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The concept of the vacuum in quantum field theory is a subtle one. Vacuum states have a rich and
complex set of properties that produce distinctive, though usually exceedingly small, physical
effects. Quantum vacuum noise is familiar in optical and electronic devices, but in this paper | wish
to consider extending the discussion to systems in which gravitation, or large accelerations, are
important. This leads to the prediction of vacuum friction: The quantum vacuum can act in a manner
reminiscent of a viscous fluid. One result is that rapidly changing gravitational fields can create
particles from the vacuum, and in turn the backreaction on the gravitational dynamics operates like
a damping force. | consider such effects in early universe cosmology and the theory of quantum
black holes, including the possibility that the large-scale structure of the universe might be produced
by quantum vacuum noise in an early inflationary phase. | also discuss the curious phenomenon that
an observer who accelerates through a quantum vacuum perceives a bath of thermal radiation
closely analogous to Hawking radiation from black holes, even though an inertial observer registers
no particles. The effects predicted raise very deep and unresolved issues about the nature of quantum
particles, the role of the observer, and the relationship between the quantum vacuum and the

concepts of information and entropy. @001 American Institute of Physics.
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The manifestation of quantum vacuum noise in macro-

scopic systems comes about because of the peculiar am-

plifying properties of gravitational fields. For some de-
cades it has been known that a rapidly expanding
universe will produce particles from the vacuum. This
was followed by Hawking's famous discovery that the
catastrophic collapse of a star to form a black hole leads
to the production of a steady flux of heat radiation from
the vacuum state in the vicinity of the hole. A similar, and
somewhat simpler, phenomenon arises when a reflecting
boundary undergoes nonuniform acceleration. The
changing boundary conditions effectively amplify the
vacuum noise and create a flux of radiation, which may
or may not be thermal. These topics have important im-
plications for the thermodynamics of black holes and
other gravitating systems, in particular whether there ex-
ists a “gravitational entropy” to complement ordinary
entropy, and whether information that flows into black
holes disappears from the physical universe. Related to
these matters is the existence of negative energy in quan-
tum field theory, and the possible use of negative energy
fluxes to violate the second law of thermodynamics. In
this paper | review the foregoing topics, and also discuss
some recent advances in laboratory techniques that may
permit the measurement of some of the unusual vacuum
effects mentioned. Finally, | propose a new class of ex-
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periment to observe vacuum viscosity, and briefly men-
tion the role of “environmental noise,” i.e., decoherence
in quantum mechanics.

I. ANOISY QUANTUM BIRTH OF THE COSMOS

In April 1992 the world’s newspapers carried a picture of
the sky showing a mish-mash of red and blue splodges. One
enthusiastic journalist described the pattern as the fingerprint
of God. Essentially, the picture is a thermal map of the uni-
verse obtained by the satellite COBfEor Cosmic Back-
ground Explorey, which surveyed the cosmic microwave
background radiation. This radiation is the fading afterglow
of the hot big bang that gave birth to the cosmos between 10
and 20 billion years ago, and it bathes the universe at a
temperature of about 2.7 K. The red and blue regions of the
map indicate hot and cold fluctuations, respectively, and they
form a snapshot of what the universe was like only 300 000
years after the big bang. The irregularities are at a level of a
few parts in 16; otherwise the radiation is incredibly and
mysteriously smooth.

The cosmic temperature fluctuations discovered by
COBE are the first glimmerings of large-scale structure in
the universe. What caused them? The conventional view is
that the COBE “ripples” are actually produced by quantum
vacuum noise, hugely amplified, and writ large on the sky.
When we look at those temperature fluctuations we are in
effect seeing a type of frozen relic of the quantum vacuum as
it was a mere 10%* s after the universe began. One of the
major unsolved problems of noise—perhaps the biggest in

© 2001 American Institute of Physics



540 Chaos, Vol. 11, No. 3, 2001 P. C. W. Davies

terms of its literally cosmic significance, and the huge re-as the inflationary universe scenario, the universe jumped in
search budgets involved—is to determine accurately, andize by an enormous factor shortly after its orifjim the
then explain, the power spectrum of these fluctuations over simplest models, this so-called inflationary episode is de-
range of angular sizes. COBE was a teaser, but its resolutioscribed by an exponential growth in the size of the universe.
is too crude to tell us much. A new generation of observa-The COBE fluctuations may be envisaged, crudely, as quan-
tions, including the forthcoming satellites Planck and MAP,tum vacuum fluctuations from the very early universe in-
combined with ground-based observationsill do for the  flated to a vast scale of size. The behavior of the quantum
microwave background what the Hubble Space Telescopeacuum in an exponentially expanding spélceown techni-
did for optical astronomy. The challenge to theory will be tocally as de Sitter spagés very similar to that of ordinary
derive not only the observed power spectrum, but to accouriflinkowski space, since both have an equal number of geo-
for the manner in which quantum noise has been transformeghetrical symmetries. For this reason, the spectrum of quan-
into classical density perturbations. tum vacuum fluctuations has no in-built length scale, which
It has long been known by cosmologists that galaxiesaccords with the roughly scale-free spectrum that COBE de-
would not form in the time available since the big bang if thetected, and implies that the universe is spatially (i, the
universe began in a perfectly smooth state. Only if therespatial geometry is Euclidean on a large spaBt whether
existed primordial irregularities would there be sufficientthis simple picture will survive improved observations re-
gravitating power to accrete material to make galaxies an#hains to be seen. The most recent ground-based
thereby stars. If these density inhomogeneities were to@bservationsdo indeed support the hypothesis that the uni-
large, the cosmic material would collapse instead into giganverse is flat.
tic black holes. If they were too small, the expansion of the
universe would disperse the material faster than it could agll- VACUUM VISCOSITY AND PARTICLE CREATION
gregate, and galaxies and stars may never form. In this sen§y THE EXPANDING UNIVERSE

the emergence of life as we know it depends crucially on the  As pointed out by DeWitf, the quantum vacuum is in
universe starting out in a state of almost but not quite perfeciome respects reminiscent of the aether, and in what follows
order. Fortuitously, quantum vacuum fluctuations in the veryit may be helpful to think of space—time as filled with a type
early universe produced precisely such a state, by bestowingf invisible fluid medium, representing a seething back-
density irregularities of roughly one part in@vhich is just  ground of vacuum fluctuations. Although the mechanical
what was needed for the emergence of galaxies, stars, plangigoperties of this medium can be strange, and the image
and—eventually, on one planet at least—cosmologists. Weghould not be pushed too far, it is sometimes helpful to en-
may thus trace our very existence to the action of quantumiisage this “quantum aether” as possessing a typeisfos-
vacuum noise in the first split second after the cosmic originity.

Most cosmologists now accept that the universe origi-  To illustrate the concept, consider the behavior of a
nated in some sort of quantum procéga. most interpreta- quantum field in an expanding universe. This problem was
tions of quantum cosmology, the birth of the universe fromoriginally tackled by Parker in the late 196bkle found that
nothing is considered to be the result of some sort of exisene effect of the expansion was to disturb the quantum
tence of noise, which gives a curious new twist to the bibli-vacuum and bring about the creation of particles. Physically,
cal proclamation that “in the beginning was the word.” As one can think of this either as an external disturbathe
Hu and MatacZhave expressed it, “not only is noise good, it expansioh “promoting” virtual quanta from the vacuum into
is absolutely essential.” A satisfactory account must await aeal quanta, or as due to the viscosity of the vacuum gener-
fully consistent quantum theory of gravitation. Meanwhile, it ating heat as the “fluid” is expanded. In the case that the
is possible to draw some remarkable conclusions from a hyexpansion is homogeneous and isotropic, this corresponds to
brid model in which gravitation is treated classically, but theso-called bulk viscosity. If the universe expands anisotropi-
curved space—time that describes the gravitational field corzally, then shear viscosity of the quantum “aether” also
stitutes a type of container for various quantum fields. Replays a role, and the particle production is much more
searchers tend to think in terms of the electromagnetic fielgrolific.° In both cases, the backreaction of the particle pro-
as the prototype quantum field, but most of what | shallduction serves to damp the cosmological motion, and so acts
report here involves calculations with massless scalar fieldss a genuine viscous drag. Although the discovery of cosmo-
A review of the subject is given in Ref. 4. logical particle creation was important conceptually, it is not

We know that a perfect vacuum is not just inert emptyclear that this process was ever physically very significant,
space. In fact, it teems with quantum activity in the form of since other quantum particle effects, such as the decay of
ephemeral virtual particles. This vacuum activity leads to &alse vacuum states, probably overwhelmed it.
number of well-known observable effects, such as the Lamb  From the point of view of quantum field theory, to see
shift and the Casimir force, that have been thoroughly diswhy an expanding universe creates particles, consider the
cussed in the literatureAlthough most observable quantities (admittedly artificial examplé® of one space dimension,
average to zero in the quantum vacuum, there can be nonzewhere the expansion is homogeneous and the cosmological
fluctuations about the expectation value, and these fluctuascale factor has the form shown in Fig. 1. Note that in this
tions can produce a range of interesting physical phenomenaodel there is no big bang. Instead, the universe starts out as
One of these may be the COBE ripples. conventional flat space—tim@vlinkowski spacg then ex-

According to the now-standard big bang theory knownpands smoothly for a period, and ends up as flat space—time,
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a(n) Alternatively, one may find a complete set of modes of
the field that reduce to simple exponentials in the “out” re-
a+B Qpereeion gion but not the “in” region, and use them to define an “out”

K’, vacuum state:
U= (4rrwey) Y2 explikx—iw. n—(iw_1Ip)
—’J XIn[2 coslipn)]},F1(1+ (iw/p)iw_1Ip;

e 1—(iwoulp); 3(1+tant(py))

7 N (47Tw0ut)71/26ikxfiwoutn. (6)
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FIG. 1. The scale factor of an expanding universe with asymptotically static
in and out regions. These modes are complicated functions of time in the

“in” region. Again, the field may be expanded in terms of
these “out” modes, and an “out” vacuum state defined:

but with any given initial region of the universe expanded in

size by a fixed factor. It is possible to solve the wave equa- d’:Ek: (byu"™+ bTug™), )
tion for a massless scalar field exactly in this model for cer-
tain functions of the expansion facta(t). For example, by|Ogyp =0. (8)
a(n)= m The significance of “out” modes is that they correctly
1) describe the standard definition of vacuum and particle states
[ dt in the “out” region (but not in the “in” region).
K f at)’ The crucial observation is that the “in” and “out”

h modes are different, and hence the two vacuum stégs
whereA, B, p are constants. and|0,,) are not the same. That is, the “in” vacuum con-

o One may then write down a cp:nplete set Or: field modes g «out” particles and vice versa. Since in the Heisenberg
that reduce to standard exponential modes in the “in” regionyiey re the state remains unchanged, if we assume the uni-

(i.e., whent— —o0): verse is in the “in” vacuum state, i.e., there are no real par-

U= (47 wi,) " Y2 explikx—iw, p—(iw_/p) ticles present initially, then thenaill exist particles in the out
region. In other words, physically speaking the effect of the
XIn[2 costipn)]}oF1(1+(iw/p)io_/p; period of expansion is to create particles, which are detect-
) . able in the “out” region. To find out how many, one simply
1-(iwin/p);3(1+tanf(pn)) solves the wave equation to determine the form of the “in”
— (Amwy,) Vel -ion, ) modes in the “out” region, expands them in terms of the

“out” modes, and uses the coefficients to determine the so-

. , , called Bogoliubov transformation:
where,F, is a hypergeometric function and o . ot
U (7,%) = U™ (7,%) + Bru (1,%), 9

win=Vk’+m?(A—B),
where
wou= YK+ m2(A+B), ©) ”
ay \/

n——®

outl (L—iwin/p) I (L—iweyl/p)

=3 (WouE Op). B a)_ml_'(l—inr/p)F(l—inr/P)’ 10
| use unitsh=c=1 throughout. Note thatxz when t [0ouT (1=iwin/p)T (1=iwoulp)
—*oo, N op T(1—io_IpT(1—iw_Ip) (0

The mode$Eq. (2)] may be used to define particle states
and a Fock space in the Heisenberg picture in the conven- Hence the expectation value for the number operator of
tional way. In particular, the fielgp may be expanded modek “out” particles in the “in” vacuum state is

sinkP(7o_ Ip)

b= (auy+aju™ 4 0,/ bib O = | Bl 2=
k K (Oinlidoy]Oim) = B4 Sinhz(Wwin/p)Sinhz(Wa)out/p)'
(12

and a vacuum state defined by
a/0,)=0 5) which give; the spectrum of created particles for the particu-
in ' lar expansion factofEqg. (1)].

In the “in” region, |0;,) coincides with the standard defi- In case this definition of particles seems arbitrary, one
nition of a quantum vacuum of normal Minkowski space may check that if a model particle detector is switched on
quantum field theory. However, in the “out” region, where (slowly) in the “out” region, it will indeed respond to the
t—o the modeqdEg. (2)] are not simple exponentials, but “in” vacuum state in exactly the same way as it would if
more complicated functions of time. placed in a conventional quantum state with particle spec-
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trum defined by Eq(12). | shall return to the subject of ¢
particle detectors in Sec. V. One of the unsolved problems
with this type of calculation is how to define particle and

vacuum states when there are no asymptotically static “in” /
and “out” regions. In particular, in the more realistic case

where the universe expands from a singular origin, the no-
tion of an initial vacuum is obscure. Over the years there
have been many proposals to define “instantaneous” vacuum
states from epoch to epoch as the universe expHniblst
these definitions have an unappealing ad hoc character. Nor
can one use model particle detectors to provide a definition,
since these can behave oddbee Sec. Ywhen not at rest in
Minkowski space, and in any case they suffer from spurious
transient effects if switched on abruptle.g., at the big
bang.

IIl. MOVING MIRRORS

A changing gravitational fieldi.e., a nonstatic space—
time) I,S hot the only Way to disturb the vacuum. A m‘?"'”g FIG. 2. The world lines of a mirror that is static for<0, and accelerates
reflecting boundary(mirror) may also create real_ partlc_les nonuniformly to the right fot>0. The motion excites the quantum vacuum
from the quantum vacuum. Crudely speaking, if a mirrorand causes a flux of radiation to flow from the mirror’s surface. Initially the
suddenly moves, the news of this change does not reachagceleration increases to the right with time, leading to the energy flux

; ; ; : . associated with the radiation to be negative. This is depicted by the shaded
distant place until at Iea;t the light travel tlmefrom"the mir region.
ror surface to that location, so the vacuum “fluid” in the
intervening space is compressed. Vacuum viscosity then
leads to heat being generated in the form of partidlésu-
ally, however, the spectrum is not thermal. Another startling consequence of negative energy fluxes

In the case of a one-dimensional mir(eeflecting point  discussed by Ford and Ronfaf? occurs when the flux is
moving in one space dimension, the problem is exactlydirected at a black hole with maximal electric charge. It is
soluble for a massless scalar f&tdin terms of the energy well known that this is a limiting case: If the mass of such a
flow from the mirror, though the particle spectrum normally black hole is reduced by even an infinitesimal amount, the
requires a numerical treatment. For a mirror trajectory event horizon vanishes, and the black hole is converted into
a naked singularity. As a result, the universe is no longer

x=z(t), causally closed. Ford finds that the singularity inside a black
z(t)=0, t<O0, (13 hole can indeed be briefly exposed by directing a negative
L energy flux at it, but the situation is rapidly restored by the
the energy flux is given by next burst of positive energy. Ford calls this fluctuating ho-
-1 J1-0v? da rizon “cosmic flashing.” In effect, the causal influences that
127 m ar (14) might emanate from the singularity are masked by the noise

of the fluctuating horizon. But this is not random noise, be-
wherev is the mirror velocitya the proper acceleration, and cause the negative energy flux has a predictable form depen-
7 is the proper time. In the general case the energy flux needent on the mirror motion. It is an open question whether
not be positive at all times. When the acceleration is increasdnder these circumstances information about the singularity
ing to the right, the energy flow to the right is negatigee can get out. Roger Penrose has coined the term “cosmic
Fig. 2). The significance of this is not clear. There are severatensorship” for the hypothesis that singularities are never
scenarios in quantum field theory where negative energyaked or exposed, so the open question is whether negative
fluxes are possible, and there is a large literature examiningnergy fluxes can violate cosmic censorship, at least in a
the implications of this for the second law of statistical way.
thermodynamic$®2° For example, can the entropy of an Moving mirror radiation is exceedingly feeble unless the
oven or a black hole be reduced by directing a sustainedccelerations involved are colossal, and there remains doubt
negative energy beam into it to cool it down? The answeover whether it can be detected. However, there have been
seems to be “usually not.” Ford and Roman have shtith  attempts to attribute sonoluminescence to moving mirror
that the duration of a negative energy flux is normally strictlyradiation?® This phenomenon occurs when sound is passed
circumscribed by an uncertainty principle type inequalitythrough water, causing flashes of light to appear. It is thought
which prevents the entropy from going down significantly.that they are generated when small bubbles collapse with
However, there are scenarios involving black holes in whichenormous rapidity. Treating the bubble as a cavity containing
the inequality is evadéfland there is as yet no general proof quantum vacuum, and the bubble surface as a partially re-
that the second law is immune from negative energy effectdlecting mirror, the implosion effectively compresses the
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guantum vacuum and generates photons. Although the theory One of the big unsolved problems of quantum gravity—
remains incomplete, opinion is now swinging againstindeed, of the whole of physics—is what happens in the end.
moving-mirror radiation as the principal explanatfdn. As the hole’s mass and radius shrink towards zero, will the
In a Casimir situation, with two parallel mirrors, ampli- object just disappear, or leave behind some exotic remnant?
fication of the moving mirror radiation is possible if one At the center of a black hole lies a space-time
mirror oscillates in resonance with the light travel time singularity—an edge or boundary of space and/or time at
across the cavity. Recent calculatiBhsuggest this may which the curvature approaches infinity. The surface of the
bring moving mirror radiation into the realm of the detect- black hole is an event horizon that envelops the singularity
able. and prevents it being seen from afar. It also ensures that no
causal influences from the singularity will get out and invade
the universe. Since a singular boundary represents a break-
IV. BLACK HOLES down of causality(any influence at all may emergethis

Some of the most interesting unsolved pr0b|ems Of'cosmic CensorShip” is crucial. However, if the black hole
guantum vacuum noise are associated with black holegvaporates by the Hawking effect, the prospect arises that a
Again, vacuum viscosity can offer heuristic interpretations.singularity, albeit massless, will eventually be exposed.
Imagine a rotating black hole. Einstein’s general theory of A key issue relating to this conundrum concerns infor-
relativity predicts that near a rotating body a gyroscopemation. Since the radiation emitted by the hole is thermal,
should precess due to an effect called the dragging of inertia@nd (for a spherical hole at leastiepends only on the total
frames. In effect, the gravitational field of the rotating bodymass, it is not possible to tell from the outside what a given

has a “magnetic" Component that tries to pu” nearby Objectsbla.Ck hole consists of. A black hole made from antimatter,
around with it, causing them to co-rotate. The vacuumfor example, is identical to one made from the same mass of

“aether” is dragged around too, but differentially—the effect matter. Therefore the information content of the object that

falls away with distance. The shearing of the vacuum in thigmploded to form the black hole is irreversibly lost. Indeed,
manner creates partidéentropy, which flow away into the any information f|0W|ng across the event horizon into the
surrounding space, taking angular momentum with themhole cannot return to the outside universe, since information
Eventually this radiation would cause the black hole to spircannot exceed the speed of light, and light itself is trapped.
down. The theory for this “rotation radiation” was worked That is why the Hawking radiation is thermal: it has maxi-
out by Starobinskf and Unrul?’ who treated the problem as mum entropy, representing the total loss across the event
one of vacuum |nstab|||ty An unsolved prob|em is whether ahorizon of the information of the material that went to build
rotating star would also produce such radiafidn. the black hole.

Shortly after the Starobinski—Unruh effect was discov- ~ You might imagine that if the hole itself subsequently
ered, Stephen Hawking made his famous prediction that norflisappears, the information must somehow find its way out
rotating black holes also emit radiati6h.This time the @gain. This is one of the big unsolved problems of quantum
mechanism is different. An imploding spherical star dragsgravity. Hawking's original answer is that the information is
the vacuum “fluid” with it down a black hole, and the re- completely lost into the singularity. Any matter or radiation
sulting heat generated is precisely thermal. Hawking derivedhat intersects the singularity, having fallen into the hole, will
this result by following the sort of procedure | outlined in effectively disappear from the physical universe. Even if the
Sec. |l for a cosmological model, that is, he decomposed thklack hole itself evaporates away, it is too late to recover the
quantum field in “in” and “out” modeS, and expanded the information—it has vanished into the Singularity! On the
“in” vacuum in terms of “out” states. Here the “in” region  strength of this, Hawking asserted that quantum gravity in-
Corresponds to th@|mos) flat Space_time prior to C0||apse7 troduces a fundamental miCI’OSCOpiC irreversibility into na-
and the “out” region refers to the Space_time far from theture, and that a pure quantum state will not in general remain
black hole long after the collapse phase is over. HawkingPure in the presence of gravitational structures like black
evaluated the Bogoliubov transformation between these twholes and wormhole¥. In other words, the universe is sub-
sets of modes, and found for the case of a spherical uri€ct to a pervasive decohering “cosmic noise” generated by
charged black hole a thermal spectrum with temperature the fundamentally “leaky” topological structure of space-

time!
1 (15) However, Hawking’s position has been challeng&tf
87GM’ Some physicists have argued it is a basic principle of nature

whereG is Newton's gravitational constant anlis the total that information is conserved at the microscopic level. Some-
mass of the black hole. how, an evaporating black hole must give back, via the

Hawking concluded that a black hole is not black but Hawking process, all the information that it swallows. There
radiates like a blackbody. For a solar mass black hole th& NC agreement on precisely how this might happen. One
temperature is a tiny 16 K, but a curious feature of quan- suggestion appeals to the properties of the event horizon. The
tum black holes, clear from Eq15), is that they have a entropy of the black hole is proportional to the horizon area
negative specific heat. That is, as the hole loses energy, henfe @nd given by the expression
mass, it gets hotter. The Hawking effect is therefore unstable, g_ | a/4. (16)
and the black hole radiates faster and faster until its mass
approaches zero. In quantum gravity, the smallest meaningful spatial size
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is the Planck length/G#/c3= 1032 cm. If the event horizon '
area is divided into cells of one square Planck length, and
each cell stores one bit of information, then the entropy of
the black hole is given by Ed16). This is numerically the
same as the total information attached to the horizon—one
bit per Planck area. A proposal of Susskind and otlidss
that when a ball of matter collapses under gravity to form a
black hole, the information content of the matter gets
smeared over the horizon surface. Although it is for all prac-
tical purposes inaccessible to an outside obsefter hori-

zon looks totally black the information can still escape in
the Hawking process by “tunneling out” quantum mechani-
cally.

The apparent loss of information down black holes raises
some deep issues. Note that the situation is very different
from the information loss associated with normal thermody-
namic entropy rise, which comes about because of coarse
graining. When a book is thrown on a bonfire, the informa-
tion content of the book is certainly made inaccessible to
human eyes, but at the microscopic level it is still there,
encoded in the correlations of the atoms and photons thé{_ﬂG: 3. The hyperbola shows the world line of a uniformly accelerating
issue from the bonfire. The information is lost in practicepartICIe detector.
because the microscopic information content is jumbled up
in an immensely complicated manner. But in principle at .
least, all the information is retrievable. By contrast, the losgnation should not enter the universe from beyond space—
of information down a black hole seems to be absolute, fofime: for that is tantamount to a miracle. How could science

the theory of relativity forbids one from reaching across anProceed if new physical influences popped up from no-
event horizon to retrieve it, even in principle. where? It would render the universe ultimately absurd. Be-

So the issue boils down to whether the radiation from ac@use the laws of physics are time symmetric, the same con-
black hole really is pure thermal noise, or whether it encodeSiderations require that information should not disappear
via subtle correlations the entire description of the erstwhild™om the universe. Hawking asseftshat not only does God
star, or other body, that imploded to form the hole. ExistingP!2y dice with the universe, he sometimes throws the dice
calculations using string theory to model the matter suggesthere they cannot be sedne., down black holes The
it can32 Other evidence comes from the work of Happly- quesfuon then is whether such a universe in WhI.Ch the wave
ing quantum statistical mechanics to the black hole evaporeI—unCt'on does not always evplve unitarily, so that_mformatlon
tion problem. Hu finds evidence that there is a continuaf®Mes and goes, can be_g|ven a gomplete ra'_uonal des_cnp-
shifting of information from the black hole to the higher tion, or whether it is a recipe for ultimate cosmic absurdity.
correlations in the field modes of the Hawking radiation as
the system evolves. This _su_gge_sts that_when the hqle h%f ACCELERATED OBSERVERS
completely evaporated the initial information content will be
preserved in a highly nonlocal manner among the higher  One of the most dramatic and much-publicized examples
correlations of the field modes—in effect, spread across thef vacuum noise effects concerns accelerated observers.
universe in a way that makes the information inaccessible tSome years ago, Unruh and | independently predict&d
a local observer. However, it is unlikely that this issue will bethat a uniformly accelerated observer moving through a
resolved until a fully consistent theory of quantum gravity is quantum vacuum would perceive a bath of thermal radiation
available. with a temperature

The role of science is to explain the universe in terms of
rational principles. A central tenet of science is the principle T=al2mk, 17
of sufficient reason, which states that events do not occuwhere a is the proper acceleration. Unrih,and later
reasonlessly, but have causes or explanations in somethifizeWitt,” showed that a model particle detector in its ground
else. Quantum mechanics proves so vexatious because siiate would respond, when accelerated, in exactly the same
seems to challenge the principle of sufficient reason by pemway as if immersed at rest in thermal radiation at the tem-
mitting spontaneity and indeterminaéfjence Einstein’s fa- perature given by Eql7). In effect, the quantum vacuum
mous lament that God does not play dice with the universe fluctuations when viewed in an accelerated reference frame
However, although individual quantum events may be unprebecome thermal fluctuations. The situation closely resembles
dictable, the wave function itself evolves unitarily, i.e., it Hawking's black hole radiation effect. In fact, the Bogoliu-
obeys a causal equation. Another way of saying this is thalbov transformations are identical in both cases. The trajec-
information is conserved as the wave function evolves. It igory of a uniformly accelerated observer is a hyperbola in
fundamental to the nature of rational explanation that inforMinkowski space, as shown in Fig. 3. The asymptotes lie
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along the light cone through the origin, which play a role
analogous to the event horizon in the black hole.

There has been much discussion about the conservation
of energy of an accelerated detector. Since the detector be-
comes excited, it must gain energy. On the other hand, con-
sider the standpoint of a stationary observer. The quantum
field begins in a vacuum state, so any transition of the detec-
tor to an excited state must involve a transition in the field
too, and in first order perturbation theory the only transitiongg_ 4. modified atom interference experiment. The rotating cylinder posi-
from the vacuum state possible is the emission of a quantuntioned near the slits exerts a differential vacuum viscosity on the passing
Thus in the frame of the detector energy is absorbed, but jatoms, which serves to both shift the interference pattern and decohere it.
the unaccelerated frame it is emitted!

The paradox is resolved when it is realized that the ini-y|. DECOHERENCE AND DISSIPATION IN QUANTUM
tial state of accelerated detecter vacuum is not a total MECHANICS

energy eigenstate. In an individual transition, therefore, en- My final example of vacuum friction is much closer to

ergy is not conserved. Consider an ensemble of accelerated ,erimental study than the foregoing. Moreover, it involves
two-level detectors that have their energies measured at thgctional forces in a very familiar context. Imagine a Casimir
end of some time interval. Since in the accelerated fram&jtyation in which one plate moves, not orthogonal to the
there is an apparent thermal bath, some detectors will bglane of the plates as | discussed at the end of Sec. Ill, but in
excited, others will be in the ground state, with energies disthe plane of the plate, i.e., one plate “slides across” the
tributed according to the usual Boltzmann factor determinedther. If the plates were perfectly conducting, nothing would
by Eqg. (17). For those detectors that are excited, the expechappen because of Lorentz invariance; put simply, the plates
tation value of the energy will have gone up, but for thewould not know they were in relative motion because they
unexcited ones the expectation value will have gone down. l|ack any markers. However, real plates are not perfect
turns out that the total energy expectation value remain§onductors/reflectors. They are composed of dissipative ma-
unchanged’ terials. As a result, there will be a frictional force experi-

A related effect is also of interest. If an observer rotate€Nced that acts to damp thedrelqtive motion. Its magnitude
with constant angular velocity, they will also perceive a bathhhas bleten qalculated tby Pen ‘I"ySmcti th:.‘. rsglon bet\t/yeTn
of radiation, but in this case it does not have a thermaf € plates IS a quantum vacuum, the 1rction 1s-entirely a

3 . ... vacuum effect. No real photons are involved.
spectrunt® Although this represents work still in

rogres&>*°the energetics seem to be different from the case The phenomenon is at its most striking in the case of a
P g 'g Single atom moving parallel to, but some distance from, an
of linear acceleration. It appears that,

s in th? nonmtaf“anperfectly conducting plate. The atom also experiences a
frame, when a rotating detector becomes excited it emits @elocity-dependent damping force due to vacuum friction.

quantum into the field that carries angular momentum awaytpe kinetic energy of the atom appears as heat in the plate;
and serves to damp the motion of the detector. This is thergsirtyal photons transfer the energy from the atom to the
fore another vacuum friction effect. This time, however, p|ate_ One way to envisage the phenomenon is as follows.
there is a net energy loss from the detector to the field. To\n atom located near a reflecting surface sees an image of
sustain the rate of angular motion, energy must be continuitself, and will experience an effective van der Waals attrac-
ously fed into the system. tive force. In the case of a transversally moving atom, the
Some people have suspected a deep link between quatmage moves parallel to it, but the dissipation in the plate
tum vacuum noise, accelerated observers, and irfértia.causes the image to lag slightly behind the atom. As a result,
Mach’s princip|e seeks to treat acceleration as motion re|ame effective attractive force between the atom and the image
tive to distant matter in the universe. In the foregoing ex-has a small component parallel to the plate that acts to retard

amples of accelerated particle detectors, the rest of the unff® motion. This exe,\mple'of “friction-at-a-distance” is remi-
verse is(initially) devoid of matter. A rotating observer in niscent of the moon’s motion around the earth. Friction heats

such an empty universe could establish the rotation by m'ghe tidal bulge_m the rotating e’arth, a_lnd the resulting Iag_ln
. . e . ._the bulge relative to the moon’s motion creates a retarding
specting a particle detector to see if it is excited. In this .
, . force that causes the moon to lose energy and slow down in
respect, quantum field theory seems to contradict Mach

o o . . its orbit.
principle, which is perhaps no surprise since, as | remarke This example of vacuum friction suggests some novel

earlier, the quantum vacuum does mimic some aspects of ﬂlﬁought experiments which may soon be doable. For ex-
aether. ample, if an atom is dropped vertically down the center of a
The magnitude of “acceleration radiation” is disappoint- metal cylinder, it should reach a terminal velocity due to
ingly feeble. An acceleration of g is needed to generate yacuum friction with the material of the cylinder. Another
an effective temperature of just 1 K. Nevertheless Bell andexperiment involves interference. Suppose a standard two-
Leinaad®“*3 claim to have seen a positive effect in the spinslit experiment is performed with atoms, but a rotating metal
depolarization of electrons in a particle accelerator ring.  cylinder is inserted between the slitsee Fig. 4 There
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should then be a shift in the interference pattern, because thkhe problems of accelerating/rotating observers and particle
atoms moving through one slit will be accelerated whiledetectors, and associated effects involving negative energy
those moving through the other slit will be retarded. Furtherfluxes, continue to hint at deep links between the quantum
more, since the cylinder material will be dissipative, there“aether” and gravitational thermodynamics, but in the ab-
will be some loss of phase coherence, which will serve tesence of an agreed definition of gravitational entropy, the
reduce the overall degree of interference. By adjusting theubject is incomplete. At a more down-to-earth level, the
conductivity and rotation rate of the cylinder, these two ef-possibility of laboratory observations of vacuum friction ef-
fects can be independently tuned. The effects will also bdects promises to open up a new class of experiments to test
sensitive to the dielectric properties of the cylinder, whichthe foundations of quantum mechanics.
would provide an additional variable. There is considerable A further set of unsolved problems concerns the deeper
interest in the study of decoherence in quantum mechanicsjgnificance of the relationship between acceleration and
related to solving the so-called collapse of the wave functiomquantum vacuum noise. Does the existence of “acceleration
problem?® A dissipative environment provides a very strong radiation” suggest a link between the quantum vacuum and
source of decoherence, but the relationship between the dimertia? Haisclet al*! claim that the very existence of iner-
coherence time and the dissipation time is a subtle one. Thiga can be traced to the activity of vacuum noise on an ac-
experiment proposed previously could be used to investigateelerating particle. Although this claim has not received
the interweaving of these two fundamental effects, one conwidespread support, it is tempting to believe that the distinc-
trolling the emergence of classicality in the universe, thetion between inertial and accelerated motion provided by ac-
other the emergence of an arrow of time. celeration radiation is telling us something fundamentally
new about the principles of dynamics.

Finally, the key open questions can be summarized as
VII. CONCLUSION AND OPEN QUESTIONS follows.

The quantum vacuum is an inescapable source of nois@) Can quantum vacuum noise explain the large-scale struc-
in the universe. Normally quantum vacuum effects are tiny,  ture of the universe? What is the spectrum of primordial
but under some circumstances they may become hugely am- flyctuations? How does a quasiclassical world emerge
plified and lead to macroscopic—indeed cosmic—effects.  from the chaos of space—time foam?

Heuristically, many vacuum effects can be envisaged as prq2) Can negative energy fluxes be used to suppress quantum
duced by a type of quantum aether with frictional properties.  vacuum noise in such a way as to lower entropy or vio-
A major challenge on the experimental front is to detect |ate cosmic censorship?

some of the quantum vacuum effects described here, such g8 What is the relationship between vacuum noise, entropy,
acceleration radiation and moving mirror radiation. Although  and gravitation?

the predicted effects are extremely small, they test key prope4) what is the end state of an evaporating black hole?
erties of quantum vacuum noise inaccessible in any other \Where does the information go?
way. Further observations of ultrahigh energy cosmic raygs) |s the universe intrinsically noisy in the very structure of
may also allow us to start probing the quantum gravity re-  space—time itself, or is microscopic information ulti-
gime experimentally. mately conserved?

The relationship between quantum noise, thermodynam-
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