ﬂmt will see to it that the predetermined end is brought about.

with no small change in familiar ideas of time and ¢
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Thus we write The solution is

(68) dn/dt = -An + "bias term".

(72 n = n" -constant (t"-t);

in other words, single-minded straight-line progression
from the two expressions dn/dt and n the initial valu towards the final goal, unmoderated by any influence of the

(and, simultaneously, t'); thus, relaxation constant, ).

(69) (dn/dt) sinh A(t" - t) + An cosh A(t" -'t) = A0l

it is characteristic of "double-ended statistics" that one
or

girection of time, t, is as good as the other, t = -t,
e Afn" - ne'X(t"-Ell for describing it. The two very differ=nt looking equations,
ADASE 200 Sinh A (T 0) :
\-;g;;;-;érm" : (73) dn/dt = -\An + bias,
In other words, we have defined the bias term in such and
that it should make reference to present valuc and fii (74) dn/dt = -\n + bias,
alone and no reference at all to the initial value, or
solution to this requirement we find one and only one (75) A/ Sk H b,

the second term on the right hand side of (70).

e deal with two completely equivalent ways of describing
The meaning of (70) is clear. Final requirements hav

- the same time dependence, n = n(t), of the surplus in
on present happenings so long as the time of reckoni

4 the left-hand urn. When the total length of the run, t"-t',
many relaxation times in the future. However, as the

L amounts to many relaxation times, then one equation is
available for the final adjustments becomes of the

, . o "useful"” near one limit, and the other equation is "useful"
couple of relaxation times or less, the predestined

3 near the other limit. Here "useful" means that the term
itself on the game in an ever heavier bias. In the ve

v tin dominates, and the bias term is negligible by comparison.
stage, only a few spins before the game must end, the

s But either equation, and both, are valid for the entire
decay rate is essentially without effect. The develec

stretch of time from t = t' to t = t". To say that the
practically deterministically to its end. In mathe

"providence factor" or "bias" is important or is negligible

at such and such an epoch is therefore not a statement
moment limit" to the form

(71) dn/dt = Twg -
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~ ghe first three terms follow from the elementary probabilities
that is invariant with respect to the change of descrip
i of Eg- ( 70 ). They will suffice to account for what goes

(76 ) t > E = -¢t. on when many relaxation times intervene between "now" and
the end. They give for the average value of the surplus
This existence of covariance but not of invaria
on the left at any given time,
time reversal is reminiscent in some respects of the ga )

; n=73:n
native descriptions of approach to equilibrium devel i78) ne

. 200 219
Prigoglne;{ m'mﬁut ghe statement of boundary condition

. ; . . e familiar cooling equation
both ends of time is unijue to "double-ended statistic goe S s !

. } (79) dn/dt = -in,
It would be possible to go to the next step beyond the

continuum description of Egs. (65) and (70) and g with A= (1/50). However, as the end comes nearer, the fourth

with fluctuations about the continuum description. or bias term begins to become effective. TIf at this stage

the number n(t) dealt with so far does not refer to the number of balls on the left does not measure up to the

individual history. Rather it is the average over prescribed final number, this term sees to it that in the

acceptable histories, not 192 histories, not 192x103 h: spinning of the roulette wheel (1) all those numbers show

but 192x10P histories, where the power p can be made "—‘ up with greater probability which belong to balls to be

enough to guarantee approach to a continuum descriptiac moved from right to left; and (2) all those numbers show

any preassigned degree of precision. When we turn to up with decreased probability which represent balls to be

characterization of individual histories in all their moved from left to right. To state and derive the explicit

fluctuations about the continuum,the relevant quanti formula for this bias term, to discuss the ostensible upper

is the probability, W,+ that any given surplus of ball limit on the rate of change of n with time (one unit per

n, will be found in the left hand urn. This probabili: spin of the roulette wheel), and to examine what it would

will vary with time according to the equation mean to try to circumvent this limit by allowing negative

values for jump probabilities, are all interesting questions;
(77) dw_/dt = [504(n+1)] (w 100) -w_+[50-(n-1) ] (w__./
n ] n+1/ n ] n=4 but they deflect attention from the main point: The double

+ "(bias term); urn model of Cocke, as analyzed here, provides the simplest
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any evidence of that transition today, at a time when the

i i for what it means to
Npded Kk GRF SRR L ANBERT k. | sniverse is still expanding, would seem preposterous.

of double-ended statistics.

! However, if the long time of the p—decay itself is the
Incentive though the double-urn model is for asking n - — e, By eed ey Ees Ea¥ §E tEne

questions about the universe, it %s inadequate. S takes place gradually over the whole range from start

them. One shortcoming is evident from the start. to end (top curve in Fig. 9). 1In this case a significant

urn model is characterized by a single transition rat gifference in the effective half-life of Re!®7 might be

cheRANoE (.79 ). 1In contrast, the universe is chalyy expeCted as between today and 4.5 X 10%a ago, when certain

b iti e S ] .
y almost as many transition rates as there are phy stony meteorites were formeds

processes, from elementary particle decay rates to consider first the customary hypothesis that the decay has

of, themmoguclesr grocugess iu gtarse and Sxow S peen exponential ever since the time, | of the formation

of dynamical evolution in star clusters to the rate o of the meteorite, and has continued to have a decay rate, the

: by 3 )
decay of turbulence. Nowhere does this limitation 1 S of Eq. (53), equal to that found today(z“ ),
app

" double urn model show more conspicuously than in the (80)

(Re) = N (Re)exp A (t H7.

Nform app now Ttorm
culties it makes for predictions about B-decay of 187
\ In this event the number of daughter '®70s atoms that should
Which is relevant, the 40 x 10%a half-life for expuls
: have accumulated in the meteorite is
of the B-particle or the 107 !?s time for reducing

(81) Nnow(os) (e )T Nnow(Re).

| 3 = N
fs-particle to thermal equilibrium with its surrounding fare

i i ial '®70s present in the rele-
Or a complex resultant of these two and many other Thus correcting for any primordi p

i icti : S i r verifying that the amount
times? The predictions of the double urn model, if vant granules of the meteorite, o DEERE

s 2 187 . b
call them predictions, are utterly different accordi of primordial Os was negligible, we have

N (daughter Os) A At
now

as one correlates the characteristic decay constant, 2
Nhow(surv1v1ng Re)

(82) R =

of that model with the short time or the long time

let alone some unknown third "resultant time constant where we use the abbreviation

(83) At = t ow ~ form

In the one case the transition from exponential decay
!87R e to exponential increase takes place within an

short internal of the turning of the tide. To hope
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TABLE 1. Calculated effect of future "turning of the tide of

Now ask how the situation will differ if ultimatel L o i
b statistics' on amount of daughter 1870s accumulated up to now

to be a turnabout in statistics, a turnabout that alre . 1 .
, > in an ancient rock or meteorite containing 187Re (present day

i . d i i
produces today a premonitory effect Adopt a simple spparent doavy SN Aa « AN INdRS Q169300 ETa iR

PP

ti i Tab 7 ith a big bang !
ive cosmology (Section IX, Table 2), wi ek g | years) - There is 2 7.8 percent difference between the two

in the t a ximum in the expansion, or a turnin, g
past and a maximui P D, K qumbers marked in the table by arrows.

tide, 20 X 10%2 into our future. Make further the pur

—_—

illustrativ mption that the number of 87pe"al s 3
tive assumption tha Time from now to A(true) required Xnow(daughter 0s)

undisturbed meteorite is symmetric in time with resp;' nturning of tide" to make T, (appa- R =% (surviving Re) for
now
that same time, t ., of the turning of the tide. T tie ~ “now o age of pRtCorite Ul bl nsnip
cqual 40 X 10°a 7. X¥F08a 4 X052
(84) Nform(Re) = Ntt(Re)cosh )\(ttt =z tform)’ o
5 ! 5 X 10°a ST ALQT 2 Fa i 0.0419 0.0987
(85) Nnow(Re) = Ntt(Re)cosh At tnow)' 3 ) . ;
% 10 X 10°%°a 4,520 X500 tans 0.0384 0.0843
Neither the number of !® 7Re atoms at turnabout, Nogs i
: 20 X 10°a 3. 13X 102 tast 0.0365 7’5
’ . ) ! .0365 -0.0 S
true transformation constant, A, 1s directly observa
50 X 10°a 18 el L tay! 0.0356 0,.0731
observable quantities are the apparent decay rate toda
=(never) y W 85 0 (0 0.0353 - 0.0717

(86) X = Atanh A(ttt -

app tnow)’

and the ratio of accumulated '®70s to surviving

Nnow(daughter 0s) cosh X(ttt'tform) - 1

(87) R = - -
N;ow(surv1v1ng Re) Cosh X(t . tnow)

In the limit where the time of turning of the tide is
ficiently far into the future (ttt + ), then statist
turnabout is destined never to arrive, and expressions
reduce to the familiar result (82). However, for a v

3 Q . ¢
tee Ciow: 20 X 10°a--a cosmologically reasonable o

magnitude--and a specimen that has been undisturbe&'ﬁ

) o =4 X 1093 since formation, the calcul

now ~ tform




160 John Archibald wj <
o ranging at a rate more than 3 parts in 101‘5 per year. On

accumulation of '®70s (Table 1) is about 8 percent other hand, if we assume no change in the fine structure

than one would have expected from the standard str stant, the same considerations will put an upper limit on
y-. on

ward Rutherford-Soddy theory of radioactivity. he "turnabout effects" that we have been considering here.
The calculated effect is so big in the case of the cherwise stated, there is not the slightest evidence in the

'®70s decay primarily because the relevant effecti ) nta cited sixteen years ago by Peebles and Dicke for anything

40 X 1093, is so long. For the a-decay of 2°°®U, wh Vthe way of an impending reversal of statistics coming up

apparent halflife is 4.51 X 1093, the calculated a 2 cosmologically reasonable time in the future.

23 e great advances that have taken place in radiochemical

ratio R = [Nnow(daughter 23%Th)1/([N (surviving

9

now

- determinations in the meantime give room for a reexamina-

the same 4 X 107a-old rock or meteorite (provided that

keeps its decay “He) is increased only 0.24 percent ion of this question. Even more needed is a consistent

0.8490 to 0.8510) by a turning of the tide that lies a
ontext. How can such varied physical processes as heat

correction, we can say that the ratio of daughter 23%] onduction, thermonuclear reactions, electromagnetic radiation,

remaining ?3®U tells the age of the mineral. This : and radioactive decay, with their very different chracteristic

once known, the past accumulation of '®70s from !®7Re mes, couple together to give an orchestrated turning of the

for a future turning of the tide. tide? Until one has an answer to this question of theory,

The discussion given here for ’°7Re(T% = 40 X 10%a) one will not really understand the first thing about what it

2”U(T_,[ = 4.51 X 10%a) can be extended to other familiz eans observationally to test for a "turning of the tide".

lived radioactive substances, such as “°K(T; = 1.3 X It is conceivable that one will someday understand the origin
-

"7Rb(T+ = 50 X 10%a), and l"Sm(T% = 130 X 10°%a). of initial value data so well that one can say that statistics

The apparent ages of 4 X 10%a-o0ld terrestial rocks and of necessity always runs in one direction. Today we are not

as deduced from accumulations from the radioactive dec in that happy situation. Therefore at the moment it cannot be

three substances, U, “°K, and ®’Rb, of very different excluded that statistical turnaround occurs. If so, and if it

halflives, have been found compatible by Peebles and can be detected, it will at one stroke, (1) give a cosmological

Those ages would have been in observable discrepancy, o foundation for statistical mechanics, (2) tell the scale of time

the other, they conclude, if the fine structure constant from big bang to big stop and, thus (3) provide evidence that

the universe is closed.




VIII. Memory and the Arrow of Time

nrt's a poor memory that only works backwards."

--White Queen téL

"1f physics is four-dimensional, and if past, prese
future are all 1aid out shiningly in one vast spaceti
diagram, why is there any "now' in our apprehension @
Nothing has done more to suggest to some of us a way |
of this mystery than some comments made in conversat]i
Hugh Everett. He compares the brain of the observer
servomechanism, or--if 1 may go beyond Everett in exy

the computer of an aircraft gun. The radar unit moun

on the gun carriage sights on the enemy plane. [Fig

Minute by minute it feeds information about the poé?

“that plane into the computer. From this information
extrapolates the future position of the plane. It €

a shell to intercept that plane an appropriate number

later. The computer thus carries within it informat

about a few minutes of past history--and also inform
about a few minutes of forthcoming history.

“It would be possible for the computer to remember
perhaps the position of the enemy plane yesterday.
that outdated information would be of no use in the
crisis. Remembering it would only impose 2 more COM
burden on the electronics and increase the weight
hauled along as the gun is moved from site to site.
the computer can be forced to extrapolate the flight
enemy plane over 2 much greater reach of time,

hour tomorrow. However, that prediction would obviol
‘
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action symbolically represented. The radar has fo]

the 7 ..ye no value whatsoever. A few minutes of the future, like
enemy plane for some minutes past. Out of the i
, few minutes of the past, are all that the computer memory

memory of this past a computer program projects the
- ;11 carry. The memory span can be no wider if the anti-

the plane into the future and gives orders when and
- ) g : ft gun is to be as light and simple as possible.
fire to intercept it. jircra g g P P

gtherwise it could not stand up in the competition with

ival devices. Thus the struggle for survival trims the

pemory down to "now." Phis-"now'.is-remarkable...On.it-are
,vidly engraved not only.a few minutes of the past, but. also .
ew minutes-of the future. Moreover, this "memory"

{or more precisely, anticipation) of the immediate future is
green, whereas the memory of yesterday has altogether withered
away. So in the human species the struggle for survival--
gverett's analogy would suggest--has built into our minds

a type of "now" in which the old past is remembered less

well than the immediate future.

one trace out Everett's "servomechanism explanation

of now" in quantitative--and even guantum-mechanical--

detail, on the basis of one or another simple model? Of

course, devices of the feed-back type have been studied

quite thoroughly, but never from exactly the point of view

of interest here. We all know that when we try to describe

the behavior of such devices, we use the ideas of "purpose,"
"planning ahead," and so on--teleological ideas, all of

which form a part of our consciousness. ®But to fit-a..

escription of “such a system, with its resistances and "dash.
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x. The Gates of Time(96) 167

" S : - - = 2
POts™, into. the Hamiltonian formulation of th - s ..every substance...can only begin by ereation and end only by

‘require -is an 'analysis that has not yet been (224)

“ghi:ation."——-c.w. Leibniz
[The foregoing quoted from Ref. 223); for investiga BB 1crory, uncover the machinéry.of memory:  that Was

the mechanism of memory see for example Ref. (54=56) . . challenge of VIII. 1In IX the concern is different. Given
;chinery of memory--dynamics--explain how that machinery can
stop remembering.

t the slightest warrant does Einstein's equation give for
inking there can be any such thing as a "before'" before the
bang or an "after" after the big crunch or after the collapse
star to a black hole. These three processes mark three

tes of time".

r time to come to an end is to say that time is not an ulti-

e category in the description of nature. =Therefore a. deeper.
iption of nature must transcend the category-of time: this
the conclusion suggested by a review of available evidence on
mology, theoretical and observational; this is the theme of

is final "frontier of time".

characteristic feature of a gate of time is collapse to
ingularity, not only for matter but also for the space

etry that envelops this matter. Moreover, at a singularity
stein's field equation loses its applicability. If the mathe-
ics fails at the singularity, how can one argue consistently
ut the physics at the singularity? How then can there

any foundation fof believing that time ends at a gate of

The point is simple. Time does not today stand in

ndid isolation, a concept with an independent existence

its own, free of entangling alliances with the rest of

1Cs.  General relativity has subdued the concept time to
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membership in a larger kingdom: spacetime. Ther
that we know about time, there is nothing we do w
of time, there is no meaningful attribute of time ¢t
subsumed, defined and given meaning through Einstej;
and still standard geometrodynamics. Equations sto
go on? That might once have seemed conceivable.

is not. Time has been robbed of the power to go

voyage of its own. There is no time today except
spacetime. Where the one stops, so does the other.

before spacetime? That is a question, a proposal,

shred of meaning.
Story though this is in brief of the gates of time, i
story that can and must receive expansion in the rest
section. Six topics will come into consideration: |
validity of general relativity, (2) evidence for the |
(3) do black holes exist? (4) is the universe close
it collapse? (6) what happens to a black hole when t}
collapses?

First, how certain is one that the particular descri
spacetime that is given by Einstein's general relati
the most reasonable one? Onthat point the available eviq

is summarized in Ref. (73): experimental tests in Chaj

analysis of alternative theories and their difficulties

39; solar system experiments, Chapt. 40; gravitational |

and possibilities of Jetecting them to get new tests of |

tivity, Chapts. 35-37; cosmology and its relevance to
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1ativity, Chapts. 27-31; gravitational collapse and the
,-ea B

theoTy of the black hole, Chapts. 32-34.

namics
1 prief '"no theory more resembles Maxwell's electrody
n

in its simplicity, beauty, and scope than Einstein's geometro-
; namics. Few principles in physics are more firmly established
t:an those on which it rests: the local validity of special
relativity, the equivalence principle, the conservation of
pomentum and energy, and the prevalence of second-order field
equations throughout physics. Those principles and the demand
for no 'extraneous fields' (e.g., Dicke's scalar field) and

‘no prior geometry' lead to the conclusion that the geometry of

spacetime must be Riemannian and the geometrodynamic law must
be Einstein's.

"To say that the geometry 1is Riemannian is to say that th?
interval between any two nearby events C and D, anywhere in
spacetime, stated in terms of the interval AB between tu?
nearby fiducial events, at quite another point in spacetime,

has a value CD/AB independent of the route of intercomparison.

There are a thousand routes. By this hydraheaded prediction,

i i in a
Einstein's theory thus exposes itself to destruction
thousand ways.
i i i er ways
"Geometrodynamics lends itself to being disproven in oth y

The geometry has no option about the control it
The theory

as well.

exerts on the dynamics of particles and fields.
s — . d

makes predictions about the equilibrium configurations an

i 2celera-
pulsations of compact stars. It gives formulas for the dec

i i f:
tion of the expansion of the universe, for the density o

i of
mass-energy, and for the magnifying power of the curvature

space the tests ot w g are not far o . L i§ 4 pre icts grav
>
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tational collapse, and the existence of black holes,

wealth of physics associated with these objects. It allow any of its rays to arrive at HSa Al ds therefore

gravitational waves. In the appropriate approximation possible that the largest luminous bodies in the universe

, : il g (234
eéncompasses all the well-tested predictions of the New may, through this cause, be invisible. (234)

We can recognize

theory of gravity for the dynamics of the solar system that a neutron star, member of a double-star system, can

predicts testable post-Newtonian corrections besides, j receive almost unlimited amounts of matter via stellar wind

. 3 ; 2
several already verified effects. T from an appropriate companion in a double star system(-35,236)_

"No inconsistency of principle has ever been found in h: We can note the absolute inescapability, in theory, of collapse

geometric theory of gravity. No purported observation for such a system when it attains more than a Critical mass,

against the theory has ever stood the test of time. less than three solar masses according to the best available

(237,238)

acceptable account of physics of comparable simplicity estimate

But has collapse to a black hole actually

scope has ever been put forward."(73) happened anywhere?

Second, how certain are we of the initial gate of ti There is no absolutely compelling evidence for a black hole
’

big bang? No one has found any way to escape the big today. However, no one Sees any other reasonable way. to account

for the unusual properties of the compact x-ray object Cyg X-1

2
physics The reason is simple. There is too much evi discovered by R. Giaconni and his collaborators in 19-3(239)

that is correlated by the concept of a big bang that h: !"The optical Component of the pair moves back and forth a

. 6 . " " "
been brought into line by any other reasonable proposa distance of 5.2x10°%m in the line of sight with a 5.6 day

, Hubble expansion(zzs); the primordial cosmic fireball

tion(226'229); the time scale of the astrophysical evo

(230) (231);

period. Its mass, from two lines of evidence (spectrail
character and absolute luminosity), is concluded to be of the
and star clusters

£ B Bkl order of 25 solar masses. The invisible component, in order to
of s

‘swing by its gravitational pull so big a visible mass back and

Third, ever so much nearer in time to today than big ba forth so great a distance and so quickly has to be of the order
’

big crunch is the black hole, the second gate of time; of 10 solar masses, and certainly greater than 5 M

®

one reasons. An ordinary star of this mass would be quite

anywhere in the universe? We can agree with the wo visible in the optical, quite invisible in the X-ray spectrum.

Laplace in 1795. It "would not, in consequence of its This is not an ordinary star. Moreover, it is too heavy to ’
. 2 -

be a white dwarf Or a neutron star. No Oone sees any natural and }
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reasonable interpretation for it except as a black hole.
course the] x-radiation does not come out of a black h
It comes out of gas on its way towards the black ho
the normal star. Gas is drawn in towards the compac
ponent by its powerful gravitational attraction. In
"traffic jam' it is compressed and heated. . .to temp
so high that the gas cannot avoid emitting x-rays befo
reaches the horizon of the black hole.”(240) 7Y
No hope to make compelling identification of a black holg
today the focus of more numerous and more active invest
than the signature of such an object: that combination @
fluctuations in time and spectral characteristics of x-ra
emission which will divide putative black holes unambi
into true and counterfeit.
In parallel with the search for black holes of few solar
goes the search for black holes of a million solar mass
more. The characteristic distance associated by generﬂa
relativity with an object of mass, m, is its Schwarzschil
“"radius', ZGm/cz, which amounts to 29.4 km for a black ho
of 10 solar masses, but for such an object with
10 Mgy amounts to 2.94x10%m or about 0.02 times the dist
from the Earth to the Sun =quals 0.02A.U.) .
Oort(24l) gives evidence that is reasonable to think o
center of the Milky Way containing a black hole of
"4 x10%M, .
dust to be seeable in the visible spectrum but it can and

The relevant region is too obscured by inte

‘
been investigated via radio waves and infrared. Stars

.recently
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unmistakably present at distances of 100A.U. from the center.
Moreover their Doppler shifts can be measured. From the velocity
and distance from the center one can deduce the amount of mass
sufficient to curve such rapidly moving objects into orbits so

m6x106M0.

this region one concludes that the amount of the mass in the

great, On the other hand, from the luminosity in

form of stars may be only m2x106M Oort tentatively attributes

o
the difference, m mdxlObM@, to a single black hole. His origi-
nal paper has to be read for a careful statement of caveats

and consequences.
Tentative evidence for a still more massive black hole, m wleOQM

at the center of the galaxy M 87 has been reported still more
(242’243). The evidence comes from studying the distri-
bution in luminosity with very high resolution very close to

the center of M 87.

The investigators looked at "slices" of

the telescopic image of the galaxy M 87 at different distances
from the center. They used Doppler measurements to tell how
fast the stars are moving in each slice. The stars near the
center are moving much faster than one would expect, and as if
orbiting around a concentrated but invisible object of mass

~5x109M0.

It is not possible to say that the present evidence incontro-

vertibly establishes the existence of black holes. However,

the evidence is sufficiently impressive to make one comfortable

about accepting two very general considerations: the possibility

of such objects is an inescapable consequence of general

relativity; and there are several very plausible astrophysical

scenarios, the inevitable outcome of which is the formation of

0’




174 John Archibald
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Fourth, any evidence that the universe will some day jilowance for the greater velocity in times past. Of course,
’

up against the third gate of time, dealing as it does ;mﬁidefable uncertainties attend both numbers, uncertainties of
future, necessarily contains a strong component of the the order of 30 percent or, conceivably, even more. Even so,
Of this the most important ingredient is closure of it is difficult to find evidence more impressive anywhere else
universe. "Is the universe open or closed? On no in cosmology for the predicted slowing down of the expansion.

issue of cosmology is there greater divergence of nf to fix ideas we take the two numbers, 10 X 10° years and

today Einstein's philosophical arguments speak 20 X 109 years, as 100 percent accurate and assume a homogeneous
[So does an appreciable body of physical evidence.] jsotropic spherical universe and neglect the pressure and
ciable body of astrophysical evidence speaks agai energy content of radiation in comparison to the mass energy
k g inchoate material ('dust') then Einstein's theory straight-
"To determine the so-called deceleration parameter g of 1 ( ) y s g

forwardly gives all the other illustrative numbers of Table

) 2
_dz(radius of universe)/dt2 [ radius ]

@9 g = (radius) d(radius)/dt

). The 30-fold discrepancy between the density of the universe
A ‘gday as called for by these calculations and the density

from source counts is the goal of some of the greates; estimated by oort(245) gives rise to the well-known 'mystery of
skilled observers of our times. This important measure R iSO, Of all the evidence for s Tow dénsity
nevertheless requires such care in interpretation, dema Bcq by GHEE hin, 7 SCReERED and Tinsley(246) and by Gunn and
many corrections, and is afflicted with such unECEy %e(247), none is more impressive than the abundance of primordial
the final number still today leaves the door open to

deuterium. The sensitivity of the deuterium abundance to
cosmolo (244)
i ¥ density arises .
g i see that the expansion may be slo | .
e t P . from the dependence of the expansion rate on density
is still the most elementary. One has only to compare

and from the fact that only a few minutes are required for

primordial neutrons to decay to protons. Unhappily less satis-
! factory than this theoretical side of the study is the obser-
of stars and clusters of stars, with the apparent, or €

9

vational evidence. Determinations of deuterium abundance are
or Hubble time of ~20 x 10° years. This is the time

o

made by looking at the absorption of light in interstellar space

on its way from a star to the telescope. Only a few such deter-
us, moving with their present separation velocities,

ninations have been made. No one knows how representative are

the samples of gas intervening nor how much they have been altered




176

TABLE 2. Major features of the universe according to |
theory, as normalized by two key astrophysical data,

uncertain by an amount of the order of 30%: (1) the

~10 x 10° Yr, back to the start of the expansion, as
mined from the evolution of the stars and the elements,
(2) the "Hubble time", or time linearly extrapolated
start of the expansion, ~20 X 10°
for galaxies to reach their present distances if they h

been receding from us with their present velocities (ad

from Ref. 73).

John Archibald Whee

yr, ‘that'is, the tir

Illustrative values all derived from

Time from start to now

Hubble time now

10 x 10°yr
20 X 10%yE

Hubble expansion rate now

Rate of increase of radius now
Radius now

Radius at maximum

Time, start to end

Density now

Amount of matter

Equivalent number of baryons

13.19 X 1O
18.94 X 1038

59.52 X 10°

Frontiers of Time

between primordial times and today by cosmic ray impacts
and contaminated by ejecta from stars and supernovae.
New light on missing mass comes from the recent work of Ostriker

(248)

and Peebles and Ostriker, Peebles and Yahil(249). They

give arguments from [the gravitational theory of] galactic
stability that the mass of the typical galaxy must be of the
order of 3 to 20 times as great as one has previously estimated.
They give reasons to believe that this matter is in the form

of stars of modest mass and very low luminosity. Happily for
the subject, the direct observational search for this 'halo' is
now underway.‘zsu)

Quite another way to get at the effective overall density of
matter in the universe has been developed by Peebles and his
associates(zsl). The focus of attention in this work is galaxy
clustering and the correlation in space between galaxies.

What comes into play here is the force of gravitation, which one
understands, and the density, which one wants to understand.
Negligible by comparison are other factors such as radiation
pressure, degree of ionization, opacity and nuclear reactions,
important though they are in the internal machinery cf individ-
ual stars and galaxies. This enormous simplification in the
analysis opens the door to meaningful statistical analysis

of the correlation in position between galaxies and its change
in time. Davis, Groth and Peebles(ZSI) find that the loga-
rithm of an accurately defined correlation function, plotted

as a function of the logarithm of the angular separation between
galaxy and galaxy, shows a sharp break in slope at a separation,

r 9h'1Mpc = 2.8 x 10%%h"lcm.  Here h is the ratio of the
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actual Hubble expansion rate today, whatever measur
high precision may someday disclose it to be, to thﬁ;
3| =1

figure of 55km sec’ , adopted for convention'

Mpc
This behavior is reproduced by gravitation theory Whe"‘,;
and his collaborators assume a simple power law spect:
initial perturbations and density in the early univers

they assume in addition that the actual magnitude of tl

observed break in the distribution function.
"the analysis presented here yielding Q 2 0.3 [a den
than about 30% of the requisite amount], conflicts wit
ments based on other lines of evidence that have been
show @ < 0.1 [that the density is less than about 10!
.(246)
ai ¥

requisite amount] (e.g. Gott =% Our approac

require considerable further work before it can offe{
tive constraint on the cosmology. On the other handt'
sider that the same applies to the other methods of
Q, so this discrepancy is an interesting indication
thing is not well understood but, at the moment, it

a serious problem for the gravitational instability

[End of quote from ref. (251); following is completion

from ref. (250).] "It is difficult to name any single !
in all of astrophysics which draws together a wider 

of important investigations than those going on today C

in one way or another the mystery of the missing mass.
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"It has often been suggested that one should make a direct
geometrical determination of the curvature of space in the large.
In this way, the hope has been expressed, one could find out
whether the universe is closed or open even prior to a reliable
determination of the average mass density of the universe.

More than one calculation has been made and reported(zsz) of
the apparent angular diameter of an object of standard dimen-
sions (if there be any such) as a function of distance (as
defined by red shift). In Euclidean space, a 'standard'object
has an apparent angular diameter which decreases in inverse
proportion to distance. However, when the object is far enough
away in an ideal spherical space, it is magnified by a kind of
lens effect. Then the apparent angular diameter, rather than
decreasing, increases with distance. Moreover, the double
radio sources associated with quasistellar objects offer a
conspicuous 'ruler'. If anything, the length of this 'ruler'
will be shortened in early double radio sources as compared to
more recent ones by the greater density at early times of the

matter through which the 'twin exhausts'(zss’ZSJ]

have to plough
their way. Thus if double radio sources of a sufficiently

great red shift were to begin to show an increase in apparent
angular diameter, one could hardly do anything but regard this
effect as evidence for the predicted lens effect.

"A closer consideration shows that the situation is by no

means as simple as would be indicated by these elementary con-
siderations. It was already pointed out by Zel'dovich(zss) and

by Dashevsky and Zel'dovich(256)(references to this and the

subsequent literature in Press and Gunn(257)) that the cluster-

ing of matter into galaxies, deviation from uniformity unimportant




180 John Archibald

for the question of openness or closure, is vitally im
for the focusing process. A spray of light rays tha
at a point, and spreads out as it goes, continues tox:
as it travels through matter-free interstellar spacel
though the universe itself is contracting. Nothing,t,
elementary focusing effect takes place. e RER Roei

[stresses] the difficulties posed by this circumstanc
any proposed cosmological test of closure, via measure
apparent angular diameters as a function of red shift.

ever, if one hope fades another brightens. Press an;
significant density [have a] high probability to ca
roughly equal images--an effect with testable conseque

In spite of these difficulties hop:s remain very mu ‘:

that someday an astrophysical means will be found tuf

ceivable anomalies in radioactive decay rates cited in

may also be mentioned. Much astrophysical work, an&{'

astrophysical work, is underway to get a 'yes', 'no’

the simple question: Is the universe closed? However

this issue belongs to science and however important

%

relativity is in dealing with it, one cannot forget tl

science and this tool took: their birth in philosophy.

it would be unbalanced not to quote Einstein's own
tions about closure, 'Thus we may present the follow

ments against the conception of a space-infinite, an

boundary condition at infinity o
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conception of a space—bounded, universe: (1) From the
standpoint of the theory of relativity, the condition for a

closed surface is very much simpler than the corresponding

f the quasi-Euclidean structure

of the universe. (2) The idea that Mach expressed, that inertia

depends upon the mutual action of bodies, is contained, to a
first approximation, in the equations of the theory of rela-
tivity;...But this idea of Mach's corresponds only to a finite

universe, bounded in space, and not to a quasi—Euclidean infi-

2
nite universe.'(‘sg) In another place Einstein(260) states,

"In my opinion the general theory of relativity can only solve

this problem satisfactorily if it regards the world as spatially

self-enclosed."

In our own time a fresh consideration argues for closure: the

difficulty of any alternative. [The following is quoted from
ref. (250).]1 "[Tlhe ‘initial value data' are essential in
There are

formulating what general relativity is all about.

alternatives to closure as part of the formulation of the initial

value data but no alternative so simple as closure. It s

one alternative to postulate asymptotic flatness at infinity.

It is another alternative to postulate more particularistic

data on some closed 2-surface that bounds the 3-geometry em-

braced in the 'initial value problem'. What kind of data should

be given on such a 2-surface? Mathematical tools we have on

hand to try to answer such a question, but no slightest hint of

any physical consideration that would make this a reasonable

route to follow. And aymptotic flatness (see, for example,

the 'heirarchical cosmology' of Alfven and Klein(261) and




(262
De Vaucouleurs( ) makes double difficulties.

the geometry of faraway Space ou

of theology, to be discovered by reading Euclid'g b

Puts us back to the days before Riemann, days when 2
--.Space was Still, for them [physicists] i
E

homogeneoys Something, Susceptible of po change or g

recognized as Possibl

" 2
Why accept this advance for near space and undo it

'asymptotic flatness:

8 as the geometry of spac;

sometry is pot deterministic, it is Probabilistjc
a probability amplitude W((S;&) for this

geometry thate differs frop t

fluctuations, except to closure "
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fFifth: Will there be a big crunch? No factor bears so directly
on this point as the question of closure. As simplest illustra-

tion, the distinction may be recalled between the Friedmann open

model universe with the metric
(89) ds2 = -dt2+az[(dx)2+(sinhx)2(d92+sin29d¢z)]
and the closed universe with the metric

n0) ds? = »dt2+a2[(dx)2+(sin2x)(d92+sin26d¢2)].

In one case the scale factor, a, and the time, t, are connected

with each other by the relation,

a = (aO/Z)(cosh n-1)
(91) t = (a,/2) (sinh n-p)
and both are ever growing quantities. In the case of the
closed Friedmann model universe, things come to an end after a
finite time and at that third gate of time the radius itself

falls to zero,

ak= (aO/Z)(l - €os n)

(92) t (ag/2)(n - sin n).
However, when the 3-sphere model universe is replaced by a
3-torus universe of repetition length, L(t), then the story is
quite different. The dimension, L(t), following the big bang
increases forever(264). This type of closed space has not been
explored enough to know what its difficulties are. In default
of the deeper analysis that is required we shall exclude it
from attention. When we speak of a closed model universe, we
shall mean a geometry that has in the large the qualitative

character of a 3-sphere, however much it may be pocked in the

small with multiple connectedness: wormholes or handles.
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A model universe that has the topology of a 3-g
Ei i
nstein's geometrodynamic law, and that contai
i J g
egative density of mass-energy, almost inevi

si i i
ngularity according to reasoning traced out i

greater detail by Tolman(26°) Avez (266) ..
7 3’ roc

(268
and Penrose ), and Hawking and Ellis(269) Only

ero does the system escape bié'-
g |
Bl

of cases of measure -
big crunch or both, it is widely believed
e s oo :

illustration is provided by the Taub model univé‘"

This mod i i
el universe is of exceptional theoretical int

simple i i S i
p n this respect, that it is curved up into ¢

by m
y matter nor by electromagnetic radiation, but by

radiati i
lation alone, and this of the longest wave length

fit into a closed universe(zvl’ZlT) Despite the f
2 e fa

the volume of i
this system is 2
s zero at a time, t;, and

time i i
5 tz, with one maximum in between, the geometry

become sin 1 2
gulal at either or t tead t tr
3 . Ins i L a

itself smoothly and continuously(272) into another tv
opc

one w i
here there exists closed time-like lines Such a

cont i
radicts every normal idea of causality In it past
future are inextricably confused. i

Ellis and King have given other examples of such "whin
model universes, that just barely escape the singula
big bang or big crunch(273). The transition from close
open geometry had been investigated in detail only in th

of Taub universe VLY i
s - It is found that the "continuit

!

.lin
collapse to tighter and tighter packing.
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achieved only at the cost of having certain classes of world

es spiral round the universe in the final stages of its

Thus the presence

of the slightest 'real matter' builds up an ever-increasing
density (in this connection, see also Penrose(274)). As it

goes to infinity, this density destroys the relevance of the

One returns to something closer

model with which one started.
1(250)

to a Friedmann cosmology with a Friedmann singularity.

Near both gates of time, it is reasoned in several interesting

papers by members of the Moscow group(275—282’154’the singularity

in the generic case is characterized by a general "mixmaster

oscillation'" of the local geometry(zss) with the phase,

amplitude and orientation of the principal axes of this defor-

mation of the geometry varying from point to point (see also

(284)  |f this is the characteristic

Eardley, Liang and Sachs

behavior of the generic solution then, it is suggested by

o
Belinsky, Khalatnikov and Collins(“ss), the "whimper'" solutions

form a set of measure zero among these generic solutions.

(280).) If these tentative conclusions are

(See also Wheeler

sustained by more detailed mathematical analysis then one would

seem justified to say that the big crunch is '"almost

inevitable"."

Sixth, the singularity of the black hole is not separate

and distinct from the singularity of the big crunch in a model

universe that collapses to a singularity. The icicle that hangs

from the ceiling of a cave of ice is not separate and distinct

The one is part and parcel of the other.
first

from the ceiling.

How best to bring into mathematical evidence this point,
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suggested hy,?enrose(287)

[see also ref. (288)], is a
under active investigation. Cne proposal has it th
is best foliated by a l-parameter family of space
surfaces distinguished one from another by the vali

trace of the extrinsic curvature, constant on each

but differing from hypersurface to hypersurface. As
members of this family are examined, each higher with
ice cave than the one before, none will touch the hang
icicle. Instead each will envelop it more closely than
one before, after the manner of a glove. The valu
trace, apart from a numerical constant is identical
so-called York time(zsg). With respect to growing val
this time parameter one expects to see the mixmaster o
of Belinsky, Khalatnikov and Lifshitz played out. The
hole shows itself up, not as something new and stranj;
as a special case of the mixmaster oscillations. Ahe
this description is of what the mathematics of the mom
one to say, and afflicted though it is with some uncert
as to the appropriate scheme of foliation, it neverthe
puts together the major features of the best thinking
as to how the generic singularity is approached.
are several black holes they coalesce: but the singu
the individual black holes and of their coalescence,
described in terms of deformation oscillations of the
as the foliation parameter rises without limit.
This review of the three gates of time shows in what si

with what caveats and with what degree of certainty ol
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say that the universe begins with a singularity and ends with
a singularity. Little escape is evident from these words:

there is no "before" before the big bang and no "after" after
The universe does

the big crunch. Time ends with spacetime.

not endure from everlasting to everlasting. Everything came
from'nothing" Of all the frontiers of time examined here,

that one would seem to be most pregnant with the future.
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