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I. Introduction

In this talk, I want to address three topics. The first is to
review yet again the standard model of elementary particles and
forces. This standard model summarizes a fantastic amount of
progress made in the last twenty years in our understanding of the
basic building blocks of matter and the basic forces in nature. The
second goal of this talk is to connect the standard model with the
early universe, the "big bang." The third goal, to which the
titls refers, is to highlight the emerging importance as time goes on
of the vacuum state. By the vacuum state, the "new ether," I
mean that quantum state of the world, or of some region of the
world, which contains absolutely nothing within, where all the
matter has been removed, and where there exists no energy or
momentum. It is, in a word, nothing at all. But what ccn one
say about "nothing at all"? At this point I'm tempted to try for
the next four minutes and twenty-two seconds to do for particle
physics what John Cage did for music. But I doubt that the
chairman will 1st me do that.

Although one probably should not bother talking about nothing
at all, nevertheless serious physicists do. The study of the vacuum
has become a very sophisticated subject, about which there is a
great deal of expertise. There are some experts as this meeting.
Of course all these experts are theorists. One of them is Gerard
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t'Hooft. And I can say with certainty that Gerard understands
nothing at all better than I do.

So what is vacuum? Well, experimentalists know what it is;
it's what's left in the can after everything is pumped out. But, of
course, if one takes a can and pumps everything out, and the
temperature of the can ia finite, everything isn't pumped out.
There are still photons radiated from the walls, hence a gas of
photons existing inside the ran. In order to get rid of those, one
has to go to zero temperature to pump out the photons as well.
Now, in thinking about vacuum, that suggests approaching the ideal
vacuum from the point of view of the big bang and the early
universe. Just take a piece of the universe which at early times
has lots of things in it. Then, as the universe expands and cools,
fewer and fewer particles per unit volume remain. If we live in an
open universe with Q < 1, maybe in the distant future we'd get

something that is as close to real vacuum as a particle physicist
3

imagines it. So in what follows I will try to describe, in the
context of big-bang history of the early universe, the raw material
of particle physicists and to set the stage for the end of the talk,
where we discuss what this vacuum is and why it looks to me
more complicated than nineteenth-century ether.
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II. Big Bang Overview

The earliest epoch of the big bang we will discuss starts a few
femtoseconds after the beginning. This is a long time after the
start for contemporary particle theorists; this is a very conservative
talk. At this time the contents of the universe are believed to be
a hot plasma with a temperature of about 10 TeV, somewhat above
what can be reached in terms of energy per particle, in the biggest
accelerators. As time goes on, the universe expands and cools.
As it goes down through lower temperature scales, it passes through
all the energy scales of interest to experimental particle physics and
nuclear physics. When the universe is 10 milliseconds old, the
temperature is down to 10 MeV or so. Beyond that it's on to the
first three minutes, and we need not discuss that. The features
we will discuss in detail are shown in Table 1.
Needless to say, especially from the nanosecond time scale on back,
there is a fair amount of conjecture, because we don't have much
in the way of experimental facts beyond the 10 - 100 GeV mass
scale, where the highest energy collisions yet studied in detail have
just yielded the intermediate bosons of the weak interactions. In
those very early times we use some theoretical hubris; namely that
t,ue standard model has been working so well that we think it will,
in its gross features, extrapolate quite a way up in the energy scale
without serious error.
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Table I

Time Temperature Comments

f14sec. 10 TeV10 A'sec.

f12sec. 1 TeV10 sec.

10'6sec.

- 10 sec.

1 GeV

200 MeV

100 MeV

10"2sec. 10 MeV

Symmetric
world

second-order
400 GeV electroweak phase

transition

f1Osec. 100 GeV W,Z freezeout

10" sec. 10 GeV top quark freezeout

bottom •»
\ freezeout

charm >

first-order
deconfming phase
transition

baryon asymmetry
appears



Page 5

HI. Early Times: Highest Energy (10'148ec, 10 TeV)

So let us start at the beginning, when the time ia ~ 10" sec
and the temperature is ~ 10 TeV. While this is the most,
speculative epoch we'll be talking about, it's the one which really
epitomizes most cleanly our present view of the fundamental
building blocks and forces that characterizes the standard model, a
view which exhibits a high degree of symmetry. What are the
contents of this big bang plasma? Let us build it up by quickly
going u£ the temperature scale. At three degrees we have just
photons. But as one goes up in the energy scale, the photons start
colliding with each other, and they can make other particles. First
of all come electrons and positrons. Then they all collide and make
still others, such as ordinary hadrons. Going up the temperature
scale, one makes all the species that exist, more or less in equal
proportion. Table 2 shows the "periodic table" of building blocks.

All of them are there in the plasma at this temperature of 1 - 10
TeV. There is the ordinary stuff that we're made of: up and
down quarks in the three colors, electrons and their neutrinos v .
In addition there are the two replications of that at higher mass
scales; one is the "second family" charm and strange quarks, the
muon and its neutrino. The other replication, or "third family",
contains top and bottom quarks, the tau lepton and its neutrino.
All of these objects are discovered for sure
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Table II

Periodic Table of Building Blocks

4th

2nd

1st

Generation?

Generation

Generation

Generation

9

t t t

ccc

uuu

Quarks

?

bbb

sss

ddd

Leptons

r

M

e

vr

vn

Forces

Sources

Change

"weak
isospin"

color

Carrier

photon

W+,W",Z

3 gluons

Strength

1/137

1/30

1/7
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except for the top quark and the tau neutrino. Everybody believes
the latter exists, but has never been directly observed. But
someday it may be discovered at Fermilab. Now of all these
quarks, leptons, and their antiparticles are swimming around in this
initial 10 TeV plasma as more or less a free gas. But there do
exist interactions between them. The principal forces are the
"gauge" forces. The electromagnetic force couples to charged
sources; the carrier of the force is the photon. The intrinsic
strength of the force is measured by the famous number 1/137,
which is small. (That number should go to 1/128 or some slightly
larger number at this scale, but it's still small) So everything
charged, e.g. the top quarks of charge 2/3, bottom quarks of charge
-1 /3 , the leptons with charge ±1, will interact via the
electromagnetic force.

The weak force, mediated by the now famous intermediate
bosons W and Z , couple to something called weak isospin. All of
the quark and lepton species, at least in part, have weak isospin
and couple to the weak force. Ite strength is measured by a
number which, instead of 1/137, is about 1/30. The third "gauge"
interaction is the strong force, which acts among the quarks. The
quarks, which are "colored", couple to each other through exchange
of gluons with a strength of order 1/7. What makes this picture
so satisfying is that there is a great similarity in the way the
quarks and the leptons in the various generations behave.
Furthermore, all these forces have a great similarity as well. At
this 10 TeV scale all the forces are inverse square forces, like the
electrical force. All the force carriers, the photon, the W and the
Z , the gluons, can be considered massless, because the energy scale
is much higher than, e.g. the mass scale of the intermediate bosons.
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All of the force carriers have two polarizations, like photons. The
electric vector moves transversely to the direction of motion, either
in the horizontal or the vertical. Better, one can circularly polarize
the quanta and talk about left and right-handed helicities. All of
these forces are based on gauge principles and are described by
Maxwell-like equations, although in detail the latter two are more
complicated than the electromagnetic. And all the force laws
possess lots of symmetry. These underlying symmetries have been
vital to the discovery of the force lawB and the consistency of the
theories that describe them.

The building blocks, the quarks and leptons, have helicity
properties similar to the gauge particles. The neutrinos come in
only one helicity. Their polarization, if you like, rotates to the left,
with their spin angular momentum pointing against the direction of
motion. The anti-neutrinos have the opposite helicity. Electrons
and positrons, as well as the quarks, possess both left and right
helicities for each the particle and the anti-particle. But at this
high temperature these are independent degrees of freedom without
significant communication between them. And only left-heiicity
particles or right-helicity antiparticles participate in the weak
interaction.

Thus, in summary, at the 10 TeV scale all the quark and
lepton degrees of freedom are present in the big bang plasma.
There is a high degree of symmetry between different species of
quarks and species of leptons. There are no forces between the
building blocks which are "strong". Even the strong force mediated
by gluons is characterized by a coupling strength ~ 1/7, only four
times as large as that of the "weak" force. The three known
forces, strong, weak and electromagnetic - are at this scale inverse-
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square forces derived from symmetry principles analogous to
electromagnetic gauge invariance. Quarks and leptons can be broken
into right and left handed parts; the left-handed parts behave much
like neutrinos and participate in the weak interaction. The picture
is relatively simple and very symmetrical - and slightly incomplete.
We have left some things out. But in this simplest description of
the standard model they are usually left out at this stage. When I
have to put them back in, I'll return to this temperature scale.

IY. The Electroweak Phase Transition (10" sec, 400 GeV)

So now we let the clock run, bringing down the temperature of
the universe, and watch what happens. Below one TeV we begin
to approach the top end of the present and future accelerator
ranges of study. At the picosecond time scale, i.e., the several
hundred GeV range, there is an occurrence believed to happen by
99 percent of all theorists. This is called the electro-weak phase
transition, expected to be of second order. It has an analogy in
solid state physics, which is simply the transition from normal metal
to superconductor. The solid-state analog of the plasma of quarks
and gluons is the gas of electrons in a metal. Below the
superconducting transition temperature is formed a kind of Bose
condensate of bound electron-hole pairs. The analogous electroweak
condensate is very important for elementary-particle phenomenology
at low energies. Its presence is believed to be responsible for the
fact that three of the gauge bosons, the W , W", and Z°, acquire a
big mass of about 100 GeV. This phenomenon also has its analog
in solid state physics in the Meissner effect. Long range
electromagnetic fields in a charged superfluid or superconducting
medium get expelled. Long range electromagnetic fields cannot exist
inside of the condensate. Currents are formed at the boundaries of
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a superconductor, (something which can't happen very easily in

vacuum, which doesn't have a boundary) such that the fields fall off

exponentially as one goes into the superfluid medium, just like a

Yukawa meson field falls off exponentially away from its source. In

the solid state analog one can colloquially say that the photon gets

a mass. That's loose talk, but roughly speaking the Compton

wavelength of the photon is, in the superconducting analog, the

London penetration depth. In the particle physics case, the

analogous words are that below this critical temperature of several

hundred GeV, some sort of condensate is forming which is

analogous to the superfluid. By analogy with the Meissner effect,

the W and Z obtain a mass. It turns out that the square of the

mass is proportional to the weak coupling constant (1/30) and to
the square of the critical temperature. That means the W mass
comes out to about 80 GeV, eighty times the proton mass. The Z

comes out a little heavier.

Now the big question is what this condensate is. Are the

degrees of freedom identifiable in terms of the quarks and leptons in

the periodic table? While many certainly have tried, I think there
is a clear answer of "no." The condensate is not made of the
known degrees of freedom, and we must put in something extra.
Now the simplest model which does that, the Lagrangian-Higgs
model, also has a solid state analog. It is analogous to an obsolete
theory of superconductivity called the Ginsburg-Landau theory. One
to one the solid-state equations can be mapped over, with some
corrections in honor of special relativity.

So if we now add in the minimum addition to the periodic

table, we may go back to our original high temperature of 10 TeV

and ask what has to be thrown into the plasma to account for this
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phenomenon. Whatever this turns out to be is dubbed the "Higgs
sector." This Higgs sector turns out to be at least two particles
along with their anti-particles. One of them is electrically charged
and the other is neutral. They posses ~o he!:r;ty or spin •£;; ' ! - /
must have "weak isospin." That is, they couple to the W and
the Z. Of couvse, the charged particle couples to the photon. But
none of the four have color and thus they do not couple to gluons.
So that what is seen at high temperature in this minimum model,
the Lagrangian-Higgs model. At a low temperature below the
second order phase transition, a condensate is formed from a
combination of the two neutral Higgs particles. The other three are
subsumed into the W , W" and the Z°. Those degrees of freedom
are necessary to convert the massless W and the Z° with their
two transverse polarizations that vibrate in the horizontal and the
vertical, into a massive particle which can also have its polarization
vibrating in the third, longitudinal direction. There is an extra
degree of freedom for the massive spin one particle not present for
the massive one, provided by these new degrees of freedom. So
33.3% of the W and Z° are made from the Higgs sector. Finally
there is a dynamical remnant of the condensate, excitations which
have an "energy gap" and correspond to another massive spinless
particle, which is called the Higgs boson.

Now remember that the minimum model of our world, namely
the "first generation" up and down quarks, electron and hs
neutrino, is far from everything. We don't understand why the rest
should be there. And, in the same way, there's no reason why
these four extra "Lagrangian-Higgs" particles should be the whole
story. Real life may well be much more complicated, with a
periodic table for the Higgs degrees of freedom as big as what we
have for quarks and leptons. It may even be as big as what is
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known as the Rosenfeld tables. They are a small book, packed
with data on all of the particles (hadrons) that one makes out of
quarks, antiquarks, and gluons. The study of the Higgs sector may
well be as exploratory as the study of the strong force, from
Yukawa to QCD.

V. Freeze-outs (IP"11 - 10~6sec; 400 - 1 GeV)

Aa the universe continues to expand and the temperature drops
from Imndreds of GeV down to, say, 10 GeV, new things happen.
The first is what can be called the "freeze-out" of the V/'s and Z's.
As the universe expands and the temperature drona below the W
and Z rest energy, they disappear from the- plasma. They decay
into quarks and leptuns. This decay process was present at high
temperatures aa well, but the W and Z bosons could be replenished
by collision processes: they are radiated by quarks and leptons just
like photons are radiated by charged particles. At low temperature
there is no longer enough collision energy to produce the rest energy
of the W* and Z.

After the W and Z disappear, quarks and other unstable
particles freeze out in a similar way. So far, at these high
temperature scales, the rest mass of the quarks and the leptons
hasn't entered at all, and in fact has been totally ignored. Where
does the rest mass come from? Again it is believed to come from
the same mechanism that gives the W and Z their mass. In order
to have this happen, the quarks and the leptons must be allowed to
couple to the Higgs sector. In particular a Yukawa interaction of
Higgs meson emission and absorption is postulated such that say,
the left-handed top quark can change to a right-handed one, the
one with the opposite helicity, plus a Higgs meson, and vice versa.
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This is similar to the Yukawa force used for the strong interaction.
In fact, the charged Higgs mesons may also be exchanged;
consequently the top can go to the charged Higgs plus bottom
quark. This interaction between the Higgses and the top quarks
suffices to create another phenomenon, which has its analogy in
modern BCS superconductivity theory, called the energy gap. In
the BCS theory, the electron excitations above the Fermi surface
have an energy gap. In this case that is interpreted &s the top
quark getting a mass, namely, the minimum energy that the top
quark can have is a nonvanishing amount above zero. That is
simply its re^t energy. And the amount of mass the top quark
gets is proportional to the amount of coupling that it has to the
Higgs bosons. Alas, the mass is not predicted, one gets out no
more than what is put in.

Now as the temperature comes down and becomes less than the
rest mass of the top quarks, they disappear from the big bang
plasma. A loss mechanism is again the weak decay of the top
quarks. In addition, they can annihilate with their anti-particles,
because they are there in about equal numbers. Again if one wants
to get them back into the plasma through inverse processes, it is
very hard to do because the rest mass has to be created in a
collision. When the temperature is small compared to the rest mass
it is very unlikely that there are the particles around to do that.
And so the top and antitop drop out of equilibrium ("freeze out")
and are lost from the plasma, essentially in the same way the W's
and the Z's were lost when the temperature went well below 100
GeV. That is also true for massive Higgs bosons, which have to
be there in the plasma at high temperature.
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As we go on in time and down in temperature, the rest of the
quarks start freezing out by the same mechanism. The bottom
quark, with its rest energy of 5 GeV, is next, then the charm
quark with its rest energy of 2 GeV, soon followed by the highest
mass lepton, the tau lepton, which is the second replication of the
electron. It has a mass about the same as the charm quark and
will also drop out in the few-GeV temperature regime. Now the
time scale is getting almost to a microsecond; the freezouts are the
main feature in this epoch following the electroweak phase-transition.

VI. The Confining Phase Transition (10~5sec, 200 MeV)

Downward, below one-GeV temperature and going toward 100
MeV, another very interesting thing happens. It is ctsociated with
the change in the content of the big-bang plasma from quarks and
gluons to the hadrons, protons, pions, that we're made of, and is
usually called the de-confining phase transition. But I will call it
the "confining" phase transition: on the way down in temperature
it's confuving, but looking up in temperature from below (as we are
usually obliged to do) it's de-confining.

At temperatures well above about 200 MeV, the important
degrees of freedom in the plasma are the quarks and the gluons
(and some photons and leptons). At, say, 300 MeV those which
haven't frozen out are up, down, and strange quarks, their anti-
quarks, the gluons, the photons, the muon, the electron, and all the
neutrinos, all interacting with each other. Now as the energy scale
comes down, the strong force rapidly gets stronger through subtle
"vacuum polarization" effects. At about 200 MeV, things come to
a head and there is a first order phase transition, with lots of
latent heat. Below that first-order phase transition there are no
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more quarks "Jid gluons; the density and temperature is low enough
so that identifiable mesons and baryons can most of the time exist
(The available volume per hadron is larger than the hadron size).
At the same time something called the QCD non-perturbative
vacuum, or condensate, forms. This is a relatively wooly concept,
not under as good control, in my opinion, as the idea of the
electro-weak condensate. What is this new condensate? It is not
quite like a superconductor or a superfluid, but there are some
similarities in the implications. To appreciate it, one must
understand the main feature of this de-confining phase transition.
It is the transition between the strong force law at short distances,
which is inverse square, (just like all the other ones) and the force
law at long distance? wt'.ch is a constant force, associated with a
"string tension.'9 What is supposed to happen is that the color
fields surrounding a quark and an anti-quark which are close
together look pretty much like the electromagnetic fields associated

with a charged dipole. But if one pulls the quark and antiquark
-13

apart by more than 10 cm or so, the field lines somehow are
supposed to get squashed together into a flux tube. Colloquially,
this can be described as pressure from the vacuum squeezing those
flux lines in. One may speak of a gluon condensate or "non-
perturbative QCD vacuum" on the outside, excluding the colored
flux from it in a manner something like the Meissner-effect. In fact
there are nice analogies to magnetic monopoles travelling through
type-two superconductors, in which this phenomenon does occur.
The field lines of the monopole are crowded together into quantized
vortices or flux tubes trailing behind the monopole. But while
there are some analogies, the actual mathematical description of this
non-perturbative QCD vacuum still remains rather primitive.
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At the same time and temperature, something else happens; a
superfluid condensate of the quark degrees of freedom forms, again
in analogy to BCS superconductivity. This :•> called the chiral
phase transition. It has an order parameter associated with it,
which is, roughly speaking, the effective mass of quarks. And that
adds to the richness of the vacuum below the confining phase
transition.

VIL Later Times and the Emergence of Baryona

As we continue onward on this quick trip through early history,
below 100 MeV and down to 10 MeV, we have no quarks and
gluons. Strange particles and muons are freezing out as well as the
protons, neutrons, and their anti-particles because the temperature is
much below their rest mass. Baryons disappear via particle-
antiparticle annihilation, but thank goodness they don't all
disappear, or we wouldn't be here to talk about i t . At
temperatures somewhere around 50 MeV or so, the protons and
neutrons significantly outnumber the anti-protons and anti-neutrons.
The latter very rapidly disappear completely but not the former,
because there is a sliglii. asymmetry in the amount of matter
relevant to anti-matter in the early universe. If v/e go back again
to very early times, say when the temperature was hundreds of
MeV or above, less than one part per billion excess of quarks over
anti-quarks was needed to account for the amount of baryonic
matter in the universe now. The asymmetry was a very tiny effect
in most of the history of the early universe. That tiny effect
undoubtedly has a very deep physical origin, and probably
originated long before the epoch that we have discussed, which
started at the first femtosecond or so after the bang. It may well
have the same origin as the observed CP violation in the neutral K
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meson system, a phenomenon found in 1964 by Fitch, Cronin and
their collaborators. The neutral K is a down quark bound to an
anti-strange quark; it turns out that its decay properties into two
pions is slightly different from the decay properties of its anti-
particle into two pions. Therefore there is, in the basic laws of the
physics that govern these weak decays, a slight asymmetry between
properties of matter and anti-matter. The connection between the
history of the early universe and this phenomenon goes back to
Andrei Sakharov in 1967, in an impressive, visionary, set of ideas.
Most theorists now accept this connection aa a working hypothesis,
and furthermore try to blame both problems on the Higgs sector.
(What else is there to blame?)

After this freeze-out, when the baryons are left behind and the
anti-baryons are gone, we enter the "classical" period from a
temperature of 10 MeV on downward to the present temperature of
10" electron volts, from the first ten milliseconds to the next 10
years, when a few inconsequential things happened such as the
for.nation of nuclei, atoms, stars, galaxies, Steven Weinberg, and the
written history of all of this.

VHL Comments

Let us now review the implications, experimental or otherwise,
of this kind of history. First of all, the scenario is probably wrong
in detail, especially at the highest energy scale. The "Higgs
mechanism" for the origin of the intermediate boson masses argues
for new degrees of freedom and new forces which aren't well
understood, and which we are probably describing very inaccurately.
Beyond what is "needed" there may well be other new degrees of
freedom, new forces, and maybe more phase transitions (or maybe
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fewer - maybe the idea of the electro-weak phase transition is
wrong). In terms of laboratory experiments, this argues for particle
searches at all mass scales to see whether something has been left
out. There is a lot of room for improvement in that area.

Secondly and more specifically, what really is the nature of that
electroweak phase transition? Is it really at 400 GeV, or at some
different temperature? An? its properties what we think it is? Is
there more than one transition? All this bears upon the delineation
of the Higgs sector. The mnss scale is quite firmly set as no
higher than one TeV, and that is very suggestive that one really
needs to experimentally explore up to that mass scale very well.
This is why particle physicists are in such forceful unanimity about
the need for the superconducting super-collider, or SSC. This
twenty TeV machine, with a cost of about three billion dollars,
addresses in observational terms the physics of the TeV mass-scale,
i.e. the mass-scale of the expected electroweak phase transition.

The next question, & little mote modest, is the nature of the
o

confining phase transition. Here there are two areas in which
much can be and is being done. On the theory side, one needs to
calculate better the equation of state of the plasma as well as its
transport properties. Experimentally, the relativistic heavy ion
collider RHIC, which is proposed to be biiilt some day at
Brookhaven aad which I hope is built, may provide means of
producing quark-gluon plasma at temperatures above the confining
phase transition, much as it was supposed to be during the first
microseconds of the big bang.

The origin of the baryon asymmetry is a vital question for us,
literally. That invites incisive studies of CP violation anywhere one
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can find it, not only in the K system, but also possibly in heavy-
quark (bottom or charm) meson systems. There is a tremendous
technological challenge here. There is also very rapid progress,
which will probably evolve for the next couple of decades, in being
able to experimentally examine particles containing charm and
bottom quarks as well as we do now with K's.

DC. The New Ether

What about the ether itself? I think one can't help but be
impressed at how complicated the vacuum has become. We see all
these phase transitions, with the vacuum ascribed all sorts of
nontrivial properties. The particle theorists tend to talk about
vacuum in the same language as used by the condensed matter
people: condensates, order parameters, etc. It is as if the vacuum
really \a physical, that there is dynamics associated with it. If so,
there is a question that immediately arises, namely whether the
vacuum gravitates. If there is dynamics associated with all these
phase-transition mechanisms, then there should be energy, at least
potential energy, associated with them. If one tries to calculate it,
it usually comes out infinite and is subtracted away; it is quite an
ambivalent question when approached from the point of view of
formal quantum field theory. But were there potential energy
associated with those condensation phenomena, it would give an

enormous cosmologicai constant in the equations of general relativity.
120Experimentally, it is not theis to one part in 10 of what might

naively be expected. It is a nontrivial theoretical challenge to
reduce the discrepancy.

There are a lot of other complications in the vacuum which. I
haven't even mentioned. In the old days, when I started out in
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this game, a popular subfield was something called "axiomatic field
theory." Before one had a good handle on how to make theories of
strong and weak interactions, one started with principles believed to
be absolutely safe, and tried to derive general consequences from
them. Some of those principles were the properties of the vacuum.
These seemed absolutely trivial and self-evident at the time, namely
that the vacuum state is unique, that it is Lorentz invariant, has
zero energy, and has zero momentum. Other than that last one,
all those postulates have nowadays been abandoned.

The vacuum is not unique. In the theory of the strong force
(QCD) there are a countably infinite number of vacuua, which differ
only by the number of topological knots in pure gauge potentials
that are present in vacuum configurations. A pure gauge potential
doesn't contribute any energy to the vacuum. But if the topology
of the gauge potential is non-trivial, its vacuum is non-trivially
different from ones, for example, that don't have any gauge
potential at all. Furthermore there are dynamical couplings between
all of these different vacuua, associated with the names "tunnelling",
"instanton" and t'Hooft. This dynamics is extraordinarily subtle,
and is not at all irrelevant. This, vacuum degeneracy can
potentially lead to observable CP violations in the strong force.
This would be a disaster, because Norman Ramsey and his
colleagues have measured the absence of the neutron electric dipole
moment to very, very high accuracy. This creates no doubt about
the fact that there is no substantial CP violation in the strong
force. This situation is patched up in the present theory by adding
still more Higgs condensates at extremely high mass scales. This is
a serious problem, not fully solved, which also has experimental
implications. The most exciting one is the search for "invisible
axions," which might be a candidate for the dark matter of the
universe.
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The second of the three postulates, the Lorentz invariance of
the vacuum, is abandoned ii? gauge theories. The description of the
vacuum in wh»* ivs called physical gauges ends up not being
Lorentz-^variant. A Lorentz transformation of vacuum is
accompanied by a gauge transformation. Of course the physical
consequences are Lorentz covariant and gauge-invariant. But the
description looks a little clumsy.

As we discussed earlier, the third of the three postulates, zero
energy of the vacuum, ought to be true in order to avoid an
enormous gravitational cosmological constant. But as we also
discussed, we don't really know why. So it would seem at the very
least that we are being led into a very complicated description of
something which ought to be absolutely simple. And it may be
that, just as with the old ether, it is our descriptive structure that
is wrong. Sooner or later we may get a description that is as
efficient and elegant as special relativity, one that leaves the physics
consequences more or less alone and gets rid of a lot of excess
conceptual baggage. On the other hand, maybe these complications
really imply that there are elements of physical reality somehow
involved in this description of the vacuum, ultimately observable. I
wouldn't think the observations are just around the corner. If they
were to be accessible, I would question at the same time aU the
sacred principles of contemporary physics, including gavge-invariance,
Lorentz-covariance, and maybe quantum mechanics itself. If such
basic principles were in need of modification, I feel that any
replacement would for sure have to be not only subtle but very
beautiful.
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