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Darko Veberič (University of Nova Gorica)
Serguei Vorobiov (University of Nova Gorica)
Danilo Zavrtanik (University of Nova Gorica)
Marko Zavrtanik (Jožef Stefan Institute)
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Preface

The primary aim of the second Time and Matter conference, held at Lake
Bled, Slovenia in August 2007 was to provide a meeting place for ideas
from various fields of natural sciences involving the most fundamental
concepts in nature, namely those of time and matter. The discussions fo-
cused on different phenomena related to time and matter on various scales
of magnitude, both micro and macroscopic, with the prospect of obtain-
ing a better grasp of the “big picture” and of the interconnections between
these specific phenomena.

Time is considered to be one of the most fundamental concepts in physics.
The definition of the unit of time itself – the oscillation rate of atomic clocks
– exceeds those of all other basic units by orders of magnitude in precision,
with the precision continually increasing. Furthermore, all other quanti-
ties in physics and their units can be related to time and its unit using only
physical constants. In science and in philosophy time together with space
has traditionally been regarded as an a priori condition of perception, an
independent frame or coordinate system where events take place. The two
major legacies of 20th century physics – the theory of relativity and quan-
tum mechanics – have, however, taught us to view space and time as being
intertwined with the phenomena they are hosting. The concept of an abso-
lute space and time was abandoned and an increasing doubt has been cast
on the notion that four space-time dimensions really suffice to describe the
physical universe. It was realized that space-time does not merely repre-
sent a stage independent of the drama that is being played by the material
objects. Matter actually creates and deforms the space and time in which it
moves.

The expansion of the Universe has been discovered and mapped out with
increasing accuracy showing that there was a beginning of space and time,
popularly named the Big Bang. The ultimate fate of the Universe – per-
petual expansion or reversal leading to a Big Crunch – hangs precariously
in the balance and depends on the amount of matter contained in the Uni-
verse. There is an increasing amount of evidence for the abundant presence
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of “dark matter” and for a cosmological constant possibly arising from the
presence of “dark energy”. Recent data also suggests that the cosmic mi-
crowave background radiation exhibits tiny inhomogeneities, which in a
theory of an inflating Universe could lead to the grand structures that we
see through a telescope today.

An essential ingredient in the study of time and matter is the understand-
ing of the role of discrete symmetries in nature. Violations of discrete
symmetries, the reversals of time, charge and parity and all their combi-
nations have indeed been observed in particle physics and major resources
are being invested into further experimental studies of these fundamen-
tal phenomena. We are witnessing a fascinating development; branches
of the physical sciences that had apparently evolved in completely dif-
ferent directions over the centuries suddenly find themselves looking at
problems that are intimately connected. One example is provided by ele-
mentary particle physics, which explores the tiniest domains in space and
time, and cosmology, which deals with the largest of such entities. The
relation between violation of microscopic time reversal symmetry and the
baryon number of the Universe, between CP violation and dark matter of
the Universe are wondrous examples of such developments.

On the human scale, the violation of macroscopic time reversal invariance
has been known for a long time and is the essence of the second law of
thermodynamics. The new approaches to the concept of time as a complex
entity now lead us to raise questions and address problems that before
would have been considered outside the realm of scientific jurisdiction. Is
the arrow of time an intrinsic property of the Universe or does it depend
on dynamics, for example undergoing a change when one evolves from
a Big Bang to a Big Crunch? Quantum mechanics has added even more
texture to the notion of time; the usual interpretation combines a continu-
ous time evolution as controlled by differential equations versus the sud-
den impact of the “so-called” collapse of the wave-function. The quantum
Zeno effect and the Einstein-Podolski-Rosen correlations challenge our no-
tions of reality and locality. Our understanding is also tested and maybe
even challenged by some phenomena observed in tunneling transitions.
The next step, namely, quantizing space and time itself, raises the question
of whether a space-time lattice represents the real world at its fundamental
level rather than being just a technical device to overcome some mathe-
matical challenges of computation.
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The discussions on these issues at “Time and Matter 2007” were grouped
into six sections:

Section I: Measuring Time; the latest precision measurements of time
using cold atom clocks and accurate single ion optical clocks,
the management of universal time and other applications of
very precise clocks

Section II: Causality and Signal Propagation; superluminal signal
propagation, interaction between gravitational and electromag-
netic radiation

Section III: Coherence, De-coherence and Entanglement; entanglement
role in studies of CP violation at B factories and the tests
of Einstein-Podolski-Rosen correlations, decoherence measure-
ments in fullerene interferometry

Section IV: CP and T Violation; CP and T violation measurements,
experimental tests of CPT symmetry in the neutral kaon sys-
tem, CP violation in B meson decays, CP violation measure-
ments at Large Hadron Collider

Section V: Quantum Gravity; canonical quantum gravity, problem
of time in quantum gravity, gravitational limitations on space
and time measurements and fundamental loss of coherence in
quantum theory, emergent space-time

Section VI: Big Bang Evolution and Structure Formation of the Universe;
origin of time and its error, cosmological constant, new matter

which are presented in the following chapters of these proceedings.

On behalf of both the Local Organizing Committee and the International
Advisory Committee, I would like to express our thanks to all the speakers
for their interesting lectures and their written contributions. The next
“Time and Matter” conference is planned to take place in 2009.

Samo Stanič
Local Organizing Committee, Chair
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Section I: Measuring Time

latest precision measurements of time using cold atom clocks and
accurate single ion optical clocks

management of universal time and other applications of very
precise clocks
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Stable and Accurate Single-ion Optical Clocks

J.C. BERGQUIST1∗, A. BRUSCH1 , S.A. DIDDAMS1 , T.M. FORTIER1 ,
T.P. HEAVNER1 , L. HOLLBERG1, D.B. HUME1, S.R. JEFFERTS1,
L. LORINI1,2 , T.E. PARKER1 , T. ROSENBAND1 , J.E. STALNAKER1

AND D.J. WINELAND1

1 Time and Frequency Division, National Institute of Standards and Technology,
Boulder, CO 80305, USA

2 IEN, Str. delle Cacce 91, 10135 Torino, Italy

Abstract: In recent years, several groups throughout the world have
initiated research toward the development and systematic evaluation
of frequency and time standards based on narrow optical transitions
in laser-cooled atomic systems. In this paper we discuss some of the
key ingredients to the make-up and operation of single atom, opti-
cal clocks and why they offer higher stability and accuracy than the
best clocks of today. We also present some of the results obtained

at NIST through comparative studies of the 199Hg+ single-ion opti-

cal clock, the 27Al+ single-ion optical clock and the Cs fountain, pri-
mary frequency standard (NIST-F1). The frequencies of the clocks are
compared with each other using an octave-spanning optical frequency
comb, which is tightly phase locked to one of the clock lasers. The
most recent frequency comparison between the Hg+ optical clock and

NIST-F1 shows an uncertainty of about 9 × 10−16 limited by the inte-
gration time, and recent measurements of the frequency ratio between
the Al+ and Hg+ standards show an overall uncertainty of several

parts in 10−16. The extremely precise measurements of the frequency
ratios of these clocks over time have begun to offer more stringent lim-
its on any temporal variation of the fine structure constant α as well as
other tests of general relativity.
Tests of the temporal stability of the fine structure constant α are possi-
ble with both the Hg+/Cs and the Hg+/Al+ frequency comparisons.
From Hg+/Cs measurements, temporal variation of α is estimated to

be lower than 1.3 × 10−16 yr−1, assuming stability of the other funda-
mental constants involved. This limit is determined from the histori-
cal series of frequency comparisons of these two standards spanning
more than five years. From the measurements of the frequency ratios

∗ berky@boulder.nist.gov



STABLE AND ACCURATE SINGLE-ION OPTICAL CLOCKS

of various optical clocks it is possible to directly estimate any present-
day temporal variation of α without constraints on other constants.
Preliminary data from the measurements of the Hg+/Al+ frequency
ratio spanning a period of several months indicate a more stringent
limit on the time variation of α is possible.
Results from Hg+/Cs frequency comparisons can also be used to test
the postulate of Local Position Invariance (LPI). LPI states that atomic
clocks experience the same fractional frequency shift when they move
through the same change in gravitational potential. The test presented
here uses the natural variation of gravitational potential given by the
earths revolution about the sun to set limits on possible violations of
LPI.

Mercury ion frequency standard

The first proposal to use the 282 nm transition from the ground 5d106s 2S1/2

state to the metastable 5d96s2 2D5/2 state of Hg+ in an optical frequency
was made by Bender et al. [1]. The metastable state has a natural life-
time of around 90 ms [2, 3, 4, 5], giving this transition a lifetime limited
Q of around 6 × 1014. Work began at NIST on mercury ion optical fre-
quency standards several years later. The transition was first observed by
Doppler-free two-photon absorption of a cloud of trapped 198Hg+ ions [2].
The transition was later observed in a single trapped 198Hg+ ion by single-
photon electric-quadrupole absorption [6]. Doppler broadening was elim-
inated in this case by confinement of the ion to less than the wavelength
of the radiation [7]. The observed linewidth of about 30 kHz was due to
the laser linewidth and to the magnetic field instability. Further work re-
sulted in narrowing the frequency width of the laser to less than 1 Hz [8].
Line broadening due the magnetic field was reduced by using the (F = 0)
to (F = 2, mF = 0) hyperfine-Zeeman component in 199Hg+, which has
only a quadratic Zeeman shift. With these improvements, the 282 nm res-
onance was observed with a linewidth as low as 6.7 Hz [9]. The frequency
of the laser was servo-locked to the atomic resonance so that the appara-
tus functioned as a frequency standard. With the development of the self-
referenced femtosecond laser frequency comb [10, 11, 12], it became possi-
ble to compare the frequency of the Hg+-stabilized laser to microwave or
other optical frequency standards [13, 14, 15, 16, 17, 18].
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Figure 1: Energy levels of 199Hg+. Numbers to the right of the hyperfine
energy levels are the values of F, the total angular momentum quantum
number. Transitions induced by the lasers are indicated by arrows. For
clarity, the energy differences between hyperfine levels are expanded rela-
tive to the electronic energy differences.

State preparation and measurement

The basic methods used for laser cooling, state preparation, and detection
of the clock transition have been described previously [9], but some addi-
tional laser beams are now used to reduce the dead time in the measure-
ment cycle and thereby improve the frequency stability. The energy levels
of 199Hg+ which are relevant to the operation of the frequency standard
are shown in Fig. 1. The 194 nm 5d106s 2S1/2 to 5d106p 2P1/2 transition is
used for Doppler laser cooling and fluorescence detection. The main laser
cooling beam is tuned to the (F = 1) to (F = 0) component, labeled A

in Fig. 1. To a first approximation, this is a cycling transition, since de-
cay from (F = 0) to (F = 0) is forbidden. However, if the magnetic field
is low, the ion can be trapped in a non-absorbing dark state. This can be
prevented by applying a large magnetic field, which is undesirable for a
frequency standard, or by polarization modulation of the laser [19]. In ear-
lier work, two beams having different propagation directions but with the
same frequency were used. The polarization of one beam was modulated
between right and left circular polarization [20]. More recently, trapping
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in a dark state has been prevented by irradiating the ion with three non-
collinear beams with frequencies differing by several megahertz [16]. This
has enabled reducing the magnetic field to around 8 µT. To prevent trap-
ping of the ion in the ground (F = 0) state, due to off-resonant optical
pumping through the 2P1/2 (F = 1) state, a weak laser beam tuned to the
(F = 0) to (F = 1) component, labeled B in Fig. 1, is introduced.

In order to determine whether the 2S1/2 to 2D5/2 282 nm clock transition
has been driven, 194 nm radiation at the A and B frequencies is applied. If
194 nm fluorescence is observed, then the transition did not occur. If the
transition did occur, then no fluorescence is observed, and it is necessary
to wait 90 ms on the average for the ion to decay back to the 2S1/2 state
before attempting to drive the 282 nm transition again. In the current setup,
a laser tuned to the 398 nm 2D5/2(F = 2) to 2P3/2(F = 2) transition is
used to empty the 2D5/2 state. This reduces the average dead time for the
measurement cycle. The 2P3/2 state decays to the 2S1/2 state 350 times more
frequently than to the 2D5/2 state [21], so there is very little possibility that
the ion will return to the 2D5/2(F = 3), which is not emptied by the laser.

Prior to driving the 282 nm clock transition, the ion must be prepared in
the 2S1/2 (F = 0) hyperfine state. Previously, this was done by shutting off
the (F = 0) to (F = 1) 194 nm radiation (component B) while leaving on
the (F = 1) to (F = 0) 194 nm radiation (component A). This introduced
some dead time into the measurement cycle, since around 20 ms had to
be allowed for the ion to be pumped into the (F = 0) ground state by off-
resonant excitation of the 2P1/2 (F = 1). In the current setup, a 194 nm laser
tuned to the (F = 1) to (F = 1) frequency (component C) is introduced to
quickly drive the ion from the 2S1/2 (F = 1) state to the 2S1/2 (F = 0) state,
thereby reducing the dead time.

Laser frequency servo

In order to lock the frequency of the clock laser to the center of the 282
nm transition, the probability for driving the clock transition is measured
for frequencies slightly above and slightly below the estimated resonance
frequency. If the transition probability for excitation on the high-frequency
side is denoted by P(H) and for excitation on the low-frequency side by
P(L), then a measurement result of P(H) > P(L) indicates that the laser
frequency is too low, and vice versa. The signal-to-noise ratio is fundamen-
tally limited by quantum projection noise, due to the fact that the atom is
found to be in one state or the other when measured, rather than in some
superposition [22]. This means that several measurements must be aver-

6
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aged in order to reliably determine the difference between the laser and
the clock transition. Two possible sources of frequency error of the locked
laser are drift of the signal amplitude and drift of the resonant frequency
of the Fabry-Pérot cavity to which the laser is locked. The algorithm for
the laser frequency servo attempts to address both issues.

Amplitude drift cancelation

Drift of the signal amplitude might be caused by drift in the laser intensity
at the position of the ion. If the intensity drifts downward in time, and if
the servo error signal is derived from a high-frequency measurement fol-
lowed by a low-frequency measurement (HL) then the servo algorithm
would cause the laser frequency to be set too low. If the signal drift is
linear with time, then this can be compensated by following the (HL) se-
quence with a (LH) sequence and averaging the results. That is, a linear
signal drift is compensated by deriving the error signal from a (HLLH) or
(LHHL) sequence of measurements. It has been shown that this method
can be generalized to compensate for drifts having arbitrary polynomial
time dependence [23]. The error signal for the Hg+ frequency servo is de-
rived from the (HLLHLHHL) sequence, which compensates for linear or
quadratic signal drifts. Since several measurements must be made in or-
der to reduce the amount of projection noise, there is essentially no cost to
using this sequence.

Cavity drift compensation

The clock laser is stabilized to a vibrationally-isolated Fabry-Pérot cavity
[8]. While this results in sub-hertz laser linewidths, long-term drifts of
the locked laser frequency of around 1 Hz/s are observed, and the drift
rate can change significantly during an experiment. If a simple servo algo-
rithm is used, then the drift will lead to a frequency error, dependent on the
servo gain, because the servo will never quite catch up to the atomic res-
onance frequency. In general, local-oscillator frequency drifts of this sort
are compensated by introducing another stage of integration into the servo
response function.

In the Hg+ frequency servo, the additional integration stage is imple-
mented by introducing a chirped radiofrequency oscillator, whose fre-
quency is added to that of the clock laser with an acousto-optic modu-
lator (AOM). The chirped oscillator consists of a frequency synthesizer
whose frequency can be changed, under computer control, while main-

7
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taining phase continuity. If the drift rate of the cavity does not match the
rate of frequency change of the chirped frequency synthesizer, then the fre-
quency corrections made by the servo algorithm will tend to be all in the
same direction, and the frequency of the locked laser (relative to the cav-
ity resonance frequency) will change linearly with time. Periodically, the
computer controlling the frequency servo performs a least-squares fit to the
record of frequency corrections and modifies the rate of frequency change
of the chirped frequency synthesizer in order to decrease the mismatch.

Averaging of the quadrupole shift

Previously, the uncertainty of the frequency of the Hg+ optical frequency
standard was dominated by the uncertainty of the electric quadrupole shift
[14]. This shift comes about because the electronic charge density of the
2D5/2 state has an electric quadrupole moment, which leads to an energy
shift if a static electric field gradient is present. Although no static elec-
tric field gradient is applied deliberately, small, uncontrolled electric field
gradients might be present, and would be difficult to detect.

The 2D5/2 electric quadrupole moment Θ was measured by observing the
shift of the clock frequency on applying an electric field gradient [24]. It
was found that Θ = (−0.510± 0.018) ea2

0, where e is the elementary charge,
and a0 is the Bohr radius. When no electric field gradient was deliber-
ately applied, it was found that the fractional shift of the clock frequency
was less than 10−16. A multi-configuration Dirac-Hartree-Fock calculation
gave the result Θ = -0.564 ea2

0, which disagrees with the experiment by
about 10% [25]. Recently, Θ has been calculated by the Fock-state unitary
coupled-cluster theory to be -0.517 ea2

0, in good agreement with the exper-
iment [26].

It is actually not necessary to know the value of the electric quadrupole mo-
ment in order to eliminate its effect on the frequency standard. At least two
methods are available for canceling the quadrupole shift, both of which
make use of the symmetries of the electric quadrupole interaction, but do
not depend on its magnitude. First, the shift is zero when averaged over
any three mutually perpendicular quantization axes [27]. Second, the shift
vanishes when an average over mF components is done [28].

The Hg+ frequency standard makes use of the first of the two methods in
order to eliminate the quadrupole shift. The orientation of the static mag-
netic field is switched among three mutually orthogonal directions, so that
an equal amount of time is spent at each orientation [16]. The remaining

8
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Figure 2: Instability of the ratio of the Hg+ clock frequency, relative to
the cesium frequency standard. The quantity plotted is the Total Devia-
tion. The inset is a histogram of the frequency values and a fitted Gaussian
function.

fractional frequency uncertainty of about 10−17 is due to the uncertainty of
the magnetic field orientations.

Other systematic uncertainties

The total fractional systematic uncertainty of the Hg+ clock frequency is
3.2 × 10−17. The various contributions to the systematic uncertainty have
been discussed previously [16]. Some of these contributions have been
reduced in recent work. Here we discuss the most important contribu-
tions in general terms. The fractional second-order Doppler shift due to
thermal motion is less than 10−17, because the ion is laser cooled to near
the Doppler cooling limit. The fractional second-order Doppler shift due
to rf micromotion is also than 10−17, because the stray electric fields that
lead to excess micromotion are compensated using a rf-phase-sensitive flu-
orescence detection method [29]. The static magnetic field is periodically
measured by interrupting the frequency servo and observing the resonance
line of a first-order magnetic-field dependent Zeeman component of the
2S1/2(F = 0) to 2D5/2(F = 2) line. The uncertainty of the fractional shift
due to variations in the static magnetic field is less than 10−17. The black-

9
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body radiation shift is negligible because the trap is operated at liquid he-
lium temperature. An AC Zeeman shift due to unbalanced rf currents in
the trap electrodes has been considered. This fractional shift is estimated
to be less than 3 × 10−17.

Hg+ optical to Cs microwave frequency comparison

Since the SI second is based on the frequency of the cesium ground-state
hyperfine transition, making an absolute frequency measurement at the
highest level of accuracy requires a primary cesium frequency standard as
a reference. The frequency of a laser frequency-locked to the Hg+ clock
frequency can be compared to a microwave frequency by using a self-
referenced femtosecond laser frequency comb [10, 11, 12]. The NIST-F1
cesium atomic fountain has a fractional frequency uncertainty of around
4 × 10−16 [30]. Comparisons have been made over several years between
NIST-F1 and the Hg+ optical frequency standard [14, 15, 16, 17, 18]. The
results of a series of measurements of the Hg+ frequency, referenced to
NIST-F1, are shown in Fig. 2 [16]. The Total Deviation is plotted as a func-
tion of the averaging time. The Total Deviation is similar to the better-
known Allan deviation, but is a better predictor of long-term fractional
frequency instability [31]. The inset is a histogram of the optical frequency
measurements, together with a fitted Gaussian function. A more recent
measurement gives the value of the Hg+ frequency f (Hg+) = 1 064 721
609 899 145.30 ± 0.69 Hz. The fractional frequency of 6.5 × 10−16 is within
a factor of 1.5 of the uncertainty of the NIST-F1 frequency standard [18].

Aluminum ion frequency standard

The possibility of using the transitions from the ground 1S0 state to the
metastable 3P0 state in 27Al+ and other group IIIA ions for an optical fre-
quency standard was first pointed out by Dehmelt [32, 33]. These tran-
sitions have extremely high Qs and have the additional advantage of not
having an electric quadrupole shift, since a J = 0 state has zero electric
quadrupole moment.

The energy levels of 27Al+ which are relevant to the operation of the fre-
quency standard are shown in Fig. 3. While the strongly-allowed 167 nm
3s2 1S0 to 3s3p 1P1 transition would be useful for laser cooling and state
detection, narrowband, tunable lasers are not available at that wavelength.

To get around this problem, Wineland proposed to simultaneously trap an
auxiliary ion, which could be laser cooled and optically detected at a more
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Figure 3: Energy levels of 27Al+. Numbers to the right of the energy levels
are the values of F, the total angular momentum quantum number. The
energy separations between hyperfine energy levels are not shown. The
strong transition at 167 nm is not directly driven, for lack of a tunable laser
at that wavelength. Transitions near 267 nm induced by the lasers are are
labeled A and B. The energy differences between the 3PJ fine-structure lev-
els are expanded for clarity.

convenient wavelength [34]. Since the two ions are coupled through the
Coulomb interaction, the “clock” ion (e. g. 27Al+) is also cooled. Further,
the superposition state of the clock ion can be transferred to the auxiliary
ion, making use of the fact that they share a vibrational degree of freedom.
That is, if the state of the clock ion is (α|S〉 + β|P〉), the state of the auxil-
iary ion becomes (α|1〉 + β|2〉), where |1〉 and |2〉 are two of the hyperfine
ground state sublevels. This makes it possible to detect whether the clock
ion has been driven to the metastable state by observing the fluorescence
of the auxiliary ion.

The basic methods were demonstrated at NIST with a 27Al+ clock ion and
a 9Be+ auxiliary ion [35]. The 27Al+ 1S0 to 3P1 transition (A in Fig. 3) was
used for this demonstration. This transition has a natural linewidth of
about 500 Hz, so it is not the best choice for an optical frequency standard
[36]. More recently, the 27Al+ 1S0 to 3P0 transition (B in Fig. 3) has been
observed [37]. This transition is the basis for the 27Al+ optical frequency
standard. Detection of the 1S0 to 3P0 transition depends on the mapping of
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the 1S0 to 3P1 superposition state to a superposition state of the 9Be+ ion.
Details of the methods used to frequency-lock a laser to the 9Be+1S0 to 3P0

resonance have been published [37].

Atomic system

In a nonrelativistic approximation, the 3s3p 3P1 state does not decay to
the ground state, while the 3s3p 1P1 decay is fully allowed. However,
spin-orbit and other relativistic interactions mix the 3s3p 3P1 and 3s3p 1P1

states and both states to decay. In the absence of hyperfine interaction,
the 3s3p 3P0 state does not decay by any single-photon process. However,
the hyperfine interaction mixes the 3s3p 3P0 state with other states that do
decay to the ground state, mainly the 3s3p 1P1 and 3s3p 3P1 states. This
makes the 3s3p 3P0 to 3s2 1S0 decay weakly allowed [38]. The lifetime of
the 3P0 state was measured to be 20.6 ± 1.4 s, so the transition has a natural
Q of 1.45× 1017.

Since the nuclear spin of 27Al, the only stable isotope of aluminum, has
spin I = 5/2, both the 1S0 and the 3P0 state have total angular momentum
F = 5/2. Therefore, each mF component of the 1S0 and 3P0 states has a lin-
ear Zeeman shift. In the absence of hyperfine-induced mixing between J-
states, the g-factors of the ground and excited states would be nearly equal
to each other and to the nuclear g-factor. This would make the frequencies
of the 1S0(F = 5/2, mF) to 3P0(F = 5/2, mF) transitions nearly indepen-
dent of magnetic field. In fact there is a large shift of the g-factor of the
3P0 state compared to that of the 1S0 state that has recently been measured
[37]. It was found that g(3P0) = -0.001 976 86(21) and g(1S0) = -0.000 792
48(14), where the g-factors are defined in terms of the Bohr magneton, and
the numbers in parentheses are the uncertainties in units of the least sig-
nificant digits. The shift of g(3P0) relative to g(1S0) is due to the hyperfine
interaction mixing the 3P0 with other other J-states, mainly 3s3p 3P1. This
type of g-factor shift was first observed in the 6s6p 3P0 states of 199Hg and
201Hg [39].

Comparison of atomic calculations with experiment

Recently, some calculations of diagonal and off-diagonal hyperfine con-
stants of 27Al+ have been carried out [40]. The GRASP92 set of pro-
grams [41] was used to generate the atomic state functions for the
{1P1,3 P2,3 P1,3 P0} set of states by the multi-configuration Dirac-Hartree-
Fock method, and the HFS92 program [42] was used to calculate the mag-
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Figure 4: Hyperfine structure of the 6s6p 3P1 state of 27Al+.

netic dipole (A) and electric quadrupole (B) hyperfine constants. Values
for the nuclear magnetic moment µI = 3.64150687(65)µN and electric
quadrupole moment Q = 0.1466(10)× 10−24 e cm2 were assumed [43, 44].
The results are listed in Table 1.

These calculations can be connected with experiment in at least three dif-
ferent ways:

First, the hyperfine separations of the 3P1 state have been measured at
NIST (see Fig. 4). The separations were measured to be 4664.903(1) MHz
and 3380.688(1) MHz [45]. The uncertainties are mainly due to the uncer-
tainty of the quadratic Zeeman shift, since the measurements were made
at nonzero magnetic field. Extraction of the diagonal A and B coefficients
is not straightforward, because the second-order magnetic dipole energy
is comparable to the first-order electric quadrupole energy. One way to
test the calculation is to compare the predicted separations, calculated to
second order in perturbation theory, with the observed separations. The
predicted separations are 4693 MHz and 3400 MHz, which agree with ex-
periment to less than 2%.

Second, we can use the off-diagonal A coefficients which mix the 3P0 state
with the 1P1 and 3P1 states to calculate the radiative decay rate of the 3P0

state [46]. This calculation also requires the radiative lifetimes of the 3P1

state and the 1P1 state. We take the former from experiment [36] and the
latter from the NIST database [47]. The result is 22.7 s, compared to the
experimental result of 20.6 ± 1.6 s [37].

Third, we can use the same off-diagonal A coefficients to calculate the dif-
ference between the g-factors of the 3P0 and 1S0 states [46]. The result
is g(3P0) - g(1S0) = −1.181 × 10−3, compared to the experimental result
−1.118437(8)× 10−3 [37].
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Table 1: Calculated values of the diagonal and off-diagonal hyperfine A
and B constants within the 3s3p 1,3PJ set of states.

Γ Γ′ A(Γ, Γ′) B(Γ, Γ′)
(MHz) (MHz)

3P2
3P2 1149 31.42

3P2
3P1 -539 7.84

3P2
1P1 845 -0.05

3P2
3P0 0 13.57

3P1
3P1 1348 -15.62

3P1
1P1 1571 0.18

3P1
3P0 -1320 0

1P1
3P0 -1045 0

Systematic uncertainties

The total fractional systematic uncertainty of the Al+ clock frequency
is 3.7 × 10−17. The various contributions are discussed in detail else-
where [37]. The greatest part of the systematic uncertainty is due to the
second-order Doppler shift, from both the thermal motion and the mi-
cromotion. The linear Zeeman shift is cancelled by alternately observing
the 1S0(F = 5/2, mF = +5/2) to 3P0(F = 5/2, mF = +5/2) and the
1S0(F = 5/2, mF = −5/2) to 3P0(F = 5/2, mF = −5/2) transitions and
averaging the frequencies. The quadratic Zeeman shift has been measured,
and it contributes less than 10−18 to the fractional frequency uncertainty.

The blackbody radiation shift is unusually small for an optical frequency
standard because of a fortuitous cancelation between the 1S0 and 3P0

quadratic Stark shifts [48]. The fractional frequency shift at 300K is
8(5)× 10−18. At the normal operating temperature of the frequency stan-
dard, it is 12(5)× 10−18.

While to first order, the 3P0 state has zero electric quadrupole moment,
the hyperfine interaction mixes this state with states having J = 1, 2, such
as the nearest 3P1 and 3P2 states. This results in an electronic quadrupole
moment of about −1.2 × 10−5 ea2

0 [40]. This quadrupole can interact with
the electric field gradients due to the ion trap and to the presence of the
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9Be+ ion, resulting in a fractional frequency shift which is less than 10−18

and can be neglected.

Hg+ - Al+ frequency comparisons

Figure 5: Measurements of the ratio of the Al+ and Hg+ clock frequencies
as a function of the date the measurements were made.

The Hg+ and Al+ frequency standards have been operated simultane-
ously. The frequency of one mode or “tooth” of the self-referenced fem-
tosecond laser frequency comb can be phase-locked to the frequency of
one standard. The frequency of the heterodyne beat-note of the other fre-
quency standard with the nearest comb tooth is measured. The measure-
ment can be converted to the frequency ratio of the two standards and does
not depend on the accuracy of any microwave frequency standards used as
references. Figure 5 is a plot of measurements of the ratio of the frequency
of the Al+ standard to that of the Hg+ standard. The reproducibility of
the ratio is seen to be better than 1 × 10−16, which is better than the accu-
racy of the primary Cs frequency standard. Figure 6 shows the fractional
frequency instability of the ratio as a function of averaging time.
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Figure 6: Instability of the ratio of the Al+ and Hg+ clock frequencies.
The quantity plotted is the Allan deviation, the square root of the Allan
variance.
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[12] R. Holzwarth, T. Udem, T.W. Hänsch, J.C. Knight, W.J. Wadsworth and P.S.J.
Russell, Phys. Rev. Lett. 85 (2000) 2264.

[13] S.A. Diddams, T. Udem, J.C. Bergquist, E.A. Curtis, R.E. Drullinger, L.
Hollberg, W.M. Itano, W.D. Lee, C.W. Oates, K.R. Vogel and D.J. Wineland,
Science 293 (2001) 825.

[14] T. Udem, S.A. Diddams, K.R. Vogel, C.W. Oates, E.A. Curtis, W.D. Lee, W.M.
Itano, R.E. Drullinger, J.C. Bergquist and L. Hollberg, Phys. Rev. Lett. 86
(2001) 4996.

[15] S. Bize, S.A. Diddams, U. Tanaka, C.E. Tanner, W.H. Oskay, R.E. Drullinger,
T.E. Parker, T.P. Heavner, S.R. Jefferts, L. Hollberg, W.M. Itano and J.C.
Bergquist, Phys. Rev. Lett. 90 (2003) 150802.

[16] W.H. Oskay, S.A. Diddams, E.A. Donley, T.M. Fortier, T.P. Heavner, L.
Hollberg, W.M. Itano, S.R. Jefferts, M.J. Delaney, K. Kim, F. Levi, T.E. Parker
and J.C. Bergquist, Phys. Rev. Lett. 97 (2006) 020801.

[17] T.M. Fortier, N. Ashby, J.C. Bergquist, M.J. Delaney, S.A. Diddams, T.P.
Heavner, L. Hollberg, W.M. Itano, S.R. Jefferts, K. Kim, F. Levi, L. Lorini,
W.H. Oskay, T.E. Parker, J. Shirley and J.E. Stalnaker, Phys. Rev. Lett. 98
(2007) 070801.

[18] J.E. Stalnaker, S.A. Diddams, T.M. Fortier, L. Hollberg, J.C. Bergquist, W.M.
Itano, M.J. Delaney, L. Lorini, W.H. Oskay, T.P. Heavner, S.R. Jefferts, F. Levi,
T.E. Parker and J. Shirley, Appl. Phys. B (in press).

[19] D.J. Berkeland and M.G. Boshier, Phys. Rev. A 65 (2002) 033413.
[20] D.J. Berkeland, J.D. Miller, J.C. Bergquist, W.M. Itano and D.J. Wineland,

Phys. Rev. Lett. 80 (1998) 2089.
[21] D.H. Crandall, R.A. Phaneuf and G.H. Dunn, Phys. Rev. A 11 (1975) 1223.
[22] W.M. Itano, J.C. Bergquist, J.J. Bollinger, J.M. Gilligan, D.J. Heinzen, F.L.

Moore, M.G. Raizen and D.J. Wineland, Phys. Rev. A 47 (1993) 3554.
[23] G.E. Harrison, M.A. Player and P.G.H. Sandars, J. Phys. E 4 (1971) 750.
[24] W.H. Oskay, W.M. Itano and J.C. Bergquist, Phys. Rev. Lett. 94 (2005) 163001.
[25] W.M. Itano, Phys. Rev. A 73 (2006) 022510.
[26] C. Sur and R.K. Chaudhuri, Phys. Rev. A (in press), [arχiv:0707.3587v2].
[27] W.M. Itano, J. Research National Institute of Standards and Technology 105

(2000) 829.
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[44] P. Pyykkö, Mol. Phys. 99 (2001) 1617.
[45] T. Rosenband et al. (unpublished work).
[46] E. Peik, G. Hollemann and H. Walther, Phys. Rev. A 49 (1994) 402.
[47] “NIST Atomic Spectra Database,”

http://physics.nist.gov/PhysRefData/ASD/index.html.
[48] T. Rosenband, W.M. Itano, P.O. Schmidt, D.B. Hume, J.C.J. Koelemeij, J.C.

Bergquist and D.J. Wineland, Proc. 20th European Time and Frequency
Forum (2006) 289–292, [arχiv:physics/0611125v2].

18



TIME AND MATTER 2007

Optical Clocks with Trapped Ions and the Search for
Temporal Variations of Fundamental Constants
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Abstract: The techniques of trapping and laser cooling of ions have
allowed to perform laser spectroscopy of forbidden transitions with
a resolution of a few hertz. These systems will be used as optical
atomic clocks that offer higher stability and greater accuracy than the
best primary cesium clocks available today. At PTB we have built an
optical clock based on a single trapped ytterbium ion and have shown
that the frequencies realized in two independent ion traps agree to
within a few parts in 1016. An interesting question from fundamental
physics that can be investigated with optical clocks of this precision is
the search for possible temporal variations of fundamental constants,
based on comparisons between different transition frequencies over
time. Currently, we can infer an upper limit for the relative change of
the fine structure constant of 4·10−16 per year.

Introduction

Application of the methods of laser cooling and trapping has led to signif-
icant improvements in the precision of atomic clocks and frequency stan-
dards over the last years [1, 2]: Primary cesium clocks based on atomic
fountains [3, 4] realize the unit of time, the SI second, with a relative un-
certainty below 10−15. Research towards optical clocks with trapped ions
and atoms [5, 2] has resulted in several systems that approach the accuracy
of the primary cesium clocks or show an even higher reproducibility. A
significant advantage of an optical clock lies in the high frequency of the
oscillator, that allows one to perform precision frequency measurements
in a short averaging time. The lowest instabilities that have been demon-

∗ ekkehard.peik@ptb.de
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strated are a few parts in 1015 in 1 s only, improving further like the inverse
square root of the averaging time.

If an atom or ion is held in a trap [6], several problems that are encountered
in atomic frequency standards can be eliminated: The interaction time is
not limited by the movement of the atom through the finite interaction
region, and narrow resonances can be obtained at the limits set by the ra-
diative lifetime of the excited state or by the linewidth of the interrogating
oscillator. Combined with laser cooling, the ion can be brought to the vi-
brational ground state of the trap potential [7], where the localisation and
residual kinetic energy are only determined by quantum limits. Especially
for an optical frequency standard the tight confinement in an ion trap is
beneficial, because it is possible to reach the so-called Lamb–Dicke regime
where the oscillation amplitude of the particle is much smaller than the
wavelength of the radiation that is used to probe it. In this case, the fre-
quency shifts due to the linear Doppler effect and due to a possible curva-
ture of the phase front of the radiation can be eliminated. The remaining
quadratic Doppler shift is usually smaller than a fraction of 10−18 of the
transition frequency for a laser-cooled ion. If trapped in ultrahigh vacuum
the ion will only rarely undergo a collision and it interacts with its envi-
ronment mainly via relatively well controllable electric fields.

These advantages were first pointed out by Dehmelt in the 1970s when
he published the proposal of the mono-ion oscillator [8] and predicted that it
should be possible to reach an accuracy of 10−18 with an optical clock based
on a dipole-forbidden, narrow-linewidth transition in a single, laser-cooled
and trapped ion. To detect the excitation on the forbidden optical tran-
sition, Dehmelt’s electron shelving scheme is used: Both a dipole-allowed
transition and the forbidden reference transition of the optical clock can
be driven with two different laser frequencies from the ground state. The
dipole transition is used for laser cooling and the resulting resonance flu-
orescence can be used for the optical detection of the ion. If the second
laser excites the ion to the metastable upper level of the reference transi-
tion, the fluorescence disappears and the ion will only light up again after
its decay from the metastable state. Every excitation of the reference tran-
sition suppresses the subsequent scattering of a large number of photons
on the cooling transition and can thus be detected with practically unity
efficiency.

A number of suitable reference transitions with natural linewidths of the
order of 1 Hz or below are available in different ions and several groups
pursue research along the lines of the mono-ion oscillator proposal (see
[5, 9] for recent reviews). High-resolution spectroscopy and precise fre-
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quency measurements using femtosecond laser frequency comb generators
[10] have been performed on the S → D electric quadrupole transitions in
the alkali-like ions Sr+ [11], Hg+ [12, 13, 14, 15] and Yb+ [16, 17, 18, 19].

Measurements of the Yb+ optical frequency standard
at 688 THz

The 171Yb+ ion is attractive as an optical frequency standard because it
offers narrow reference transitions with small systematic frequency shift.
At PTB, the electric quadrupole transition (2S1/2, F = 0) → (2D3/2, F =
2) at 436 nm wavelength (688 THz frequency) with a natural linewidth of
3.1 Hz is investigated [17, 19, 20, 21]. A single ytterbium ion is trapped in
a miniature Paul trap and is laser-cooled to a sub-millikelvin temperature
by exciting the low-frequency wing of the quasi-cyclic (F = 1) → (F = 0)
component of the 2S1/2 →

2P1/2 resonance transition at 370 nm (cf. Fig.
1). The reference transition is probed by the frequency doubled radiation
from a diode laser emitting at 871 nm. The short term frequency stability of
this laser is derived from a temperature-stabilized and seismically isolated
high-finesse reference cavity.

Figure 1: a) Simplified level scheme of the 171Yb+ ion. b) Excitation spec-
trum of the 2S1/2(F = 0, mF = 0) →

2D3/2(F = 2, mF = 0) transition, ob-
tained with 20 probe cycles for each value of the detuning. The linewidth of
10 Hz is approximately at the Fourier limit for the employed probe pulses
of 90 ms duration.

Figure 1b shows a high-resolution excitation spectrum obtained with 90 ms
long laser pulses, leading to an approximately Fourier-limited linewidth of
10 Hz, or a resolution ∆ν/ν of 1.4·10−14. Since the duration of the probe
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pulse is longer than the lifetime of the excited state (51 ms), the observed
maximum excitation probability is limited by spontaneous decay. In order
to operate the system as a frequency standard, both wings of the resonance
are probed alternately, and the probe light frequency is stabilized to the line
center according to the difference of the measured excitation probabilities
[21].

For quantitative studies of systematic frequency shifts we have compared
the line center frequencies of two 171Yb+ ions stored in separate traps [20].
In the absence of external perturbations we found a mean frequency dif-
ference between the two trapped ions of 0.26(42)Hz, corresponding to a
relative difference of 3.8(6.1)·10−16. This is comparable to the agreement
found in the most accurate comparisons between cesium fountain clocks.
The dominant source of systematic uncertainty in the 171Yb+ optical fre-
quency standard is the so-called quadrupole shift of the atomic transition
frequency. It is due to the interaction of the electric quadrupole moment of
the D3/2 state with the gradient of static electric patch fields in the trap. The
frequency difference between the two systems shows a relative instability
(Allan deviation) of σy(1000 s) = 5·10−16, limited essentially by quantum
projection noise [21], i.e. by the fact that the signal is derived from single
ions.

The absolute frequency of the 171Yb+ standard at 688 THz was measured
relative to PTB’s cesium fountain clock CSF1 [22, 23]. The link between
optical and microwave frequencies is established with a femtosecond-laser
frequency comb generator [10]. The 171Yb+ frequency was measured first
in December 2000 [16]. Fig. 2 shows the results of all frequency mea-
surements performed up to June 2006, showing a steady decrease of the
measurement uncertainty and excellent overall consistency. Technical im-
provements over the years were made in the resolution of the ionic res-
onance, in the control of trapping conditions, and in the frequency comb
generator setup [24]. Between July 2005 and June 2006 five absolute fre-
quency measurements with continuous averaging times of up to 36 h were
performed. The obtained statistical uncertainties (about 6·10−16 after two
days) are dominated by the white frequency noise of the cesium fountain.
The relative systematic uncertainty contribution of the cesium reference
of 1.2 ·10−15 is based on a reevaluation of CSF1 that is applicable to the
2005/06 measurements. The systematic uncertainty contribution for the
Yb+ standard of 1.5·10−15 is largely dominated by an estimate of 1 Hz for
the stray-field induced quadrupole shift.
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Figure 2: Results of absolute frequency measurements of the Yb+ optical
frequency standard at 688 THz, plotted as a function of measurement date
(MJD: Modified Julian Date), covering the period from December 2000 to
June 2006. The dotted straight line is the result of a weighted linear regres-
sion through the data points. The gray lines indicate the ±1σ range for the
slope as determined from the regression. The intercepts of the gray lines
are chosen such that they cross in the point determined by the weighted
averages of frequency and measurement date.

The weighted average over these measurements gives the present result
for the frequency of the 171Yb+ 2S1/2(F = 0) → 2D3/2(F = 2) transition:

fYb = 688 358 979 309 307.6(1.4) Hz (1)

with a total relative uncertainty of 2.0·10−15. This frequency value refers
to a measurement at room temperature (296 K). Extrapolating to zero tem-
perature (as it was done for the cesium clock) the frequency would have to
be corrected for the AC Stark shift from blackbody radiation, i.e. increased
by 0.37(5)Hz.

From a weighted linear regression of the sequence of frequency measure-
ments over time (cf. Fig. 2) we obtain a slope of (−0.54± 0.97) Hz/yr, cor-
responding to a value for the fractional temporal variation of the frequency
ratio d ln( fYb/ fCs)/dt = (−0.78 ± 1.40)·10−15 yr−1, consistent with zero.
This result shows the consistency between the optical clock and the cesium
clock. In addition, it can be used to obtain limits on possible temporal
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variations of the fundamental constants underlying the atomic transition
frequencies.

Search for Variations of the Fine Structure Constant

Over the past few years there has been great interest in the possibility that
the fundamental constants of nature might show temporal variations over
cosmological time scales [25, 26, 27, 28, 29]. Such an effect – as incompat-
ible as it seems with the present foundations of physics – appears quite
naturally in the attempt to find a unified theory of the fundamental inter-
actions. An active search for an indication of variable constants is pursued
mainly in two areas: observational astrophysics and laboratory experi-
ments with atomic frequency standards. The two most important quan-
tities under test are Sommerfeld’s fine structure constant α = e2/(4πǫ0h̄c)
and the proton-to-electron mass ratio µ = mp/me. While α is the coupling
constant of the electromagnetic interaction, µ also depends on the strength
of the strong force and on the quark masses via the proton mass. It is im-
portant that these quantities are dimensionless numbers so that results can
be interpreted independently from the conventions of a specific system of
units. Quite conveniently, both constants appear prominently in atomic
and molecular transition energies: α in atomic fine structure splittings and
other relativistic contributions, and µ in molecular vibration and rotation
frequencies as well as in hyperfine structure.

A multitude of data on variations of α has been obtained from astrophys-
ical observations but the present picture that is obtained is not completely
consistent: Evidence for a variation of α has been derived from a shift of
wavelengths of metal ion absorption lines produced by interstellar clouds
in the light from distant quasars [30]. These observations suggest that
about 10 billion years ago (redshift range 0.5 < z < 3.5), the value of α was
smaller than today by ∆α/α = (−0.543 ± 0.116) ·10−5, representing 4.7σ

evidence for a varying α [31]. Assuming a linear increase of α with time,
this would correspond to a drift rate d ln α/dt = (6.40 ± 1.35)·10−16 yr−1

[31]. Other evaluations of spectra obtained with a different telescope and
using other selections of quasar absorption systems reach similar or even
higher sensitivity for ∆α/α but are consistent with ∆α = 0 for all look-back
times [32, 33]. It should be kept in mind that the uncertainties cited here
are usually the result of averaging over a large ensemble of data points
with much higher individual statistical uncertainties. The significance of
the results that detect non-zero variations therefore hinges on a complete
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understanding of all systematic effects that may introduce bias or correla-
tions in the data and that may not be easy to detect.

The approach of using precision laboratory experiments with frequency
standards to search for variations of the fundamental constants [34] has the
advantage that the relevant parameters are under the control of the exper-
imenter, permitting a detailed investigation of possible systematic effects.
The obvious disadvantage is that the limited duration of the experiments
of typically a few years only is not well adapted to search for evolution on
a cosmological time scale. Precision data are available for the ground state
hyperfine frequency of 87Rb [35, 4], the 1S → 2S two-photon transition in
atomic hydrogen [36], the transition 2S1/2 →

2D5/2 at 1065 THz in Hg+

[37, 14, 15], and the 2S1/2 →
2D3/2 transition at 688 THz in 171Yb+ (this

work). Significant changes of α would produce a clear signature in these
experiments, because they would influence the transition frequencies dif-
ferently [28]. Atomic gross structure scales with the Rydberg constant R∞,
hyperfine structure with the product of α2R∞ and the nuclear magnetic
moment. In addition, the fine structure constant α appears in relativistic
contributions to the level energies that increase with the square of the nu-
clear charge and are consequently much more important for heavy atoms
[38]. The sensitivity of a specific transition frequency to changes of α can
be derived from ab initio relativistic atomic structure calculations [39, 40].

For the analysis we use a simple parametrization that includes only a mini-
mum of assumptions [28]. The electronic transition frequency is expressed
as

f = const · Ry · F(α) (2)

where Ry = mee
4/(8ǫ0h3) ≃ 3.2898 ·1015 Hz is the Rydberg frequency,

appearing as the common atomic scaling factor. F(α) is a dimensionless
function of α that takes relativistic contributions to the level energies into
account [38, 39]. The numerical constant in front depends only on integer
or half-integer quantum numbers characterizing the atomic structure and
is independent of time. The relative temporal derivative of the frequency
f can be written as:

d ln f

dt
=

d ln Ry

dt
+ A

d ln α

dt
with A ≡

d ln F

d ln α
. (3)

The first term d ln Ry/dt represents a variation that would be common to
all measurements of electronic transition frequencies: a change of the nu-
merical value of the Rydberg frequency. This statement refers to a dimen-
sional quantity (frequency) in an SI unit (hertz). Since the SI second is fixed
to the hyperfine structure of the 133Cs nucleus, possible variations of the
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quantity Ry are not purely electromagnetic in origin – as one would expect
for the abstract physical quantity “Rydberg constant” – but are also related
to the strong interaction. This is a complication that arises because dimen-
sional quantities unavoidably depend on the system of units that is used
to measure them. The second term in Eq. 3 is specific to the atomic transi-
tion under study. The sensitivity factor A for small changes of α has been
calculated for the relevant transitions by Dzuba, Flambaum et al. [39, 40].

To obtain a limit on d ln α/dt we combine the data from 171Yb+ with re-
sults on the constancy of the transition frequency in 199Hg+, measured at
NIST in Boulder [13, 14, 15]. The transition 5d106s 2S1/2 → 5d96s2 2D5/2 of
the mercury ion at 282 nm (1065 THz) with a natural linewidth of 1.9 Hz is
studied. A sequence of measurements over the period from 2001 to 2006
has resulted in a constraint on the fractional variation of the frequency ratio
d ln( fHg/ fCs)/dt = (0.37± 0.39)·10−15 yr−1 [15].

The sensitivities of the ytterbium and mercury transition frequencies to
changes of α are quite different [39, 40]: AYb = 0.88 and AHg = −3.19.
The change of sign of A between the two transitions reflects the fact that
in Yb+ a 6s-electron is excited to the empty 5d-shell, while in Hg+ a hole
is created in the filled 5d-shell when the electron is excited to 6s. The two
measured drift rates together with Eq. 3 can now be used to calculate:

d ln α

dt
= (−0.28± 0.36)·10−15 yr−1, (4)

d ln Ry

dt
= (−0.53± 1.10)·10−15 yr−1. (5)

We conclude that to within an uncertainty of 4 parts in 1016 per year, the
fine structure constant is constant in the present epoch. This result can be
qualified as model-independent because it is only the simple expression
Eq. 2 and the ab initio atomic structure calculations of the A-values that
have been used in the interpretation of the experimental data. This limit
is slightly more stringent than that reported in [15] because the more re-
cent data for the 171Yb+ frequency have been used here. The constancy of
Ry implies that there is no temporal drift between atomic gross structure
frequencies and the cesium hyperfine splitting. This is of importance for
metrology because it means that a cesium clock and an optical atomic clock
can be regarded as fundamentally equivalent.

A very precise result has been published on the constancy of the ratio
of ground state hyperfine frequencies in 87Rb with respect to 133Cs [4]:
d ln( fCs/ fRb)/dt = (0.05± 0.53)·10−15 yr−1. Since this frequency ratio in-
volves the nuclear magnetic moments, it can be combined with the above
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results to derive a limit on a variation of the proton-to-electron mass ratio
[41, 42].

Though over a very different time scale, the laboratory experiments have
now reached the same sensitivity for d ln α/dt as the analysis of quasar
absorption spectra, if a linear time evolution of α is assumed. The labora-
tory search will soon become more sensitive, as the precision of frequency
standards continues to improve. In addition, a larger variety of systems
is now being investigated so that it will be possible to perform tests of the
consistency if a first observation of a variation in the laboratory is reported.
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Section II: Causality and Signal
Propagation

superluminal signal propagation
interaction between gravitational and electromagnetic radiation
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Generation and Detection of Gravitational Waves at
Microwave Frequencies by Means of a Superconducting
Two-body System

R.Y. CHIAO∗

School of Natural Sciences and School of Engineering, University of California,
P.O. Box 2039, Merced, CA 95344, U.S.A.

Abstract: The 2-body system of a superconducting sphere levitated in
the magnetic field generated by a persistent current in a superconduct-
ing ring, can possibly convert gravitational waves into electromag-
netic waves, and vice versa. Faraday’s law of induction implies that
the time-varying distance between the sphere and the ring caused by
the tidal force of an incident gravitational wave induces time-varying
electrical currents, which are the source of an electromagnetic wave at
the same frequency as the incident gravitational wave. At sufficiently
low temperatures, the internal degrees of freedom of the superconduc-
tors are frozen out because of the superconducting energy gap, and
only external degrees of freedom, which are coupled to the radiation
fields, remain. Hence this wave-conversion process is loss-free and
therefore efficient, and by time-reversal symmetry, so is the reverse
process. A Hertz-like experiment at microwave frequencies should
therefore be practical to perform. This would open up observations of
the gravitational-wave analog of the Cosmic Microwave Background
from the extremely early Big Bang, and also communications directly
through the interior of the Earth.

Consider the configuration of a superconducting sphere levitated above a
superconducting ring, as shown in Figure 1 [this was suggested by Clive
Rowe, personal communication]. For levitation to occur, it is required that
the downwards force of Earth’s gravity FGR(0)

on sphere be exactly balanced by the upwards electromagnetic force
FEM(0)

on the sphere due to the complete expulsion of the B field in the Meissner
effect [1], so that

F
(0)
EM = −F

(0)
GR

∗
rchiao@merced.edu
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Ring with
supercurrent I

I

BB

Levitated
superconducting

sphere

d(t)

Figure 1: The DC magnetic B field generated by a superconducting ring
with a persistent current I levitates a superconducting sphere. When a (+)
polarized gravitational wave propagates radially inwards and converges
upon the center of mass of this two-body system, the distance between the
sphere and the ring d(t) changes periodically with time, for example, at a
microwave frequency, with small-amplitude excursions around an average
distance of on the order of the microwave wavelength. This superconduct-
ing two-body configuration, viewed as a gravitational-wave antenna, can
possibly efficiently convert this incident gravitational (GR) wave into an
electromagnetic (EM) wave, and vice versa. Under the operation of time
reversal, the current I and the magnetic field B of the ring in this Figure
are reversed in direction, in order to achieve the time-reversed process of
converting the EM wave back into the GR wave.

Note that the zero superscripts denote forces that are evaluated in the ze-
roth order of perturbation theory, i.e. in the absence of any perturbing
radiation fields.

Now let a single mode of a weak, linearly polarized gravitational wave
[2] at a microwave frequency (such as from the Big Bang), with one of its
polarization axes along the vertical axis, be incident upon this two-body
system. For simplicity, let us assume that the mass of the ring is much
larger than that of the sphere, so that the reduced mass of the two-body
system becomes simply that of the sphere, and the center of mass of the
system approximately coincides with the center of the ring. The gravita-
tional wave then exerts a time-varying tidal force upon the sphere relative
to the ring. According to a distant inertial observer, the space between the
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sphere and the ring is being periodically squeezed and stretched with time,
so that the distance d(t) is a sinusoidal function of time.

The mechanism for the wave conversion is the following: In the presence
of the DC B field of the superconducting ring, Faraday’s law of induc-
tion implies that the time-varying distance d(t) between the sphere and
the ring causes induced electrical currents to circulate azimuthally around
the bottom pole of the sphere at a microwave frequency, and similarly, in-
duced countercurrents around the ring. These time-varying induced cur-
rents are a source of electromagnetic radiation at the same frequency as that
of the incident gravitational radiation. Thus a gravitational (GR) wave can
in principle be converted into an electromagnetic (EM) wave [3]. Lenz’s
law implies that there exists an instantaneous EM force FEM acting on the
sphere which opposes the instantaneous GR wave tidal force FGR acting on
the sphere, such that under certain circumstances (to be discussed below)
quasi-static mechanical equilibrium holds, i.e.,

FEM = −FGR.

Note that this equation implies an equality of the magnitudes of the elec-
tromagnetic and gravitational forces on the sphere.

Let us now examine whether or not there can exist circumstances under
which a complete conversion of incoming GR wave power into outgoing
EM wave power in Figure 1 can in principle occur. Under these circum-
stances, energy conservation demands that, in terms of quantities as mea-
sured by the distant inertial observer, the power absorbed from GR wave
is equal to the power emitted into EM wave,

〈FGR · vrad〉 = −〈FEM · vrad〉 (1)

The angular brackets denote the time average over one period of the radia-
tion fields, and vrad is the instantaneous radiation-damping velocity of the
sphere undergoing rigid-body motion relative to the ring, which is par-
allel to, and in phase with, the instantaneous force FGR, as seen by the
distant observer. These circumstances can occur in a regime in which the
electromagnetic radiation damping of the motion of the superconducting
two-body system is the dominant damping mechanism as compared to all
other loss mechanisms.

The superconducting sphere and ring can both undergo rigid-body motion
in response to the gravitational wave, because the quantum adiabatic the-
orem [3, 4] applies to all perturbations due to any kind of radiation, when-
ever the frequency of these perturbations is below the BCS gap frequency
[1]. Superconductors stay adiabatically, hence rigidly, in the BCS ground
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state of the system, because no internal excitations are allowed within the
BCS energy gap [1, 3, 5].

Also, there must be little energy dissipation, such as into heat, other than
that due to radiation damping or conversion. This requirement is satisfied
by the strictly zero resistance of the superconductors, which follows from
the fact that no dissipative excitations into heat due to ohmic processes
(or phonon generation to be discussed later) are allowed within the BCS
energy gap, when the frequency of the radiation is lower than the BCS gap
frequency [1, 3, 5].

Thus we see that a complete, loss-free conversion from GR wave energy
to EM wave energy can indeed occur, provided that all internal degrees of
freedom of the superconducting two-body system are frozen at low tem-
peratures, so that only its external degrees of freedom remain. For these
external degrees of freedom, in the case when electromagnetic radiation
damping is dominant, there then can exist a quasi-static mechanical equi-
librium at each instant of time, such that the instantaneous forces obey the
equality FGR = −FEM, just like in the case of a linear induction motor (or
generator). Then the power in a single, incoming GR wave mode can be
completely converted into the power in a single, outgoing EM wave mode.

Under the operation of time reversal, the single, outgoing EM wave mode
becomes a single, incoming EM wave mode incident upon the supercon-
ducting two-body system. This EM wave mode is then back-converted
into an outgoing GR wave mode. This reverse (or reciprocal) process has
the same complete, loss-free conversion efficiency as the forward process
by time-reversal symmetry [3, 6]. Energy conservation demands that, the
power absorbed from EM wave is equal to the power emitted into GR
wave,

〈FEM · vrad〉 = −〈FGR · vrad〉 (2)

But this is satisfied by Lenz’s law and the equality FGR = −FEM that is also
valid for the reverse process. Here the force FEM is squeezing and stretch-
ing periodically the space between the sphere and the ring, so that the
sphere is acting upon space, not moving through space, in a time-reversal
of the forward process.

Under the action of the gravitational wave, the space between the sphere
and the ring is undergoing small amplitude, anisotropic, periodic time-
varying strains hij of the metric tensor [2], as if the space were an elastic
medium. According to the Equivalence Principle [2], in both the forward
and the reverse processes, the sphere is not accelerating at all with respect
to a tiny, local inertial observer located at its center, so that the sphere is
not moving, i.e., accelerating, through space. Hence the objection that its
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inertia limits the amount of emitted GR radiation to extremely small values
is invalid; see section 12 of [3]a. Similarly, the objection that the motion of
the sphere through a flat-space background must be relativistic (i.e., with
velocities close to c) in order to generate any appreciable amount of GR
waves is also invalid.

Therefore we propose here to perform a Hertz-like experiment at 12 GHz,
in which the EM-to-GR wave-conversion process becomes the source of GR
waves, and the GR-to-EM wave-conversion process becomes the receiver
of GR waves. Faraday cages consisting of normal metals at room temper-
ature (the metallic casings of the two well-separated liquid helium storage
dewars to be described below) prevent the transmission of EM waves, so
that only GR waves, which can easily pass through all ordinary, classi-
cal matter, such as the normal (i.e., dissipative) metals of which standard,
room-temperature Faraday cages are composed, are transmitted between
the two halves of the apparatus that serve as the source and the receiver,
respectively [3]. Such an experiment should be practical to perform us-
ing standard microwave sources and receivers, since the scattering cross-
sections and the wave conversion efficiencies of the two-body supercon-
ducting system such as the one depicted in Figure 1, when viewed as a
gravitational-wave antenna, should be large enough to be experimentally
interesting [3]; see also below].

We plan to use lead (Pb) as the type I superconducting material for both
the sphere and the ring. The sphere could consist of a light, low-density
material (e.g., Styrofoam) coated on its surface with a Pb film which is
much thicker than the penetration depth [5]. The ring could consist of a
flat copper gasket electroplated with a thick coating of Pb. The central hole
of the gasket could have a diameter of 34 mm, which should levitate the
superconducting sphere above the hole of the ring at a distance of around
6 mm, i.e., approximately a quarter of a microwave wavelength at 12 GHz
where we plan to work (12 GHz is over an order of magnitude below the
BCS gap frequency of Pb, so that the losses at this frequency are negligi-
ble [3]). A persistent current in the ring sufficient to levitate the sphere
could be induced by means of a nearby permanent magnet, which would
then be removed after the ring has been cooled to become superconduct-
ing below the transition temperature of Pb at 7.2 K [5]. We plan also to
experiment with other two-body geometries, such as with a pair of super-
conducting coaxial rings with opposing trapped magnetic flux [suggested
by S. Minter], as realizations of the superconducting two-body system. We
have chosen to use a type I superconductor instead of a type II super-
conductor, in order to avoid microwave losses arising from the Abrikosov
vortex-motion degrees of freedom.
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We propose to perform the first experiments in a standard 4 K liquid he-
lium storage dewar using a dewar insert, which consists of a 50 mm diam-
eter cylindrical structure with a detachable sample holder that is capable
of containing a specific sphere-ring configuration (or other superconduct-
ing two-body geometries) at its bottom end. Such a dewar insert could
be inserted directly into the liquid helium inside a storage dewar, in or-
der to explore the parameters for the levitation of the sphere by the ring,
by adjusting the dimensions of the sphere-ring configuration. Optical ac-
cess and viewing could be made possible by means of glass prisms placed
inside the sample can near the ring. Alternatively, a Hall probe sensor
could detect the onset of the Meissner effect and levitation of the sphere.
These dewar-insert experiments would enable us to test the computer sim-
ulations we are presently conducting for the levitation of type I supercon-
ducting spheres by various magnetic field configurations.

Two of these dewar inserts, each with a sphere-ring configuration (or
some other superconducting two-body configuration) immersed deep in-
side two well separated 4 K liquid helium dewars, with the associated mi-
crowave electronics, would then allow us to perform the Hertz-like exper-
iment. In preparation for this experiment, we plan to determine at room
temperature the microwave antenna design parameters of the sphere-ring
and the two-coaxial-ring configurations (and other possible configura-
tions) using a network analyzer. We plan to use an appropriately designed
magnetic loop antenna to couple to the TE01 microwave cylindrical mode
of a superconducting ring for transferring energy from the GR wave mode
to the EM wave mode, and vice versa.

We have already built and tested microwave sources and receivers at 12
GHz [6]. We have used a frequency-doubled 6 GHz microwave-cavity os-
cillator as the source, with an output power level at 12 GHz of around
10 mW, and have measured that a standard, commercial satellite-dish KU
band receiver [Precision model PMJ-LNB KU gold label series from Astro-
tel Communications Corp.] has a noise figure of 0.6 dB at 12 GHz, so that
our receiver system Noise-Equivalent-Power (NEP) sensitivity will be on
the order of 10−25 W/Hz1/2. This will allow us to achieve a very good
signal-to-noise ratio for the Hertz-like experiment [3], assuming that our
estimates for the cross-sections and wave-conversion efficiencies for the
sphere-ring system are of the correct orders of magnitude.

If we should be successful in the Hertz-like experiment, one of the first tests
to see if we truly have GR rather than EM coupling between the transmit-
ter (or source) and receiver (or detector) halves of the apparatus, is to tilt
the transmitter part of the apparatus by +22.5◦ with respect to the vertical
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around the line of sight joining the transmitter and receiver, and to tilt the
receiver part of the apparatus by −22.5◦ with respect to the line of sight.
The signal should be extinguished at the resulting 45◦ relative orientation
between the two halves of the apparatus, and not at 90◦, as would the case
for EM waves. This would be a clear signature that we have successfully
generated and detected GR waves rather than EM waves [this was sug-
gested by Kirk Wegter-McNelly, personal communication].

Another of our initial goals if we should be successful in detecting a sig-
nal in the Hertz-like experiment would be to directly measure the speed
of gravitational waves for the first time. This can be done either by chang-
ing the distance between the two experimental dewars containing the two
sphere-ring (or other) configurations, and then measuring the resulting
change in phase of the received signal relative to that of the source sig-
nal, or by modulating the carrier signal, and measuring the delay in the
arrival time of the demodulated signal. We will thereby be able to directly
check experimentally in the laboratory for the first time the theoretical pre-
diction by Einstein that the speed of these waves is identical to that of light
in vacuum c = 3.00·108 m/s [2] , to within ±1% accuracy.

It may be objected that sound waves will be generated as a dissipative
mechanism in the proposed experiment. However, sound waves have a
speed that is typically five orders of magnitude smaller than c. If Einstein
were correct, then the typical generated sound wavelength of 250 nm or
smaller would be much less than the gravitational wavelength of 25 mm,
so that the typical sound wave would be badly mismatched to the incident
GR wave. The generation of sound waves (or phonons) within the super-
conductor at microwave frequencies inside the BCS gap by the incident
gravitational wave would therefore be forbidden due to the Mössbauer-
like (or zero-phonon) effect described in section 9 of [3]a; see also [3]b.
Hence the sphere and the ring would undergo rigid-body motion in re-
sponse to the incident gravitational wave.

It may also be objected that the microwave-frequency electrical currents
induced through Faraday’s law in the GR to EM wave conversion process
may be too feeble and too difficult to detect. However, we are not propos-
ing to detect these currents, but rather to detect the power transmitted from
the GR wave to the EM wave, and vice versa. With an antenna design
which takes into account impedance-matching and cross-section consid-
erations properly, the power transmitted from the source to the receiver
should be readily measurable.

To better understand the cross-section estimate for the above proposed ex-
periment, it is useful to introduce a weak-field representation of the lin-
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earized Einstein equations for the gravito-electric field EG ≡ g (i.e., the
gravitational acceleration of a test mass), and for the gravito-magnetic field
BG (i.e., the far-field, time-varying analog of the Lense-Thirring field), as
observed in the coordinate system of a distant inertial observer. This rep-
resentation takes the form of the Maxwell-like equations [7]

∇ · EG = −ρG

εG
(3)

∇× EG = −∂BG

∂t
(4)

∇ · BG = 0 (5)

∇× BG = µG

(

−jG + εG
∂EG

∂t

)

(6)

where ρG is the mass density and jG is the mass current density of slowly-
moving matter in the source, and the gravitational analog of the electric
permittivity of free space ε0 is

εG =
1

4πG
= 1.19·109 units (7)

where G is Newton’s constant, and the gravitational analog of the magnetic
permeability µ0 of free space is

µG =
4πG

c2
= 9.31·10−27 units (8)

where c is the speed of light.

The fields EG ≡ g and BG are measurable quantities that obey the gravita-
tional analog of the Lorentz force law [7]

F = m(EG + 4v × BG) (9)

where m is the mass of a test particle, and v is its velocity, as seen by the
distant inertial observer.

These Maxwell-like equations are linear, so that the fields obey the super-
position principle not only in the vacuum outside of the source, but also
in the matter inside the source, provided that the field strengths are suf-
ficiently weak and the matter is sufficiently slowly moving, so that there
exists a regime of a linear response of the matter to the applied fields. The
resulting optics for gravitational waves is therefore linear, just like the lin-
ear optics for electromagnetic waves.
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Therefore any argument involving the characteristic power scale [2]

P0 =
c5

G
= 3.6·1052 W (10)

is irrelevant in the context of linear optical devices such as linear mirrors,
since it should always be possible to reduce the intensity of the incident
GR waves so that there exists a linear regime of response of such devices to
these sufficiently weak GR wave amplitudes. Then there cannot exist any
characteristic scale of power in any linear response of such devices, such
as that given by Equation (10).

Also, it is important to emphasize that the matter generating the GW waves
in such linear devices as the two-body superconducting system described
above, needs not be moving relativistically with velocities close to the
speed of light c relative to each other, in order to generate any apprecia-
ble amount of GR waves. By the time-reversal symmetry argument given
above, it is clear that the generation of GR waves by the two-body super-
conducting system is not due to the matter moving through space, but
rather is due to the matter acting upon space directly. Hence it is irrele-
vant whether such matter is moving close to c through space or not.

In the case of the vacuum, where ρG and jG both vanish, these equations
lead to wave propagation at a wave speed exactly equal to the speed of
light

c =
1√

εGµG
= 3·108 SI units. (11)

A plane wave solution of the Maxwell-like equations possesses the gravi-
tational characteristic impedance of free space given by [8, 3]

ZG =

√

µG

εG
= 2.79·10−18 SI units, (12)

which is the analog of the electromagnetic characteristic impedance of free
space

Z0 =

√

µ0

ε0
= 377 Ohms. (13)

The gravitational characteristic impedance of free space ZG, like Z0, plays
a central role in all radiation problems, such as in a comparison of the
radiation resistance of gravitational-wave antennas to the value of this
impedance, in order to estimate the coupling efficiency of these anten-
nas to free space. The numerical value of ZG is extremely small, but the
impedance of all material objects must be “impedance matched” to this
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extremely small quantity before significant power can be transferred effi-
ciently from gravitational waves to these objects, or vice versa.

In contrast to the electromagnetic-wave case, in the gravitational-wave
case, all ordinary, classical matter, such as Weber bars, possesses
impedances much larger than that of the gravitational characteristic
impedance of free space ZG. It is therefore extremely difficult to
impedance-match gravitational waves to any ordinary, classical matter. As
a consequence, it is a general rule that all ordinary, classical matter, such as
a Weber bar, is essentially completely transparent to these waves.

However, phase-coherent, loss-free quantum matter, such as superconduc-
tors, which can possess strictly zero dissipation due to the presence of the
BCS energy gap, can be exceptions to this general rule. Experimental evi-
dence for this “quantum dissipationlessness” is the fact that persistent cur-
rents in annular superconducting rings have been observed to last much
longer than the age of the Universe [1]. One important consequence of the
zero-dissipation property of a superconductor is that a mirror-like reflec-
tion of sufficiently low-frequency gravitational waves can occur at a planar
interface between the vacuum and the superconductor. Note that by “low
frequency” we mean frequencies much less than the BCS gap frequency.

In the electromagnetic case, the reflection coefficient R of a wave being
transmitted down a transmission line with impedance Z, which is termi-
nated by a resistance R which vanishes like that of a superconductor, is
given by

RG =

∣

∣

∣

∣

Z − R

Z + R

∣

∣

∣

∣

2

→ 100% as R → 0. (14)

This implies that a mirror-like reflection of the wave occurs from a super-
conductor, when it is used as a short-circuit termination of the transmission
line.

Similarly, the reflection coefficient RG of a sufficiently low-frequency grav-
itational wave from a superconductor-vacuum interface is given by

RG =

∣

∣

∣

∣

ZG − RG

ZG + RG

∣

∣

∣

∣

2

→ 100% as RG → 0. (15)

where the gravitational characteristic impedance of free space ZG is given
by Equation (12), and RG is the gravitational analog of the resistance R
of the superconductor. This implies that a mirror-like reflection of a suffi-
ciently low-frequency gravitational wave could in principle occur from the
surface of the superconductor.
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Therefore mirrors for gravitational waves can in principle exist. Curved,
parabolic mirrors can focus these waves, and Newtonian telescopes for
gravitational radiation can in principle be constructed. In the case of
scattering of gravitational waves from superconducting bodies, the above
mirror-like-reflection condition implies hard-wall boundary conditions at
the surfaces of these superconducting bodies, so that the scattering cross-
section of these waves from large superconducting bodies can in principle
be geometric, e.g., hard-sphere, in size. For example, for a superconductor
in the form of a sphere of radius which is much larger than the wavelength,
the cross-section for GR wave scattering by the sphere is given by

σhardsphere = 2πa2, (16)

where a is the radius of the superconductor.

It may be objected that any kind of reflection of gravitational waves from
matter, including any kind of partial reflection, would constitute a kind of
“anti-gravity” effect. Now it is certainly true that only positive masses exist
in nature, and therefore that the screening of longitudinal gravito-electric
fields, like the Earth’s gravitational field, including its partial screening by
any kind of matter, including superconductors as has been falsely claimed
in the so-called “Podkletnov effect”, is impossible. However, both positive
and negative mass currents can exist in nature, and therefore the screening
of transverse gravito-magnetic fields, like those of a gravitational wave,
including the partial screening by the reflection of these waves from matter,
should indeed be possible. The strength of the reflection can in principle
depend on the details of the nature of the matter.

A closely related objection is that, according to one interpretation of the
Equivalence Principle, the response of all kinds of matter, whether classi-
cal or quantum mechanical in nature, should be universally the same to all
gravitational fields. Locally, all dropped objects undergo exactly the same
free-fall motion, which is independent of their mass, composition, or ther-
modynamic state. Specifically, the response of all matter to gravitational
fields, such as the Earth’s, is independent of whether the thermodynamic
state of the matter is classical or quantum mechanical in nature.

Thus this interpretation of the Equivalence Principle would forbid any dif-
ference between the linear response of incoherent classical matter, such as
Weber bars, and the linear response of coherent quantum mechanical mat-
ter, such as superconductors, to any kind of gravitational field. However,
whilst this interpretation is valid for the local response of any kind of mat-
ter, whether coherent or incoherent, to all gravito-electric fields, like that of
all dropped, freely-falling objects in their response to the gravitational field
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Figure 2: Comparison of a rotating normal metal with a rotating supercon-
ductor. In (a), the normal metal is a neutral sphere consisting of a rotating
superconducting metal at a temperature above its transition temperature
Tc. In (b), this body is slowly cooled down below Tc, whilst it is rotating.
Now there is the onset of a magnetic field B proportional to its rate of rota-
tion Ω with respect to the distant “fixed stars”.

of the Earth, it is not valid for the nonlocal response of matter, whether
coherent or incoherent, to gravito-magnetic fields, such as to the Lense-
Thirring field arising from the distant matter of the Universe (i.e., from the
distant “fixed stars”).

Empirical evidence for this latter fact lies in the difference between the re-
sponse of normal metals and the response of superconductors which are
rotating with respect to the distant “fixed stars” [9]. Consider an experi-
ment in which there is a spherical body rotating at a fixed angular speed
Ω, which consists of a normal metal that is a superconductor above its
transition temperature Tc. For all temperatures T > Tc, no magnetic field
is produced by this neutral, rotating body.

Now consider what happens when this rotating body is slowly cooled,
whilst it is undergoing rotation with respect to the distant “fixed stars,”
down below its transition temperature Tc. Now for all temperatures
T < Tc, there exists a magnetic field B produced by this rotating supercon-
ducting body in the “London moment” effect. The London moment arises
from the constructive quantum interference of the Cooper pairs of elec-
trons in the superconductor near its surface after one round trip around
the perimeter of the body, as seen by the distant inertial observer. This
quantum interference effect implies that the Cooper pairs everywhere near
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the surface of the body in its lowest energy state will come to a complete
halt with respect to the distant “fixed stars”. The nuclei near the surface,
however, continue to rotate with respect to the distant “fixed stars”. Thus
this differential motion of the Cooper pairs with respect to the nuclei near
the surface produces a surface electrical current. It is this current that pro-
duces the magnetic field B which is sketched in Figure 2(b).

However, according to the above interpretation of the Equivalence Prin-
ciple, there cannot be any difference in the response of the rotating body
above or below its transition temperature to any kind of gravitational field,
including the Lense-Thirring field which arises from the distant “fixed
stars”. Specifically, the response of the rotating body to the Lense-Thirring
field arising from these distant “fixed stars” should be independent of the
thermodynamic state of this body, and in particular, it should be indepen-
dent of whether the rotating body is composed of incoherent, classical mat-
ter, or coherent, quantum mechanical matter. This interpretation of the
Equivalence Principle is contradicted by experiments that demonstrate the
existence of the London moment [9].

Let us now generalize the above considerations to the case of the time-
varying, transverse fields of gravitational radiation, when the frequency of
the radiation is much lower than the BCS gap frequency, so that the quan-
tum adiabatic theorem holds. Let us first consider the case of a normal
metal, which consists of a superconducting metal above its transition tem-
perature Tc. Let this neutral metallic body have the shape of a planar slab
with a thickness of half a wavelength of the incident gravitational plane
wave, which is propagating towards the slab at normal incidence along
the x axis from the left, as depicted in Figure 3. The entrance face of the
slab is at x = 0, and the exit face of the slab is at x = λ/2.

The linear response of a normal electron above the superconducting tran-
sition temperature Tc near the surface of the metal to the tidal field g of the
incident wave is represented by the local, instantaneous velocity vector
v, which would be the free-fall velocity of the normal electron, assuming
the absence of any dissipation in the metal. (All measurable quantities are
those that are being measured by a distant inertial observer represented by
the eye in Figure 3). Since the normal electrons undergo local free fall to-
gether with the nearby nuclei (neglecting for the moment the weak restor-
ing forces arising from the ionic lattice), no electrical currents are produced
in the linear response of this neutral body to the local, instantaneous accel-
erations due to gravity g arising from tidal forces of the gravitational wave.

Let us now choose two rectangular loops, one above the center of mass
(c.m.) of the system, and one below it, as shown in Figure 3, in order to
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Figure 3: A slab of normal metal half a wavelength thick, which is a super-
conducting metal above its transition temperature Tc, in its linear response
to the tidal fields of a normally incident gravitational plane wave. The cen-
ter of mass of the slab is represented by the dot below the label “c.m.” The
eye on the right represents a distant inertial observer. However, below Tc,
the upper and lower electrons form a Cooper pair in a Bohm singlet state,
that is an entangled state which violates Bell’s theorem and is nonlocal.
The electrons local free-fall motion is thus suppressed.

evaluate the circulation of the normal electrons around these loops in their
linear response to the incident wave. It is obvious upon inspection of Fig-
ure 3 that these two closed loop integrals of the velocity v of the normal
electron, as seen by the distant inertial observer, obey the inequality

∮

v · ds 6= 0, (17)

so that the circulation of the normal electrons around these loops does not
vanish. This is because there is a reversal of the sign of the tidal forces as
the wave propagates from the entrance face of the slab at x = 0 to the exit
face at x = λ/2, and therefore there is also a reversal of the sign of the
normal electron velocity in their linear response to these tidal forces.

Next, let us slowly cool this system down below the superconducting tran-
sition temperature Tc whilst the incident gravitational wave is still present.
The normal electrons now become Cooper pairs, which possess quantum
phase coherence over long distances. If the Cooper pairs near the surface
of the metal in Figure 3 were to undergo free fall with exactly the same in-
stantaneous, local velocity v in their linear response to the tidal fields g of
the incident gravitational wave, as the instantaneous, local free-fall veloc-
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ity v of the normal electrons in the normal state of the metal (as would be
demanded by the above erroneous interpretation of the Equivalence Prin-
ciple), then their macroscopic wavefunction (or the complex order param-
eter of Ginzburg and Landau) would no longer by single valued after one
round trip around the closed loop, and the constructive quantum interfer-
ence for these Cooper pairs after a round trip would be impossible. This is
because the instantaneous velocity v is related to the phase φ of the Cooper
pair macroscopic wavefunction (or of the complex order parameter) by

v =
h̄

m
∇φ, (18)

where h̄ is Planck’s constant/2π and m is the mass of a Cooper pair.

However, experiments verifying the existence of the London moment [9]
demonstrate that the Cooper pairs do in fact always possess a single-
valued macroscopic wavefunction (or complex order parameter), as de-
termined by the observations in the inertial frame of the distant observer,
i.e., that of the distant “fixed stars”. Hence it must be the case that below
the temperature Tc, the circulation of the Cooper pairs vanishes identically,
i.e.,

∮

v · ds = 0, (19)

in the case of the lowest energy state of the Cooper pairs. This implies that
their local, instantaneous velocity vanishes everywhere along the left and
the right vertical segments at x = 0 and x = λ/2 of the arbitrarily chosen
closed loops in Figure 3, so that in the limit of arbitrarily skinny loops, it
follows that

v = 0 (20)

everywhere near the surface of the superconductor. Therefore it follows
that the time-dependent, transverse gravito-electric field

EG ≡ g =

(

∂v

∂t

)

near surface

= 0 (21)

also vanishes everywhere near the surface of the superconductor. This also
implies hard-wall boundary conditions that lead to a mirror-like reflection
of gravitational waves. (See also footnotes 11 and 12 of [3a].)

The above conclusions also follow from the fact that the entire supercon-
ducting slab stays adiabatically in the BCS ground state of the system with
a single value of the global phase φ of the macroscopic wavefunction (or of
the complex order parameter) inside the entire superconducting body, i.e.,

φ = constant everywhere. (22)
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This is true even in the presence of the weak, local perturbations due to
the incident gravitational wave, provided that the wave frequency is well
below the BCS gap frequency, so that the wave cannot cause any quantum
transitions out of the BCS ground state.

The Cooper pairs in the BCS ground state are in entangled states of mo-
mentum and spin, which are nonlocal, so it is impossible to know whether
it is the upper or the lower electron in Figure 3 that is moving upwards
or downwards in response to the tidal g fields. The large number of these
phase-coherent electrons in the system (on the order of Avogadro’s num-
ber) in the case of superconductors, compensates for the usual weakness
of the interaction between gravitation radiation and matter, and leads to a
superradiant, mirror-like reflection [3b].

Therefore, just as in the case of the London moment below the transition
temperature Tc, the Cooper pairs everywhere near the entrance and exit
faces of the superconducting slab must come to a complete halt with re-
spect to the distant inertial observer (i.e., with respect to the distant “fixed
stars”) below Tc. The vanishing of v everywhere near the surfaces of the
slab must be independent of the size of the small amplitude of a sufficiently
weak gravitational wave, in the regime of the linear response of the super-
conductor to the wave. This is the behavior of an extremely rigid mate-
rial in its linear response to the gravitational wave, so that, once again,
one concludes that a mirror-like reflection of a sufficiently weak incident
gravitational wave should occur at the planar superconductor-vacuum in-
terface. The resulting scattering cross-section for large superconducting
bodies should therefore once again be of the order of magnitude of the
geometric cross-section given by Equation (16). These counter-intuitive
predictions will be tested in the above proposed experiment.

It is to be emphasized that throughout the above discussion, all measurable
quantities in the above equations are those which are being observed and
measured by the distant inertial observer. The coordinate system being
used in these measurements is the one set up by means of light signals sent
to and from this distant observer, and the time coordinate being used is the
one set up by means of this observer’s clock [11].

This experiment could lead to important applications in science and en-
gineering. In science, it would open up the possibility of gravitational-
wave astronomy at microwave frequencies. One important problem to ex-
plore would be observations of the analog of the Cosmic Microwave Back-
ground (CMB) in gravitational radiation. Since the Universe is much more
transparent to gravitational waves than to electromagnetic waves, such ob-
servations would allow a much more penetrating look into the extremely
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early Big Bang towards the Planck scale of time, than the presently well-
studied CMB. Different cosmological models of the very early Universe
give widely differing predictions of the spectrum of this penetrating radia-
tion, so that by measurements of the spectrum, one could tell which model,
if any, is close to the truth [10]. The anisotropy in this radiation would also
be very important to observe.

In engineering, it could open up the possibility of intercontinental com-
munications by means of microwave-frequency gravitational waves di-
rectly through the interior of the Earth, which is transparent to such waves.
This would eliminate the need of communications satellites, and would
allow an economical means of communication with people deep under-
ground or underwater in submarines in the oceans. Such a new direction
of gravitational-wave engineering could aptly be called “gravity radio” [3].
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Abstract: High-resolution accelerometer and laser gyroscope mea-
surements were performed in the vicinity of spinning rings at cryo-
genic temperatures. After passing a critical temperature, which does
not coincide with the material’s superconducting temperature, the an-
gular acceleration and angular velocity applied to the rotating ring
could be seen on the sensors although they are mechanically de-
coupled. A parity violation was observed for the laser gyroscope
measurements such that the effect was greatly pronounced in the
clockwise-direction only. The experiments seem to compare well
with recent independent tests obtained by the Canterbury Ring Laser
Group and the Gravity-Probe B satellite. All systematic effects ana-
lyzed so far are at least 3 orders of magnitude below the observed
phenomenon. The available experimental data indicates that the fields
scale similar to classical frame-dragging fields. A number of theories
that predicted large frame-dragging fields around spinning supercon-
ductors can be ruled out by up to 4 orders of magnitude.

Introduction

Gravity is the weakest of all four fundamental forces; its strength is aston-
ishingly 40 orders of magnitude smaller compared to electromagnetism.
Since Einstein’s general relativity theory from 1915, we know that grav-
ity is not only responsible for the attraction between masses but that it is
also linked to a number of other effects such as bending of light or slowing
down of clocks in the vicinity of large masses. One particularly interesting
aspect of gravity is the so-called Thirring-Lense or Frame-Dragging effect:
A rotating mass should drag space-time around it, affecting for example
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the orbit of satellites around the Earth. However, the effect is so small
that it required the analysis of 11 years of LAGEOS satellite orbit data to
confirm Einstein’s prediction within ±10% [3]. Presently, NASA’s Gravity-
Probe B satellite is aiming at measuring the Thirring-Lense effect of the
Earth to an accuracy better than 1% [7]. Therefore, apart from Newton’s
mass attraction, gravitational effects are believed to be only accessible via
astronomy or satellite experiments but not in a laboratory environment.

That assumption was recently challenged [19, 20, 5, 22], proposing that a
large frame-dragging field could be responsible for a reported anomaly
of the Cooper-pair mass found in Niobium superconductors. A spinning
superconductor produces a magnetic field as the Cooper-pairs lag behind
the lattice within the penetration depth. This magnetic field, also called
London moment, only depends on the angular velocity of the supercon-
ductor and the mass-to-charge ratio of the Cooper-pairs. By measuring
precisely the angular velocity and the magnetic field, it is possible to de-
rive the Cooper-pair mass with a very high precision, knowing that it con-
sists of two elementary charges. The most accurate measurement to date
was performed at Stanford in 1989 using a Niobium superconductor with a
very surprising result: the Cooper-pair mass derived was larger by 84 ppm
compared to twice the free-electron mass [25, 26]. The theoretical analysis
predicted a Cooper-pair mass 8 ppm smaller than the free-electron mass in-
cluding relativistic corrections. Several efforts were published in the last 15
years that investigated additional correction factors [16, 12]. However, the
discrepancy between measurement and theoretical prediction remained
unsolved.

Within the classical framework, frame-dragging is independent of the state
(normal or coherent) of the test mass. Over the last years, several theoret-
ical approaches were developed that propose significantly amplified non-
classical frame-dragging fields for superconductors with respect to normal
matter [23, 1, 6, 4]. Since 2003, an experimental program was established
at the Austrian Research Centers (ARC) to search for such frame-dragging
anomalies in the vicinity of spinning masses down to cryogenic tempera-
tures using laser gyroscopes and accelerometers [21, 24]. This paper will
give an overview of our experimental setup and the results obtained so far
and will compare it with other recent tests performed by the Canterbury
Ring Laser Group and the results from the Gravity Probe-B satellite.
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Figure 1: Gravitomagnetic and gravitoelectric field generated by a rotating
and angularly accelerated superconductor.

Experimental setup

The core of our setup is a rotating ring inside a large cryostat. Several rings
have been used so far including Niobium and Aluminum to test a classical
low-temperature superconductor as well as a non-superconductor material
for reference purposes (outer diameter of 150 mm, wall thickness of 6 mm
and a height of 15 mm), and a YBCO high-temperature superconductor
(outer diameter of 160 mm and wall thickness of 15 mm). The ring can be
rotated using a brushless servo motor or a pneumatic air motor to mini-
mize any electromagnetic influence. According to the theoretical concepts,
a frame-dragging-like field should be produced directly proportional to
the superconductor’s angular velocity. Another aspect of Einstein’s the-
ory is that a time-varying frame-dragging field should give rise to non-
Newtonian gravitational fields, also called accelerational frame-dragging.
Therefore, any angular acceleration of the superconductor should produce
a gravitational field along the ring’s surface. A short illustration of the
expected fields around the rotating superconductor is shown in Fig. 1.
Laser gyroscopes and low-noise accelerometers can be used to detect those
frame-dragging fields if they are rigidly fixed to avoid any mechanical
movement.

51



FRAME-DRAGGING CLOSE TO SPINNING SUPERCONDUCTORS

(a) Schematic setup. (b) Facility in the laboratory at the Austrian Re-
search Centers.

Figure 2: Experimental setup.

The experimental setup is illustrated in Fig. 2. The motor and the supercon-
ductor assembly are mounted on top and inside a liquid helium cryostat
respectively, which is stabilized in a 1.5 t box of sand to damp mechanical
vibrations induced from the rotating superconductor. The accelerometers
and gyros are mounted inside an evacuated chamber made out of stainless
steel, which acts as a Faraday cage and is directly connected by three solid
shafts to a large structure made out of steel that is fixed to the building floor
and the ceiling. The sensors inside this chamber are thermally isolated
from the cryogenic environment due to the evacuation of the sensor cham-
ber and additional MLI isolation covering the inside chamber walls. Only
flexible tubes along the shafts and electric wires from the sensor chamber
to the upper flange establish a weak mechanical link between the sensor
chamber and the cryostat. This system enables a very good mechanical
de-coupling of the cryostat with the rotating superconductor and the sen-
sors even at high rotational speeds. A minimum distance of at least 5 mm
is maintained between the sensor chamber and all rotating parts such as
the motor axis or the rotating sample holder. In order to obtain a reliable
temperature measurement, a calibrated silicon diode (DT-670B-SD from
Lakeshore) was installed directly inside each rotating ring. A miniature
collector ring on top of the motor shaft enabled the correct readout even
during high speed rotation. Two temperature fixpoints enabled a temper-
ature calibration during each run: the liquid helium temperature of 4.2 K
and the evaluation of the critical temperature of the superconductor us-
ing the field coil. When the superconductor was cooled down, the field
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coil was switched on with a field below the critical field strength from the
superconductors used. A Honeywell SS495A1 solid state Hall-sensor was
installed inside the sensor chamber. Initially, the superconductor acted as
a magnetic shield. But when the superconductor passed Tc, the magnetic
field from the coil was recorded on the Hall sensor. At this point in time,
the temperature read-out from the silicon diode must then correspond to
the critical temperature.

The sample rings are glued inside an aluminum sample holder using STY-
CAST cryogenic epoxy. The bottom plate of the sample holder is made out
of stainless steel as well as the rotating axis. In general, only non-magnetic
materials were used throughout the facility, only the bearings are partly
made out of steel with a non-negligible magnetic permeability.

The sensor-chamber can be equipped with accelerometers, gyros, temper-
ature sensors and highly sensitive magnetic field sensors (based on the
Honeywell HMC 1001 with 0.1 nT resolution). All sensors are mounted
on the same rigid mechanical structure fixed to the upper flange. Each sen-
sor level (In-Ring, Above-Ring and Reference) is temperature controlled to
25 ◦C to obtain a high sensor bias stability. Trade-offs between different
sensors can be found in [21].

Accelerator measurements

After a survey on commercially available accelerometers, we decided to

use the Colibrys Si-Flex SF1500S due to its low noise of 300 ng/
√

Hz,
small size and low sensitivity to magnetic fields which we evaluated as
5·10−4 g/T (expressing the acceleration in the unit g of the Earth’s stan-
dard acceleration). Using only the air motor, the magnetic fields inside the
sensor chamber were always below 1 µT at maximum speed (originating
from the rotating bearings).

Therefore any magnetic influence is less than 1 ng and thus well below the
sensors noise level. The biggest systematic effect found is the so-called vi-
bration rectification, a well known effect common to all MEMS accelerom-
eters [2]. Due to nonlinearities in the response of the pendulum, an anoma-
lous DC offset appears when the sensor is exposed to vibration although
the time average of the vibration of zero. Such vibrations are present due
to the acoustic noise from the bearings as well as from the helium evap-
oration. Fortunately, the vibration rectification always leads to negative
DC offsets independent of the angular speed orientation. By alternating
between clockwise and counter-clockwise rotations and subtracting both
signals, the anomalous DC offset can be eliminated and any real signal re-

53



FRAME-DRAGGING CLOSE TO SPINNING SUPERCONDUCTORS

mains. A further improvement is to mount several sensors along the rings
surface (“curl configuration”) as shown in Fig. 3. This allows to further
reduce sensor offsets and to increase the number of measurements. The
accelerometer setup is described in more detail in [21]. The accelerometers
were read out using Keithley 2182 Nanovoltmeters with a measurement
rate of 10 Hz.

Figure 3: Accelerometer insert for sensor chamber in curl configuration.

Many tests were carried out in the time frame from 2003–2006 to reduce
the noise level on the sensors and to obtain an optimum mechanical de-
coupling between the sensor chamber and the rotating parts of the facility
[21, 24]. At the end we achieved a ground noise level on the sensors of
a few µgrms while the ring was at rest and 20 µgrms when the ring was
rotating. The noise level did not steadily increase with rotational speed but
strongly increased above a speed of 350 rad/s (a resonance peak appeared
at a speed of 400 rad/s). In the final analysis, all sensor signals above this
speed were therefore damped by a factor of 5. Using signal averaging over
many profiles, the accuracy could be even further reduced.
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Figure 4: Signal averaged in-ring sensor data (�) vs. applied angular ac-
celeration (△).

The high accuracy tests were carried out using the Niobium ring. After
the reduction of all vibration offsets, a signal above the noise level still re-
mained when the ring was cooled down close to LHe temperature. An
example is shown in Fig. 4 with the signal averaged plots from the in-ring
position for the acceleration field and the applied angular acceleration to
the ring. The difference between the temperature range in which the Nio-

bium is superconducting (g/ω̇ = −2.26 ± 0.3 ·10−8 g rad−1 s2) and nor-

mal conducting (g/ω̇ = −1.24 ± 1·10−9 g rad−1 s2) is clearly visible. Also
the correlation between measured acceleration and applied acceleration is
good (0.78) but for the first peak only, the second sensor peak seems to
precede the applied acceleration for 0.2 s and is less correlated. The sig-
nals were obtained in a differential configuration, i.e. the signals from the
reference position were subtracted from the in-ring values. That is done to
remove any mechanical artifacts, such as a real sensor chamber movement,
and to reduce the noise level.

If an angular acceleration of 1500 rad/s is applied to the superconducting
ring, the tangential accelerometers show a counter-reaction of about 30 µg.
What is the origin of these signals? The most important systematic er-
ror could still be the vibration rectification as also the helium evaporation
is greatly contributing to the noise environment below 10 K. If the vibra-
tion sensitivity varies over the sensors, then our subtraction strategy in the
curl configuration and also the subtraction of the reference position could
maybe lead to false signals. Therefore, it was decided to further investigate
this phenomenon using laser gyroscopes which are much less sensitive to
vibration.
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Laser gyroscope setup

Gyro measurements

Our requirements for the laser gyroscope include a low random angle walk
(RAW), good bias stability and a high resolution, as well as a small size to
fit in our sensor chamber. We therefore selected the KVH DSP-3000 fiber
optic gyroscope that also features a digital output, which is much less af-
fected by the electromagnetic environment compared to analog signals. It
has a RAW of 2 ·10−5 rad/s and a resolution of 1 ·10−7 rad. Laser gyros
are sensitive to magnetic fields due to the Faraday effect. We found values
ranging from 2 to 0.5 rad/s T depending on the gyro’s axis. Since we mea-
sured maximum magnetic fields during rotation in the order of hundreds
of nT, we decided to put each laser gyro into a µ-metal shielding box to
further reduce magnetic influence. This reduced the maximum sensitivity
to 0.04 rad/s T. At maximum speed, the magnetic influence is therefore
below the gyro’s resolution. However, due to the magnetic influence, the
field coil must be off during the measurements as this can otherwise intro-
duce sensor offsets when the superconducting ring passes Tc. This actually
caused wrong signals in our first reported preliminary data [24]. However,
as these values were used to estimate the mechanical artifacts, the overes-
timated values gave a correct upper limit.

The gyro setup is illustrated in Fig. 5 showing the sensors inside the open
vacuum chamber. Four gyros are mounted in three positions and two are
mounted above the rotating ring (one showing up and one down to inves-
tigate any offset problems similar to the accelerometers). The axial distance
from the top ring surface to the middle of each gyro position is 45.8 mm,
92.8 mm and 220.8 mm respectively. All sensors are mounted at a radial
distance of 53.75 mm.

Due to the reduced vibration sensitivity, the following analysis was done
without subtracting between alternating speed orientations or automatic
subtraction between signals close to the spinning rings and the reference
sensors. The gyro outputs for all three positions (reference, middle and
above) using Niobium, Aluminum and YBCO samples with respect to the
applied angular velocity of the rings is shown in Figs. 6 and 7. All pro-
files were recorded at an average temperature between 4 and 6 Kelvin. For
reference purposes, we also removed the sample ring holder with the bot-
tom plate but leaving the axis, bearings and motor assembly unchanged.
The result is shown in Fig. 7(b). The above position (LG 3–4) was obtained
by subtracting the two above-ring gyros from each other due to their al-
ternating orientations. That should eliminate any signal offsets if present.
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Figure 5: Laser gyroscope setup – open sensor chamber (outer chamber
wall removed for illustration) and rotating ring with sample holder on bot-
tom.

During each experimental test, more than 1000 profiles could be measured.
Therefore, we were able to usually average over more than 20 profiles in
every 2 K interval thus increasing statistical confidence.

The results are very surprising. First, the gyro outputs show a parity vi-
olation. Indeed, the gyro follows the applied angular velocity, but only if
the ring is rotated in clockwise orientation. In order to check for any sig-
nal processing systematic, we cooled the YBCO sample down to 4.2 K and
performed 40 successive clockwise rotations – and the gyro effect could al-
ways be measured. Then we cooled down again to 4.2 K and performed
40 successive counter-clockwise rotations – but any effect was an order of
magnitude reduced compared to the clockwise rotation effect.

Second, YBCO gave the strongest signals while Niobium and Aluminum
had similar responses to the applied angular velocity. Aluminum has a
Tc of 1.2 K and is therefore not superconductive at liquid helium temper-
atures. Therefore, the sample holder was made out of Aluminum as no
signal contribution was expected from that material (the same applies to
the stainless steel plate at the bottom). The difference of the YBCO sam-
ple with respect to the other ones is that the YBCO ring has a larger wall
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Figure 6: Laser gyro output for Niobium, Aluminum and YBCO vs. ap-
plied angular velocity (△) between a temperature of 4 to 6 K.
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(a) LG 3-4 (above).
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Figure 7: Laser gyro output for Niobium, Aluminum and YBCO (a) and
without sample holder (b) vs. applied angular velocity (△) between a tem-
perature of 4 to 6 K.

thickness (15 mm versus 6 mm) and that the outer diameter of the sample
holder is also slightly larger (165 mm versus 160 mm). As the effect van-
ishes when the sample holder is removed, the observed gyro responses
must be related to the sample holder and its sample rings.

Third, the effect does not decay as one would expect from a dipolar field
distribution. The reference position in fact even gives the highest signal
responses while the above and middle positions have similar values. Of
course, we have to keep in mind that the laser gyro averages only the z-
component of any present field over a large 89 × 48 mm area (more specif-
ically, the fiber coil has an elliptic shape) and it is therefore impossible to
derive a field distribution using these measurements. Nevertheless, one
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would have expected that the field decays over distance if the source is
the spinning ring. It is important to note that for the case of the above-
ring gyros, if the gyro’s orientation is flipped, also the effect sign flips and
the effect is only present for the same clockwise-rotating of the spinning
ring. The measurement also tells us that the effect is at least rotationally
symmetric.

And fourth, the gyro responses do not correlate with the accelerometer
measurements if one assumes the standard induction law. Any parity vi-
olation was not visible as the accelerometer measurements were always
done subtracting the alternating speed profiles from each other in order to
eliminate the anomalous DC offsets from the vibration rectification. From
the induction law, the Niobium signals should be higher by a factor of
about 100. Assuming the validity of the gyroscope measurements, that
means that either the accelerometer measurements are vibration artifacts
or the standard induction law does not apply. That could be explained
by the breakdown of the usual weak-field approximation used to derive
the Maxwell-like equations out of general relativity. Also, new theoretical
concepts actually predict that the acceleration-induced effect is stronger by
about two orders of magnitude compared to the gyro response as observed
in our measurements [4]. However, the measurements so far already rule
out our initial theoretical approach that modeled the effect as proportional
to the ratio between the matter densities in the coherent state with respect
to the lattice [23].
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Figure 8: Variation of above ring gyro output vs. angular velocity with
temperature (for clockwise rotation).
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The ratio of the above gyro versus angular velocity response for clockwise
rotation with respect to temperature for Niobium, Aluminum and YBCO is
shown in Fig. 8. It is interesting to see that the effect occurs below a critical
temperature that does not coincide with the superconducting temperature
of the materials. For Niobium and Aluminum, the critical temperature is
about 16 K whereas for YBCO it is close to 32 K. Apart from the value at
4 K, the Niobium curve is above Aluminum by about 1·10−8. The YBCO
curve is quite constant below 32 K until the Aluminum critical tempera-
ture at 16 K. It seems like the effect of Aluminum adds then to the YBCO
curve. So either Aluminum does indeed produce an effect and therefore
contributes to Nb and YBCO due to the Al sample holder material, or Alu-
minum provides a reference case due to the vibration environment that
leads to gyro sensor offsets. If the Aluminum part is removed from the
curves, than YBCO has a more or less constant coupling factor of 2.2·10−8

below 32 K and Niobium 1.6·10−8 below 16 K.

Systematic effects

Electromagnetic fields

The sensors are inside an evacuated vacuum chamber, which is grounded
and acts as a Faraday cage. The supply voltages for the gyros are gener-
ated and stabilized inside the vacuum chamber. Moreover, the gyro output
is digital, which greatly eliminates possible electromagnetic interference
of the signals along their transmission to the computer. From the mag-
netic sensitivity, an induced coupling factor of 4·10−11 has been measured,
which is 3 orders of magnitude below the observed effect. In addition, gyro
measurements were done with and without µ-metal shielding of the gyros
with very similar results. Therefore, the explanation of the observed effects
due to electromagnetic effects is very unlikely.

Pressure effect

The rotation of the ring causes a strong evaporation of the liquid helium.
This pressure increase can maybe tilt or turn the vacuum chamber and
cause sensor offsets. We investigated the pressure increase of the helium
gas in the cryostat by mounting a Keller PA-23 pressure transmitter on
the top of the facility. After filling up of the facility with liquid helium,
the first profile caused a peak pressure increase of 100 mbar as some liq-
uid was evaporated due to the stirring of the rotating ring. All successive
profiles showed no change in the pressure within the sensor resolution of
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Figure 9: Gyro output vs. pressure.

3 mbar. As a worst-case scenario, we simulated the pressure increase using
compressed air that was connected to the liquid helium line at room tem-
perature. Instead of running the motor, the pressure was increased during
each profile until the sensor measured the 100 mbar. The result is shown
in Fig. 9. No gyro response other than the usual noise is seen during the
pressure increase. Therefore, the pressure increase due to liquid helium
expansion cannot lead to the observed effects and especially no parity vio-
lation.

Vibration offsets

Although the manufacturer noted no vibration sensitivity, we performed
a dedicated test by putting the gyro on a table next to a shaker table. We
were indeed able to produce a vibration offset but only using very large
amplitudes at a frequency of 60 Hz, which is similar to the frequencies of
the air motor at maximum speed as shown in Fig. 10. This offset was al-
ways negative and it was sensitive to the orientation of the sensor axis on
the shaker table. We found out that the vibration offset was only present
when the gyro’s axis was pointing to the Z+ or X+ direction (Z+ gave the
strongest response). The difference between the two directions is also evi-
dent in Fig. 10. Pointing the gyro’s in the Y direction showed no vibration
offsets other than noise. The magnitude of the vibration offset was directly
related to the amplitude of the vibration. When the amplitude was reduced
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Figure 10: Gyro output vs. vibration.

so that the noise of the gyro’s output did not increase during the vibration,
the vibration offset vanished below detectability (< 2·10−6 rad/s).

During all gyro measurements, no increase in the noise level of the gy-
ros was detected during the ring’s rotation similar to the case as described
above. The measured gyro’s response to the ring’s rotation was positive
and not negative as the vibration offsets. The same signal with alternat-
ing sign was also measured by flipping the gyro’s orientation axis as in
the case of LG3 and LG4 which would not be possible with the vibration
offsets. Also the difference between the YBCO and Nb/Al rings as well as
the parity violation cannot be explained. Therefore, the explanation of our
gyro results as vibration offsets is not likely – but it is the most important
error source that has to be further analyzed since the real noise environ-
ment is more complex than the signals produced from the shaker table.

Sensor tilting

Due to the helium gas flow, the sensor chamber might be tilted. Since the
gyro measures the Earth’s rotation, tilting of the sensors can induce a false
signal due to the different offset from the Earth’s measurement. Assuming
a tilting angle α, the offset can be expressed as

Offset = OffsetEarth [sin(latitude) − sin(latitude + α)] . (1)
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Therefore, in order to get offsets in the gyro’s signal similar to the observed
effects, a tilting angle of at least 20◦ is necessary with OffsetEarth = 73·
10−6 rad/s and a latitude of 48◦. It is impossible that the sensor chamber
tilted by as much as 20◦ during each profile. This artifact can be therefore
ruled out.

Mechanical friction

Figure 11: Finite-element analysis of sensor chamber and connecting rods
drilling.

During the rotation of the ring, there is a 5 mm gap with helium gas be-
tween the sample holder and the sensor vacuum chamber. Since the vis-
cosity of helium gas at 5 K is an order of magnitude below the viscosity
of air at room temperature [14], mechanical friction from the rotating he-
lium gas cannot explain the observed effects as the effect only occurs when
passing through a critical cryogenic temperature. Nevertheless, we shall
examine the order of magnitude from such friction effects. We therefore
built a finite element model of the sensor chamber with its connecting rods
using ANSYS as shown in Fig. 11. The force on the bottom of the sensor
chamber from the rotating gas can be calculated using Stoke’s law as

F ∼= η
Av

∆x
, (2)
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where η is the viscosity, A the area, v the velocity of the gas and ∆x the gap
between the rotating ring and the sensor chamber. Using our geometry we
obtain a maximum friction force on the bottom of the sensor chamber of
about 1 mN at maximum speed. Using the finite element model, this force
leads to a drilling of the sensor chamber assembly of 5·10−8 rad. The upper
limit false coupling factor from friction is therefore 5·10−11, which is three
orders of magnitude below the observed effects similar to the magnetic
sensitivity.

Discussion

The effects and the analysis so far lead to the following possible interpre-
tations:

1. The effects are real: A frame-dragging-like signal was detected from
spinning rings at cryogenic temperatures. The effect occurs below a
critical temperature which does not coincide with the superconduct-
ing temperature of the rings. The strength of the effect depends on
the material of the ring. The coupling factor of the observed effect
with respect to the applied angular velocity is in the range of 3 to
5·10−8. We observed a parity violation, such that the effect is domi-
nant in the clockwise rotation (when looking from above) in our lab-
oratory setup. No classical or systematic explanation has been found
so far for the observed effects. The field expansion is not clear at the
moment and needs further investigation.

2. The reference signal has to be subtracted from the measurements due
to sensor chamber movements: The coupling factor is then reduced
to about 1.3·10−8. Now it is less clear if the effect’s origin could be in-
deed related to superconductivity because Nb still shows a signal but
Al does not as shown in Fig. 12 (they have the same sample holder
dimensions). Nevertheless, the critical temperature for the effect is
different than the superconducting critical temperature. Also in this
case, parity violation is observed.

3. Aluminum is the reference case which has to be subtracted from the
measurements: The vibration environment from the helium gas ex-
pansion causes sensor offsets. Since aluminum is not a supercon-
ductor, this material can be considered the reference case which has
to be subtracted from the results. As discussed above together with
Fig. 8, the coupling factor for Nb is then reduced to 1.6·10−8 and for
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YBCO to 2.2·10−8. The effect is now indeed related to superconduc-
tivity, however as in the cases discussed above, the critical temper-
ature does not coincide with the superconducting temperature. We
still observe a parity violation.

4. All signals are false due to systematic effects: Of course this may still
be a possibility. The strongest indication is that the signals do not
decay over the three positions measured. As this looks like giving
room to facility artifacts, it could be also possible that the field is
propagating along the spinning motor axis. All systematic effects
analyzed so far contribute to less than 3 orders of magnitude to the
observed effects. Only vibration effects may still contribute to the
gyro output but they seem unlikely to explain all different aspects
of the effect such as parity violation and the dependence on the ring
material.

Since the systematic effects analyzed so far are below the laser gyro mea-
surement accuracy and therefore cannot account for our measurements,
we suggest that the first interpretation is correct. That in turn puts severe
limits on theoretical models that were proposed to predict frame-dragging
fields generated by superconductors as the phenomenon that we observe is
apparently not related to superconductivity and shows a parity violation.
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(a) Niobium.
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Figure 12: Above laser gyro output minus reference (LG3–4 − LG1) vs.
applied angular velocity (△) between a temperature of 4 to 6 K.

Comparison with other experiments

In order to determine if our results are indeed genuine or facility artifacts,
it is important to compare them with other experiments and to check for
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consistency. Fortunately, at least two similar experiments are available
that can be used for such a comparison: a recent test of a spinning lead
superconductor close to the world’s largest ring laser gyroscope (Canter-
bury Ring Laser Group) and the Gravity-Probe B satellite using spinning
superconducting gyroscopes to detect Earth’s frame dragging field. Due
to differences between the experiments, models are necessary for such a
comparison to extrapolate our results to the other setups. In addition to
the different models that were already proposed [23, 6, 4], we will follow a
phenomenological approach assuming that the fields detected are an am-
plification of classical frame-dragging fields without linking it to supercon-
ductivity. After passing a critical temperature, the classical frame-dragging
fields Bg0 are enhanced using the simple expression

Bg = γBg0. (3)

According the our measurements so far, the enhancement factor γ (or
frame-dragging relative permeability factor) is temperature and material
dependent, and shows a parity violation. For the comparison with our ex-
periments and the Canterbury setup, the classical frame-dragging field Bg0

at the center of a ring and a disc is given by,

Bg0 =
4G

c2

m

Ro + Ri
ω, (4)

where m is the spinning mass, Ro the outer radius, Ri the inner radius
(= zero for the case of a disc), and ω the angular velocity. Using our mea-
surements, we get γ ∼= 1.2 to 1.7·1018 for the various material combinations
at a temperature of 5 K (we assumed that the field measured at the gyro’s
location is similar to the one in the center of the spinning ring).

For the comparison with the Gravity-Probe B data, we have to calculate the
classical frame-dragging field for a spinning shell or sphere with radius R
along the central axis z, given by

Bg0 =



















2G
c2

I
z3 ω z > R,

5G
c2

I
R3 ω z = 0 (sphere),

2G
c2

I
z3 ω z = 0 (shell),

(5)

where I is the moment of inertia.

It is important to note that the classical fields scale with mass and geometry
of the spinning source. If the effect would be related to a superconductive-
like phenomenon, the field strengths are expected to be independent of
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mass and geometry of the spinning source similar to the London moment-
magnetic field produced by a rotating superconductor that is only propor-
tional to the angular velocity and the charge-to-mass ratio of the Cooper-
pair.

Comparison with Canterbury Ring Laser Group experiment

Recently, an independent experimental test was carried out, where a lead
disc at liquid helium temperature was spinning close to the world’s most
precise ring laser gyro UG2 from the Canterbury Ring Laser Group [9].
Contrary to our setup, the gyro here is operated outside of the cryostat
facility due to its large dimensions of 21 × 39.7 m. This should greatly
reduce any vibration offsets associated with the evaporating helium gas.
Fig. 13a shows the gyro’s response to the speed of the spinning super-
conductor1. Here too, we see that the gyro reacts if the superconductor is
rotated. Again, we note a parity violation as the gyro response is greater
for the counter-clockwise rotation – which is the opposite direction as in
our experiments. Since this experiment was carried out in the southern
hemisphere and our experiments in the northern hemisphere, a first hint
at the origin of the parity effect could be the Earth’s rotation. A similar par-
ity anomaly that may be related to our effect was reported on gyro weight
and free-fall experiments in a Japanese laboratory [10, 11], which showed
the same parity direction as in our laboratory and was also located on the
northern hemisphere. However, these claims could not be verified in a
number of replication attempts up to now ([17], and references therein).

As the UG2 gyro is large compared to the actual rotating superconductor,
a field distribution has to be assumed in order to compare our results with
the UG2 results. The Canterbury group used a dipolar distribution for the
interpretation of their experimental data. As computed in [9], the UG2
gyro output was multiplied by a factor of 1.7·106 to get an estimate of the
frame-dragging-like signal strength in the vicinity of the rotating supercon-
ductor. Fig. 13(b) shows the gyro response corrected by the dipolar field
distribution and the applied angular velocities. The coupling factor (Gyro
Output)/ω computed for the counter-clockwise direction is 3.8 ± 3·10−7.
It is possible to improve the statistics with additional filter. By applying
a 200 pt digital moving average filter, the counter clockwise direction cou-
pling factor yields 3.8 ± 1.3·10−7. This is nearly one order of magnitude
above our measurements in the close vicinity of the spinning supercon-

1The gyro data from [9] was converted into rad/s and the offset at zero angular
velocity was removed for consistency with the present paper.
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ductor. One major difference is the disc shape in comparison with our ring
superconductors.
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conductor (red).
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Figure 13: Experimental results from the response of the UG2 ring laser
gyro to the rotation of a lead superconductor – extrapolated to the spinning
source and normalized (data taken from [9]).

Indeed, by computing the enhancement factor γ from the angular momen-
tum of the spinning disc and the UG2 gyro output, we get γ ∼= 1.9·1018

for the counter-clockwise rotation, a value very close to the ones in our
setup. This suggests that the fields observed are scaling like classical
frame-dragging fields. A superconducting-like phenomenon such as a
gravitomagnetic London moment would give the same results in the Can-
terbury and in our setup.

Comparison with Gravity-Probe B Results

Since Gravity-Probe B (GP-B) measured with unprecedented accuracy the
precession of superconducting gyros in a polar orbit around Earth, one
would expect to see the effect of an enhanced frame-dragging-like field
in their setup as well. The experiment consists of four gyros, which are
equally spaced and aligned along the roll axis of the satellite towards the
guide star IM Pegasi [13]. Gyro 1 and 3 are rotating in one direction and
Gyro 2 and 4 in the other direction so that the poles are always facing each
other. Note that for the gravitational case, similar poles attract contrary
to magnetic fields where opposite poles attract [27]. If the spinning gyros
now produce a frame-dragging-like field, a restoring torque would appear
proportional to the misalignment of the gyro’s axis with the spacecraft axis
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towards the guide star. This in turn will cause additional precession of the
gyros. We can express this drift in function of the misalignment angle Ψ as
[8, 18],

Ω =
Bg

2
sin Ψ, (6)

where Bg is the frame-dragging-like field at the location from one gyro
caused by the others. As a first approximation, we use a dipolar field ex-
pansion with a gyro separation of 75 mm and a gyro diameter of 38 mm.
The final speed of the four gyros was measured to be 79.4, 61.8, 82.1 and
64.9 Hz respectively. The gyros are made out of fused quartz spheres
coated with a 1.25 µm layer of Niobium. An anomalous torque propor-
tional to the misalignment angle was indeed seen in the GP-B experiment
with drift rates of a couple of arcsec/day/deg. The anomalous torque
anomaly is presently modeled as an electrostatic patch effect due to a vari-
ation of the electric potential along the gyro’s surface. Without distinguish-
ing between a patch effect or frame-dragging origin of this effect, we can
at least express an upper value for any non-classical frame-dragging field
generated by the rotating superconducting Nb shells. Using the average
torque of all four gyros, the upper-limit coupling factor Bg/ω ∼= 1·10−9 at
the center of the spinning superconductor. This is more than an order of
magnitude smaller compared to our setup.
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Figure 14: GP-B gyro misalignment torque drifts and spin-spin approx-
imation from Equ. 6 - data taken from [15] with linear fit up to 1◦ and
γSiO2

=0.6·1018.
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By using the angular momentum of the gyro, we can estimate an upper
limit for the enhancement factor by comparing the fields to the observed
anomalous torques. Since the gyro has only a Nb layer, the SiO2 will dom-
inate the angular momentum by orders of magnitude. By taking an en-
hancement factor γ for SiO2 that is half the value for Nb, we get a fairly
good match with the observed anomalous torques as shown in Fig. 8 (here
we assumed again a parity violation similar to the other experiments). This
suggests that our effect might be an alternative explanation for the anoma-
lous torques observed on Gravity-Probe B. Since we did not specifically
measure SiO2 in our setup, we can set this enhancement factor as a possi-
ble upper limit for this material at 4 K. Since Nb contributes very little to
the angular momentum, the upper limit enhancement factor is about a fac-
tor of 500 larger compared to the values from our experiment. That would
still leave enough room for a possible patch effect assuming that SiO2 does
not contribute to the frame-dragging effect. Further experiments are nec-
essary to clarify this point.

Summary and conclusion

High-resolution accelerometer and laser gyroscope measurements were
performed in the vicinity of spinning rings at cryogenic temperatures. Af-
ter passing a critical temperature, which does not coincide with the mate-
rial’s superconducting temperature, the angular acceleration and the an-
gular velocity applied to the rotating ring could be seen on the sensors al-
though they are mechanically de-coupled. A parity violation was observed
for the laser gyroscope measurements such that the effect was greatly pro-
nounced in the clockwise-direction only.

Tab. 1 summarizes our laser gyroscope experiments and compares them
with an independent test performed by the Canterbury Ring Laser Group
and the Gravity-Probe B anomalous torque measurements. The data is
given as a simple coupling factor with respect to the applied angular veloc-
ity (as predicted by superconducting-like models) as well as an enhance-
ment factor amplifying the classical frame-dragging field of the spinning
source. We see that the effect scales well with an enhancement factor of
∼= 1 ·1018 throughout the different experimental setups. Apart from the
parity violation, this suggests that the effect behaves similar to a classical
frame-dragging field but greatly amplified. It does not show the signature
of a superconductivity-like phenomenon, that would lead to similar Bg/ω

coupling factors between the different setups.

70



TIME AND MATTER 2007

Table 1: Comparison of all experimental data for a frame-dragging-like field
at T = 4 K at the center of the spinning source.

Coupling (Bg /ω) × 108 Enhancement γ × 1018

Experiment Material
CW CCW CW CCW

Tajmar et al. YBCO+Al 5.3±0.2 −1.2±0.1 1.7±0.1 −0.4±0.1
Nb+Al 3.2±0.5 −0.4±0.3 1.2±0.2 −0.1±0.1

Al 3.8±0.3 −0.7±0.3 1.7±0.1 −0.3±0.1

Graham et al. Pb −5.3±8.5 37.7±13.2 0.5±0.8 1.9±0.7

GP-B* SiO2 < 0.1 < 0.6
Nb < 0.1 < 500

* Gravity-Probe B upper limit, average over all gyros

The results can also be used to compare with different theoretical mod-
els that have been proposed predicting large frame-dragging fields around
rotating superconductors. Apart from the parity violation and the non-
superconductor critical temperatures observed in the experiments, espe-
cially the Gravity-Probe B data rules out all present models by up to 4 or-
ders of magnitude. The experimental data also rules out our initial Cooper-
pair mass anomaly hypothesis by 5 orders of magnitude [19, 20].

Table 2: Comparison of existing theoretical models with experimental lim-
its at T = 4 K at the center of the spinning source.

Coupling (Bg /ω) × 108

Theory
Tajmar config. (Nb) Graham config. GP-B config.

Tajmar and de Matos 395 332 395
Dröscher and Hauser 130 130 130

de Matos and Beck 1.6 1.6 1.6

Experimental results* 3.2 ± 0.5 37.7 ± 13.2 < 0.1

* We neglect the parity violation and use the maximum value from the CW or

CCW direction

The gyro responses do not correlate with the accelerometer measurements
because they are lower by a factor of 100 if one assumes the standard induc-
tion law. It is not clear at the moment if systematic effects such as vibration
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rectification are responsible for the accelerometer mismatch or if this dis-
crepancy between accelerometer- and gyro measurements is correct as this
was recently theoretically predicted [4].

All laser gyro systematic effects modeled and analyzed so far show that fa-
cility artifacts from mechanical friction, magnetic fields or vibration effects
are at least 3 orders of magnitude below the high-resolution gyro measure-
ments. Although vibration offsets might still be present in our data, which
will be investigated in further testing, all data and analysis suggests that
the observed effects are real.

Nomenclature

A = surface area of sample holder (m2)
Bg = frame-dragging field (rad/s)
c = speed of light (= 3·108 m/s)
γ = enhancement or relative frame-dragging permeability factor
G = gravitational constant (= 6.67× 10−11 m3/kg s2)
g = gravitational field (in unit of Earth standard acceleration = 9.81 m/s2)
I = angular momentum (kg m2/s)
m = mass (kg)
η = viscosity (Pa s)
ω̇ = angular acceleration (rad/s2)
ω = angular velocity (rad/s)
Ω = gyro precession (rad/s)
Ψ = gyro misalignment angle (◦)
R = radius (m)
T = temperature (K)
Tc = critical superconducting temperature (K)
v = velocity of helium gas (m/s)
∆x = gap between sample holder and sensor chamber (m)
z = distance along central spinning axis (m)
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Section III: Coherence,
De-coherence and Entanglement

entanglement role in studies of CP violation at B factories
tests of Einstein-Podolski-Rosen correlations

decoherence measurements in fullerene interferometry
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Measurement of EPR-type Flavour Entanglement in

Υ(4S) → B
0
B

0 Decays

AURELIO BAY∗ FOR THE BELLE COLLABORATION

Ecole Polytechnique Fédérale Lausanne

Abstract: The neutral B-meson pair produced at the Υ(4S) should ex-
hibit a non-local correlation of the type discussed by Einstein, Podolski
and Rosen. The time-dependent flavour asymmetry of the B mesons
decaying into flavour eigenstates is used to test such a correlation. The

asymmetry obtained from semileptonic B0 decays is in agreement with
the prediction from quantum mechanics and far away from the predic-
tions of the local realistic models tested.

The observation of partial decoherence in EPR systems could be a sig-
nal for New Physics: we have tested for such effects, and found our
results are consistent with no decoherence.

Introduction

The concept of entangled states (i. e. states which cannot be represented
as product states of their parts) was born in the ’30s in the midst of several
conceptual difficulties with Quantum Mechanics (QM). In 1935 Einstein,
Podolski and Rosen (EPR) wrote a paper which was an effort to clarify the
conceptual basis of QM and arrived at the conclusion that QM could not be
considered a “complete” theory [1]. EPR considered a pair of particles pro-
duced by the same interaction, subsequently freely propagating in space
but still linked by momentum conservation. EPR found a contradiction
when realism and locality are applied to the predictions of QM on a couple
of non-commuting observables (position and momentum, in their paper).
The conceptual problem is better understood considering the 1951 variant
by David Bohm using spin correlations [2]. In the EPR-Bohm experiment

∗ aurelio.bay@epfl.ch
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the two-particle singlet state can be written as:

|ψ〉 =
1√
2
[| ↑〉1 ⊗ | ↓〉2 − | ↓〉1 ⊗ | ↑〉2] (1)

where | ↑〉j (| ↓〉j) describes the spin state of jth particle (j=1,2) with spin
up (down) respectively. Measurement of the spin on one particle, unde-
termined prior to the measurement, will “collapse” the wave function to
one of the eigenstates and therefore predicts with certainty the outcome of
the spin measurement on the second particle without actually doing any
measurement. The important point is that the spin of the second particle
in a given direction is defined by the choice of the polarizer orientation on
the first particle. The orientation can be chosen at the “last moment”, just
prior to the arrival of the particle, and cannot be communicated to the sec-
ond particle system unless superluminal signals are invoked. We should
conclude that in a way or another the second particle carries the informa-
tion needed to behave correctly for any possible choices of the measure-
ment in the system of the first particle. Indeed, following EPR, one can
define “elements of reality” for spin in Sx and Sy direction for the second
particle, determined from the spin measurements done on the first parti-
cle. But according to QM the observables Sx and Sy do not commute and
therefore cannot have definite values at the same time. Following the EPR-
Bohm conclusion the description of reality given by QM is incomplete.
This points to the need of extra information, “hidden variables” (HV) for
instance, to complement QM. In 1964 J. S. Bell found a general scheme to
test QM against HV theories: he showed that a certain inequality which
is always satisfied by all local hidden variable models, can instead be vi-
olated by QM [3]. Following the demonstration by J. Clauser, M. Horne,
A. Shimony and R.Holt (CHSH), the correlation function for the measure-
ments of the two particles with spin analyzers with orientation a and b is
given by

E(a, b) =
∫

Γ

A(a, λ)B(b, λ)ρ(λ) dλ. (2)

A(a, λ), B(b, λ) are the results of the measurements (+1 or –1, correspond-
ing for instance to spin up and down in an experiment performed on spin
1/2 particles), and the HV are represented by the symbol λ. The HV follow
a normalized probability distribution ρ(λ). CHSH show that the inequality

|E(a, b) − E(a, c)|+ |E(b′, b) + E(b′, c)| ≤ 2 (3)

is always satisfied by any local realistic theory featuring HV, while QM
can violate it for some particular values of the analyzer orientations a, b, c,
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b′. The key point of the demonstration is the presence of products of the
kind B(b, λ)B(c, λ), representing the measurement of the same event by the
same apparatus, but with different orientations. The additional informa-
tion carried by λ is used to infer the result of such classical measurement,
incompatible with QM when orthogonal observables are measured.

Several Bell-CHSH experiments have been performed by measuring the
linear polarization of pairs of photons produced in a correlated state.

For this kind of experiment an optimized choice of angles brings to the
following Bell-CHSH inequality:

|S(φ)| = |3E(φ)− E(3φ)| ≤ 2 (4)

in which only two orientations of the analyzers need to be considered. In
this case QM predicts E(φ) = cos(2φ) for the two photons, giving a max-

imal value Smax = 2
√

2, when φ = π/8. Note that in the case of a spin
1/2 system, we would have obtained E(φ) = cos(φ), the maximum for S
occurring at φ = π/4.

In the experiment of A. Aspect, P. Grangier and G. Roger [4] the photons
with correlated linear polarization are produced from a 40Ca source. The
atom excited by a laser undergoes a cascade (J = 1) → (J = 0) → (J = 1).
A notable feature of this experiment is the usage of two two-channel polar-
izers allowing true dichotomic polarization measurements. On the other
hand a normalization is introduced to account for the limited detector effi-
ciency

E(φ) =
(R++ + R−−) − (R−+ + R−+)

(R++ + R−−) + (R−+ + R−+)
(φ) (5)

where the R±± are the four coincidence rates for relative orientation φ of
the two polarizers. For the optimal φ value, the results are in good agree-
ment with QM, and violate LR by many standard deviations.

T. D. Lee and C. N. Yang suggested to use neutral kaon pairs as an entan-
gled EPR system, the kaon flavour (the Strangeness S=1 or S=–1) playing
the role of spin up and down in a 1/2 spin system. Strangeness-entangled
pairs can be produced from the decay of a φ, for instance. The two exper-
iments CPLear (at CERN) and KLOE (Frascati) have studied correlations
in K0-K0 pairs, and they obtained results in agreement with QM predic-
tions [5, 17].

In this paper we present a study of EPR correlation in the flavour (the
beauty +1 or –1) of neutral B-meson pairs from Υ(4S) decays. The system
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is described by a wavefunction analogous to (1) [6, 7]:

|ψ〉 =
1√
2

[
∣

∣

∣
B0

〉

1
⊗

∣

∣

∣
B0

〉

2
−

∣

∣

∣
B0

〉

1
⊗

∣

∣

∣
B0

〉

2

]

. (6)

An important difference with the photon experiment resides in the fact that
the meson’s flavour is known only when it decays and only if it decays
into “flavour-specific” modes (like one of the semi-leptonic channels, in
which the flavour can be inferred from the electric charge of the lepton).
From 6 we deduce that decays occurring at the same proper time are fully
correlated: the flavour-specific decay of one meson fixes the (previously
undetermined) flavour (B0 or B0) of the other meson. From 6 we can also
deduce the time-dependent rate for decay into two flavour-specific states
for opposite flavour (OF, B0B0) and same flavour (SF, B0B0 or B0B0) decays,
and the corresponding time-dependent asymmetry (see Fig 1, curve QM):

ROF
SF

(∆t) = e−∆t/τ
B0 /(4τB0){1 ± cos(∆md∆t)}, (7)

AQM(∆t) ≡ ROF − RSF

ROF + RSF
(∆t) = cos(∆md∆t) (8)

∆t ≡ |t1 − t2| is the proper-time difference of the decays, and ∆md the mass
difference between the two B0-B0 mass eigenstates. (We have assumed a
lifetime difference ∆Γd = 0 and neglected the O(10−4) effects of CP vio-
lation in mixing.) The fact that the asymmetry depends only on ∆t, and
not on the absolute decay (measurement) times, t1 and/or t2, is a mani-
festation of EPR-type entanglement at a distance. It must be noticed that
experimentally it is very difficult to measure the absolute times t1 and t2,
hence only ∆t is available.

Recently the question arose about the possibility to perform a Bell test with
neutral K or B mesons. Several authors [7, 8] have suggested that the oscil-
lation of a neutral mesons meson during a time ∆t plays a role analogous
to the choice of the angular orientation of a spin analyzer, while in a pas-
sive mode. If this is correct, then the time dependent asymmetry A(∆t)
(Eq. 8) can be thought as a B-meson version of the correlation E(φ), Eq. 5,
with ∆md∆t ≡ φ. Like in the Aspect et al. experiment, the denominator
of the expression for A(∆t) accounts for the inefficiencies of the apparatus
and, in addition, for the fast rate reduction due to the short B0 lifetime.
Following Ref. [7], the Bell-CHSH test can be performed considering an
expression similar to Eq. 4. In this spin 1/2 system the maximal violation
should appear for φ = π/4 (∆t ≈ 2.6 ps). The results presented in Ref. [9]
are in agreement with QM and 3σ above the LR limit of 2. This approach
was criticized by [10, 11]. These authors consider the Bell tests unaccessible
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due to the rapid decrease in time of the B-meson amplitudes, and because
of the passive character of the flavour measurement.

Here we propose to demonstrate the existence of an intrinsic problem by
exhibiting a model HV based capable of violating the proposed inequality.
This is found to be the case for the Spontaneous and immediate Disentan-
glement model (SD), in which the B-meson pair separates into a B0 and B0

with well-defined flavour immediately after the Υ(4S) decay, which then
evolve independently [12].

In the SD model, the time-dependent asymmetry is

ASD(t1, t2) = cos(∆mdt1) cos(∆mdt2) (9)

=
1

2
[cos(∆md(t1 + t2)) + cos(∆md∆t)].

Note the additional t1 + t2 dependence, which can be removed by integrat-
ing the OF and SF functions for fixed values of ∆t. The result is represented
on Fig. 1 by the curve SD. From this result we can compute |S| as function
of ∆t. It is found that this HV model violates LR limit of two, for ∆t ≈ 1.3
ps and ∆t ≈ 4.2. This proves that we are not in the presence of a genuine
Bell-CHSH test and we are brought to abandon this approach.

To probe the non-local behaviour of the B0 pair we can pragmatically limit
ourselves to verify that, first, QM reproduces the experimental asymme-
try, and, second, this is not the case for any other “reasonable” HV-based
model. Within the definition of “reasonable” we include the capability to
reproduce the B0-B0 oscillation behaviour for each boson taken individu-
ally, after the Υ(4S) decay. In conclusion, we have chosen to compare our
results with the predictions of QM and two other models. We stress the fact
that to keep open the possibility of testing more models we also provide
a fully corrected experimental time-dependent asymmetry, i. e. the back-
ground is subtracted and the detector effects corrected by a deconvolution
method.

Our first candidate is the SD model seen before. The second is the local
realistic model by Pompili and Selleri (PS) [13]. In PS, each B transports
flavour information (B0 or B0), and mass (corresponding to the heavy and
light BH, BL eigenstates). There are thus four basic states: B0

H, B0
L, B0

H ,

B0
L. The model imposes mass and flavour anti-correlations at equal times

∆t = 0; mass values are stable, but the system is programmed to allow
random simultaneous jumps in flavour within the pair. The model is also
required to reproduce the QM predictions for uncorrelated B-decays. No
other assumptions are made: the result is an upper and a lower bound for
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Figure 1: Time-dependent asymmetry predicted by (QM) quantum me-
chanics and (SD) spontaneous and immediate disentanglement of the B-
pair, and (PSmin to PSmax) the range of asymmetries allowed by the Pompili
and Selleri model. ∆md = 0.507 ps−1 is assumed.

the asymmetry. For instance, the upper bound is

Amax
PS (t1, t2) = 1 − |{1 − cos(∆md∆t)} cos(∆mdtmin) (10)

+ sin(∆md∆t) sin(∆mdtmin)|.

The additional tmin = min(t1, t2) dependence is again removed by inte-
grating the OF and SF functions for fixed values of ∆t. A similar function
is given forAmin

PS . We obtain the curves PSmax and PSmin shown in Fig. 1.

Finally, assuming QM as the correct model, we can consider hypotheti-
cal effects which can disturb the propagation of the entangled wave func-
tion [14, 15], and affect the time-dependent asymmetry. For instance, deco-
herence can originate from the ”interaction” with a foamy space-time. The
time evolution of the system state represented by a density matrix ρ(t) can
be described by a modified Liouville equation

dρ

dt
= i[ρ, H] + D[ρ], (11)

where D[ρ] represents a dissipative term. In the most simple approach a
single “decoherence parameter” λ ≤ 0 is introduced, D[ρ] ∼ λ. From
Ref. [16] the order of λ cannot be larger than E2/mPl, with E the typical en-
ergy scale of the mass system, emphasizing the interest to consider systems
with the largest possible energy. In this framework Eq. 7 becomes
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ROF
SF

=
e−∆tτ

B0

4τB0

(1 ± (1 − eλtmin) cos(∆md∆t)). (12)

The effect on A(δt) is a modulation of the amplitude. Not having access
to tmin, a simplified parametrisation of the global effect has been adopted.
Making the hypothesis of a partial disentanglement into mass or flavour
eigenstates the asymmetry becomes, respectively

A = (1 − ζBH BL
)AQM, and (13)

A = (1 − ζB0B0)AQM + ζB0B0 ASD (14)

(Eq. (13) corresponds to formula 3.5 in Ref. [17], for ∆Γ = 0).

Data analysis

To determine the asymmetry we use 152 × 106 BB pairs collected by the
Belle detector at the Υ(4S) resonance at the KEKB asymmetric-energy (3.5
GeV on 8.0 GeV) e+e− collider [18].

The Belle detector [19] is a large-solid-angle spectrometer consisting of
a silicon vertex detector (SVD), central drift chamber (CDC), aerogel
Cherenkov counters (ACC), time-of-flight counters (TOF) and a CsI(Tl)
electromagnetic calorimeter (ECL) inside a 1.5T superconducting solenoid.
The flux return is instrumented to detect K0

L and identify muons (KLM).

The Υ(4S) is produced with βγ = 0.425 close to the z axis. As the B mo-
mentum is low in the Υ(4S) center-of-mass system (CMS), ∆t can be de-
termined from the z-displacement of B-decay vertices: ∆t ≈ ∆z/βγc. The
SVD provides ∆z with a precision of about 100 µm.

The event selection for this study (see Ref. [20] for details) was optimized
for theoretical model discrimination. To enable direct comparison of the
result with different models, we subtract both background and mistagged-
flavour events from the data, and then correct for detector effects by de-
convolution. The flavour of one neutral B was obtained by reconstruct-
ing the decay B0 → D∗−ℓ+ν, with D∗− → D0π−

s and D0 → K+π−(π0)
or K+π−π+π− (charge-conjugate modes are included throughout this pa-
per). The D0 candidates must have a reconstructed mass compatible with
the known value. A D∗ is formed by constraining a D0 and a slow pion to
a common vertex. We require a mass difference Mdiff = MKnππs − MKnπ ∈
[144.4, 146.4] MeV/c2 (Fig. 2, left), and CMS momentum p∗D∗ < 2.6 GeV/c,
consistent with B-decay.
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Figure 2: Left: Mdi f f distribution. Right: asymmetries before (red dots)
and after (crosses) the corrections for the background and wrong flavour
events. Statistical (black) and total errors (green) are superimposed.

The CMS angle between the D∗ and lepton needs to be greater than
90◦. From the relation M2

ν = (E∗
B − E∗

D∗ℓ)
2 − |~p ∗

B |2 − |~p ∗
D∗ℓ|2 +

2|~p ∗
B ||~p ∗

D∗ℓ| cos(θB,D∗ℓ), where θB,D∗ℓ is the angle between ~p ∗
B and ~p ∗

D∗ℓ, we
can reconstruct cos(θB,D∗ℓ) by assuming a vanishing neutrino mass. We
require | cos(θB,D∗ℓ)| < 1.1. The neutral B decay position is determined by

fitting the lepton track and D0 trajectory to a vertex, constrained to lie in
the e+e− interaction region. The remaining tracks are used to determine
the second B decay vertex and flavour(see Ref. [21]; in this analysis we use
only the high purity leptonic tags).

In total 8565 events are selected (6718 OF, 1847 SF). To compensate for the
rapid fall in event rate with ∆t, the time-dependent distributions are his-
togrammed in 11 variable-size bins (see Table 1). The raw asymmetry is
shown in Fig. 2, right (dots). Background subtraction is then performed
bin-by-bin; systematic errors are likewise determined by estimating varia-
tions in the OF and SF distributions, and calculating the effect on the asym-
metry.

A GEANT-based Monte Carlo (MC) sample was analysed with identical
criteria, and used for consistency checks, background estimates and sub-
traction, and to build deconvolution matrices.

Four types of background events have been considered: e+e− → qq̄ contin-
uum, fake D∗, wrong D∗–lepton combinations, and B+ → D∗∗0ℓν events.
Off-resonance data (8.3 fb−1) were used to estimate the continuum back-
ground, which was found to be negligible. Fake D0 reconstruction and
misassigned slow pions producing a fake D∗ background were estimated
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Table 1: Time-dependent asymmetry in ∆t bins, corrected for experimental
effects, with total uncertainties.

bin window [ps] A and total error bin window [ps] A and total error
1 0.0 – 0.5 1.013 ± 0.028 7 5.0 – 6.0 −0.961 ± 0.077
2 0.5 – 1.0 0.916 ± 0.022 8 6.0 – 7.0 −0.974 ± 0.080
3 1.0 – 2.0 0.699 ± 0.038 9 7.0 – 9.0 −0.675 ± 0.109
4 2.0 – 3.0 0.339 ± 0.056 10 9.0 – 13.0 0.089 ± 0.193
5 3.0 – 4.0 −0.136 ± 0.075 11 13.0 – 20.0 0.243 ± 0.435
6 4.0 – 5.0 −0.634 ± 0.084

from the sideband in Mdiff (Fig. 2, left). The contamination from wrong
D∗–lepton combinations was obtained by a reverse lepton momentum
method, the validity of which was confirmed by MC studies. A fit of the
cos(θB,D∗ℓ) distribution allows the extraction of the D∗∗− component. The
MC is then used to compute the fraction from charged B mesons which
must be subtracted (as it has no mixing).

After correction for wrong flavour assignments (an event fraction of
0.015 ± 0.005) using OF and SF distributions from wrongly-tagged MC
events, we obtain the time-dependent asymmetry shown in Fig. 2, right
(crosses).

Remaining experimental effects (e.g. resolution in ∆t, selection efficiency)
are corrected by a deconvolution procedure based on the singular value de-
composition method described in Ref. [22]. 11 × 11 response matrices are
built separately for SF and OF events, using MC D∗ℓν events indexed by
generated and reconstructed ∆t values. The procedure has been optimised,
and its associated systematic errors inferred by a toy Monte Carlo where
sets of several hundred simulated experiments are generated with data and
MC samples identical in size to those of the real experiment, but assuming
the three theoretical models. We test the consistency of the method ap-
plied to our data by fitting the B0 decay time distribution (summing OF
and SF samples), leaving the B0 lifetime as a free parameter. We obtain
1.532± 0.017(stat) ps, consistent with the world average [23]. We have also
repeated the deconvolution procedure using a subset of events with better
vertex fit quality, and hence more precise ∆t values: consistent results are
obtained. The final results are shown in Table 1 and Fig. 3.
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Figure 3: The bottom part of each plot represents the time-dependent
flavour asymmetry (crosses) and the results of weighted least-squares fits
to the model (the rectangles, showing ±1σ errors on ∆md). The top part
show the differences ∆ ≡ Adata − Amodel in each bin, divided by the total
experimental error σtot. In the case of the PS model (bottom left) bins where
Amin

PS < Adata < Amax
PS have been assigned a null deviation: see the text.
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Comparison with the theoretical models

The model testing is done by a least-square fit to A(∆t), leaving ∆md free,
but taking the world-average ∆md into account. To avoid bias, we dis-
card BaBar and Belle measurements, which assume QM correlations: this
yields [24] 〈∆md〉 = (0.496± 0.014) ps−1.

Our data is in agreement with the prediction of QM: we obtain ∆md =
0.501 ± 0.009 ps−1 with χ2 = 5.2 for 11 dof (see Fig. 3). SD is rejected
by χ2 = 174 (∆md = 0.419 ± 0.008). To fit PS we have used the closest
boundary to our data Amax

PS , Eq. (11), or Amin
PS , but assumed a null deviation

for data falling inside the boundaries. We obtain χ2 = 31.3 (∆md = 0.447±
0.010 ps−1): the data favour QM over PS at the 5.1σ level.

As noted above, CP violation in mixing can be neglected. Introducing a

lifetime difference ∆Γd
Γd

= 0.009± 0.037 [24] has a negligible effect on the fit.

Decoherence studies

We have examined the possibility of a partial loss of coherence just after
the decay of the Υ(4S) resonance.

The fraction of events with disentangled B0 and a B0 can be estimated by
fitting our asymmetry with the mixture of Eq. (14), leaving ζB0B0 free. The
fit finds ζB0B0 = 0.029± 0.057, consistent with no decoherence.

The second possibility considered is a partial decoherence into mass eigen-
state, for which we expect a reduction in the amplitude of A(∆t), as given
by Eq. (13). The result of a fit gives a value of ζBH BL

= 0.004 ± 0.017 (pre-
liminary), also compatible with zero.

Conclusion

The neutral B-meson pair produced at the Υ(4S) should exhibit a non-local
correlation of the EPR type. Ideally a Bell test should be performed to check
that hidden variables are not active in the system. On the other hand we
have seen that there is little hope to perform such a test. Ultima ratio we
have decided to compare our data to QM and to two local realistic mod-
els: the model of Pompili and Selleri and a model with spontaneous and
immediate disentanglement in which definite-flavour B0 and B0 evolve in-
dependently.
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We have measured with the Belle apparatus neutral B pairs from Υ(4S)
decay. We have determined the time-dependent asymmetry due to flavour
oscillations. The distribution has been corrected for experimental effects:
the background has been subtracted and the resolution effects corrected
by a deconvolution model, in such a way that the resulting distribution
can be directly compared to theoretical models. We have found that QM
reproduces our results well, while the two other models are strongly dis-
favoured.

The observation of partial decoherence in EPR systems could be a signal
for New Physics. We have studied a possible disentanglement into mass
or flavour eigenstates. We have found that our data is consistent with a
null fraction of events with a loss of entanglement.
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Section IV: CP and T Violation

CP and T violation measurements
experimental tests of CPT symmetry in the neutral kaon system

CP violation in B meson decays
CP violation measurements at Large Hadron Collider
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CP and T Violation with K Mesons

M.S. SOZZI∗

University of Pisa and INFN, Largo Pontecorvo 3, 56126 Pisa, Italy

Abstract: Recent measurements of charge-conjugation parity and
time-reversal symmetry violations in the kaon system are reviewed
and discussed, and ongoing and future activities in the field are briefly
described.

Introduction

Since its discovery in 1964 [1] the investigation of CP violation was always
high on the agenda of fundamental research in particle physics, although
it is only in the last decade that the unceasing experimental efforts actu-
ally led to the gathering of qualitatively new pieces of information. Still,
however, the deep meaning and origin of this subtle effect remains un-
clear, although the recognition of the importance of its rôle in Nature grew
steadily.

This paper will try to give a broad and shallow, but fairly complete,
overview of the investigations performed on CP violation (and its close
counterpart, T violation) using the system of K mesons, which is uniquely
attractive for this purpose. In the spirit of the Time and Matter conference,
the review is addressed to interested non-specialists; the interested reader
can find many more details e.g. in [2].

Kaons: some history

K mesons (kaons) are the lightest form of “flavoured” matter, as they con-
tain a quark or an anti-quark from one of the heavier families which are not
present in ordinary matter, namely the strange quark. For this very reason
they played a central role in shaping what we now know as the Standard

∗ marco.sozzi@cern.ch
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Model (SM) of particle physics: one should just recall the Cabibbo angle,
the fall of parity, the prediction of the existence of the charm quark and of
course CP violation. Arguably, no other particle extended our understand-
ing of the structure of Nature at the fundamental level more than the kaon,
as it opened the field of flavour physics.

The tiny violation of the combined parity and charge-conjugation symme-
tries (CP violation) first manifested itself in a not-so-straightforward way
as the evidence of two-pion decay of the long-lived neutral K meson, a
physical state which was known to decay copiously to the three-pion state
of opposite CP-parity.

The importance of CP violation needs not being recalled here: let us just
note that it is the tiniest observed violation of a discrete symmetry and,
as a required ingredient in any (not-too-weird) cosmological baryogenesis
recipe, it is deeply related to the observed matter-antimatter asymmetry
of the Universe, and (through the “sacred” CPT theorem) to microscopic
time reversal violation. The involvement of charge conjugation implies
that the study of CP symmetry is only accessible to high-energy physics
experiments.

The importance of the kaon system for CP violation does not stem only
from it being the one in which such phenomenon was originally discov-
ered, but also from the fact that it displays all the features of flavour
physics, and in particular all the (known) kinds of CP violation (of the
same magnitude as in other systems, e.g. B mesons), and moreover it is a
rather simple system, easily accessible from an experimental point of view;
in this sense kaons can be considered as the minimal flavour laboratory. Their
main downside is related to their theoretical understanding: as it is often
the case at low (with respect to the QCD scale) energies, the link from the
observed properties to the fundamental parameters of the underlying the-
ory is marred from nightmarish QCD difficulties in the theoretical treat-
ments, which so far resulted in precise computations not being available
for kaons.

All possible ways in which CP and T violation can manifest themselves
can be and have been investigated with kaons: the existence of physi-
cal states which are not CP eigenstates (the aforementioned decay of the
long-lived state to KL → 2π, showing it has a CP = +1 component),
the transition between states with different CP eigenvalues (K2 → 2π,
direct CP violation), the time asymmetry of virtual transition probablil-
ities P(K0 → K

0
) 6= P(K

0
→ K0), the differences in the behaviour of CP-

conjugate states (charge asymmetries in K± decays), and the search for
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non-zero T-odd quantities (transverse lepton polarization in Kℓ3 decays).
In the following all the above signatures will be briefly discussed.

Progress in the investigation of CP violation showed a rather long hiatus,
since after the initial discovery not much qualitatively new information
was obtained for about 36 years, and the phenomenon remained quite elu-
sive and moreover apparently confined to the neutral kaon system, despite
a rather aggressive worldwide experimental program. Such a situation al-
lowed the survival of the super-weak ansatz [3], according to which the
only known manifestation of CP violation could be attributed to a tiny new
kind of interaction, which would be enhanced by the sensitivity linked to
the small mass difference between the neutral K states, while remaining
practically unobservable anywhere else. The big question was therefore
whether CP violation was indeed an intrinsic property of weak interac-
tions (as suggested by the CKM picture in the SM) or rather a more exotic
phenomenon. The key in answering this question laid in the search for
CP violation in the decay amplitudes, or direct CP violation, i.e. an effect
which could not possibly be attributed to a property of the decaying sys-
tem itself (the neutral K), in contrast to the known indirect CP violation,
parameterized by the quantity

|ǫ| ∼

∣

∣

∣

∣

A(KL → ππ)

A(KS → ππ)

∣

∣

∣

∣

≃ 2·10−3 (1)

and related to the virtual K0 − K
0

oscillations. Only the latter effect could
be accounted for by a super-weak model, while the CKM scheme predicts
the existence of both (although not quantitatively). This second manifes-
tation of CP violation, which turned out to be much smaller than the first
for the K system, in general requires the presence of two interfering ampli-
tudes with interacting hadrons in the final state.

The final clarification of this long-standing puzzle concerning the exis-
tence of direct CP violation in Nature had to wait 1999, when the first re-
sults from the latest round of dedicated neutral kaon experiments were an-
nounced; eventually both the E832 (KTeV) experiment at Fermilab [4] and
the NA48 experiment at CERN [5] proved that direct CP violation exists,
confirming a (disputed) earlier indication of the NA31 CERN experiment
[6]. The above experiments showed that CP violation is indeed present
in the decay amplitudes of the long-lived neutral kaon to two-pion final
states, as quantified by the small but non-zero parameter ǫ′,

ǫ′ ≃
1

3

[

A(KL → π+π−)

A(KS → π+π−)
−

A(KL → π0π0)

A(KS → π0π0)

]

. (2)
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Averaging the most precise results on Re(ǫ′/ǫ) one obtains

Re(ǫ′/ǫ) = (16.3± 2.3)·10−4. (3)

A graphical depiction of the present data is shown in figure 1; the inter-
ested reader can find more details on this whole story for example in [7].

Re(ε’/ε)

Average: (16.3 ± 2.3) 10-4

E731
(7.2 ± 6.0) 10-4

NA31
(22.5 ± 6.5) 10-4

KTeV
(20.2 ± 2.8) 10-4

NA48
(14.4 ± 2.2) 10-4

0 0.002 0.004 0.006

Figure 1: Ideogram of recent Re(ǫ′/ǫ) measurements. The curve shows the
(unnormalized) probability distribution according to the PDG procedure
[27]. The quoted error is inflated to reflect the unsatisfactory statistical
consistency of the results.

Direct CP violation actually represents the most straightforward matter-
antimatter asymmetry effect, and when the above result is rewritten as a
partial decay width difference both its physical meaning and its numerical
significance are clearer,

Γ(K0 → π+π−)− Γ(K
0
→ π+π−)

Γ(K0 → π+π−) + Γ(K
0
→ π+π−)

= (5.04± 0.82)·10−6. (4)
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While the main importance of the above result is expressed by the fact that
ǫ′ 6= 0 (with a significance which at present exceeds 7 standard deviations),
regardless of its exact value, one should not oversee the fact that this pa-
rameter is now measured at the ∼ 15% level, and improvements on the
precision are expected when the final result from the full KTeV statistics
will be available.

Right after the above results appeared, a steady flow of CP-violating mea-
surements in the heavier system of neutral B mesons started emerging
from B-factories [8] [9]: the main advantage of such system with respect
to K is that among many more available decay modes some can be found
which are better tractable theoretically, so that the experimental results can
be used to extract information on the parameters of the underlying theory,
namely the angles of the CKM unitarity triangles.

On the contrary, the theoretical difficulties (linked to strong interaction ef-
fects) in the computation of the ǫ and ǫ′ parameters are formidable, and
despite the good accuracy of the experimental results such parameters can-
not yet be used as quantitative constraints on the Standard Model in a pre-
cise way, although progress is expected to come (since quite some years,
actually) from lattice QCD simulation. What can be fairly said today con-
cerning the comparison of ǫ′ with the Standard Model is that the measured
value is fully consistent with the theory, which indeed predicts such an ef-
fect to exist within an order of magnitude.

One point of interest in this respect is linked to the hypothesis of “anti-
gravity”, that is a possible difference in the gravitational interaction of mat-
ter and anti-matter, which periodically resurfaces in physics. The K0 − K

0

coupled system is a very precise interferometric system on which such hy-
pothesis could be tested, as any difference in the gravitational coupling of
the two particles would perturb the oscillation pattern; indeed the small-
ness of the experimental asymmetry was used to set limits on antigrav-
ity [10], but the same argument was later turned around to propose that
the measured effect usually ascribed to CP violation might indeed be an
(anti-)gravitational effect. The measurement of direct CP violation, not
arising in particle-antiparticle oscillations, breaks the above connection,
sending back the antigravity hypothesis to a limbo.

Another experimental approach for kaon experiments should be men-
tioned at this point, which is analogous to that of B meson factories: the
KLOE experiment at the DAΦNE e+e− collider in Frascati, working from
1999 to 2006, produced entangled K0K

0
(and K+K−) pairs by running at

the centre of mass energy of the φ resonance (1020 MeV). In this way sev-
eral interesting measurements can be made with a technique which is quite
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complementary to the one used at hadron colliders. While a lack of lumi-
nosity was an obstacle to high-statistics measurements, and the original
aim of measuring direct CP violation was not reached, KLOE provided
many other interesting measurements, including the first evidence for QM
interference in the kaon system.

An entangled-pair experiment as KLOE might in principle offer an alter-
native way of measuring direct CP violation parameters: by studying the
correlated decay probability of the pair into two different hadronic states
(π+π− and π0π0) as a function of their time difference, both the real and
imaginary part of ǫ′/ǫ (the latter quantity being linked to direct CPT vio-
lation) could be extracted [11], although much higher statistics is required
than is available at KLOE.

More CP violation with neutral kaons

More traditional ways of measuring CP violation also saw a renaissance
in recent years, as a byproduct of the high-statistics experiments discussed
above. The KL →π+π− decay amplitude was re-measured at KLOE, KTeV
and NA48, reaching the 0.5% accuracy level, using different experimental
approaches.

The radiative decays K → ππγ offer a different way of probing
CP-violating asymmetries. While for the most part dominated by
Bremsstrahlung which (being an EM effect) is not expected to introduce any
new feature, such decays also exhibit photon emission from the (weak) de-
cay vertex, which can be accessed experimentally at the high end of the
centre-of-mass photon energy distribution. Such “direct emission” contri-
butions were measured both in KL → π+π−γ [12] and in K± → π±π0γ,
where recently NA48/2 also observed the interference term between the
two terms [13], a potential source for observing CP violation effects, esti-
mated at the O(10−4) level. It should also be mentioned that more than
10 years ago the E731 experiment at FNAL studied KL − KS interference
in radiative decays behind a regenerator, obtaining a result fully consis-
tent (at modest accuracy) with the known CP violation in ππ decays, thus
showing no new sources of asymmetry [14].

Another more recent use of radiative decays is linked to the detection of
the rare decay KL → π+π−e+e− in the ’90s by KTeV and NA48 (BR ≃
3 · 10−7). Internal photon conversion allows the polarization analysis of the
π+π−γ decay, as the lepton plane orientation is correlated to the photon
helicity; in this way a rather large asymmetry between the π+π− and e+e−

planes is expected to originate from CP violation (as polarization states are
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no longer summed over). Such asymmetry was indeed measured to be
≃ 13%, consistent with indirect CP violation in ππ decay [15, 16] (see fig.
2).

Figure 2: Distributions of the angle φ between the lepton and dipion planes
in KL → π+π−e+e− from KTeV.

A similar kind of measurement was also performed in the purely leptonic
decays KL, KS → e+e−e+e− [17, 18], where no significant CP violation was
detected, as expected.

Precise measurements of the charge asymmetry of semi-leptonic decay
rates with several hundred millions KL decays were obtained both by KTeV
[19] and NA48 [20]. The results give

δ
(e)
L ≡

Γ(KL → π−l+ν) − Γ(KL → π+l−ν)

Γ(KL → π−l+ν) + Γ(KL → π+l−ν)
= (3.34± 0.07)·10−3, (5)

which, assuming CPT conservation, provides a measurement of the (in-
direct) CP violation parameter ǫ which is fully consistent (and more pre-
cise) that the one obtained from hadronic decays (no direct CP violation
is possible in this decay mode due to lack of interfering amplitudes). The
corresponding quantity for the KL → πµν decay is measured to be fully
consistent with the above, as expected from µ − e universality.

A new result was obtained by the KLOE experiment, which detected for
the first time the semi-leptonic decays of KS and measured their (indirect
CP-violating) charge asymmetry in the πeν mode to be [22],

δ
(e)
S = (1.5 ± 9.6 ± 2.9)·10−3. (6)
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The equality of the above asymmetry with the precisely-measured one of
KL (δL(e)) provides in principle a test of CPT violation, which is however
still far from being statistically significant.

Besides the usual CP violation in KL → 2π decays, searches were per-
formed also in KS → 3π decays (KS would be expected to be a pure
CP = +1 state if CP were conserved, while 3π states are dominantly
CP = −1), where any effect is expected to be much smaller due to the
large KS → 2π decay rate. Interference of KS and KL decays into 3π fi-
nal states was searched for at hadron machines (NA48/1 experiment) [24],
while by exploiting pure tagged KS decays the best current limit was set
by KLOE [25],

BR(KS → 3π0) < 1.2·10−7 (90% CL), (7)

still far from the expected figure ≈ 10−9.

Unitarity imposes a relation linking the (indirect) CP− and CPT− violat-
ing parameters to all the physical decay amplitudes: for the kaon system,
with a limited number of decay modes, such Bell-Steinberger relation [21]
is useful to obtain information on the symmetry-violating parameters.

The analysis of the consequences of the above relation is periodically re-
peated as new data becomes available; using the last experimental input
this gives [26],

Re(ǫ) = (160.2± 1.3)·10−5, Im(δ) = (1.2± 1.9)·10−5, (8)

where δ is the phenomenological parameter describing (indirect) CPT vi-
olation, linked to differences in mass and decay widths between K0 and
K

0
.

In this respect an older CERN experiment should also be mentioned, which
provided a wealth of measurements on the kaon system with a different
technique, akin to that used to study CP violation in B mesons at hadronic
colliders. CPLEAR [23] exploited low-energy pp collisions to produce
tagged K0, K

0
mesons and to study their time evolution. While unable

to pursue the initial goal of (what else?) measuring direct CP violation,
from 1990 to 1996 this experiment measured several quantities, some of
them unique, greatly contributing to the knowledge of the strange flavour
sector.

CP violation with charged kaons

Charged particles are free from mixing effects, and any CP asymmetry
there would be necessarily of the direct kind. Again, theoretical predic-
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tions of direct CP-violating effects are quite difficult, and only order of
magnitude estimates are usually available; the smallness of strong rescat-
tering phases leads in general to tiny values for the asymmetries in the SM
(below the 10−4 level).

While several asymmetry measurements were performed with charged
kaons in the past, all with null results, until recently a large gap still re-
mained between the ballpark values expected in the Standard Model and
the experimental results, which allowed for possible large enhancements,
actually predicted for some parameter values of new physics models, such
as SUSY.

A great improvement in the accuracy of the measurement was achieved by
the NA48/2 experiment, which studied the most copious charged kaon
decay modes in which CP violation might be expected, namely K± →
π±π+π− and K± → π±π0π0 (with BR in the percent range).

Since decay rate asymmetries are expected to be suppressed and are also
more difficult to measure experimentally, the experiment focused on the
search for K± differences in the shapes of Dalitz plots, which for such 3-
body decays are parameterized by slope parameters with respect to two
Lorentz-invariant kinematical variables [27]. Control of systematics is of
paramount importance for such kind of measurement, and NA48/2 ex-
ploited a unique configuration with two simultaneous, superimposed, nar-
row momentum spectra (60 ± 3 GeV/c) K+ and K− beams (see fig. 3), and
extracted asymmetries on the linear slope parameters g for the dependence
of the decay rate on the kinematical variable corresponding to the CM en-
ergy of the odd-sign pion. These were obtained from the measured ratios
of normalized kinematical distributions, equalizing acceptance differences
mostly linked to the presence of an analyzing magnetic field by frequently
reversing its polarity. In this way a robust measurement was obtained in
two years of data-taking (2003-04), in which first-order instrumental asym-
metries were eliminated and systematics from second-order effects were
kept low enough to match the statistical precision obtained by collecting
more than 3·109 K± decays.

The use of quadruple ratios of decay distributions, in which configura-
tions with opposite magnetic fields orientations entered, allowed the can-
cellation of beam-related differential effects and global time instabilities,
only leaving a sensitivity to small residual time differences of left-right
instrumental asymmetries on short (few hours) timescale, whose effect
was bounded by measurements of the possible corresponding sources and
Monte Carlo estimates of the sensitivities.
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Figure 3: Schematic drawing of the beam configuration for the NA48/2
charged kaon experiment.

While the measurement for the decay mode with three charged pions
only involved the magnetic spectrometer, that for the mode with two
π0 used only the electro-magnetic calorimeter, thus resulting in a com-
pletely indipendent measurement which, despite the lower branching ra-
tio and acceptance, could match the former in precision thanks to the more
favourable kinematical configuration.

The statistically-dominated final results from the experiment are consistent
with no direct CP violation effects [28],

g+ − g−
g+ + g−

(K± → π±π+π−) = (−1.5 ± 2.2)·10−4, (9)

g+ − g−
g+ + g−

(K± → π±π0π0) = (1.8 ± 1.8)·10−4, (10)

and represent a ten-fold improvement on earlier results (see fig. 4), closing
the gap for possible non-SM enhancements of direct CP-violation in these
modes.

CPT conservation, or T violation

Since the early measurements of CP violation, tests were performed to
check whether such phenomenon was accompanied by time-reversal vi-
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Figure 4: Results on Dalitz plot slope asymmetries in K± → 3π decays.

olation – as CPT conservation would require – or CPT symmetry was ac-
tually violated. First indications that the former scenario is favoured came
from the measurement of the phase difference of the KL, KS → 2π am-
plitudes in interference experiments: since CPT symmetry requires such
phase difference to be close to a value dictated by the mass and decay
width differences of the two physical states, which turns out to be close
to π/2, while in the opposite case of T conservation (and CPT violation)
such difference should be ≈ π. The data, including the most recent mea-
surements by KTeV [4] confirm that the usual indirect CP violation is not
accompanied by (indirect) CPT violation,

φ+− = 43.4± 0.7◦, φ00 = 43.7 ± 0.8◦, (11)

but rather by T violation.

A direct test of time reversal symmetry was proposed long ago by P.
Kabir, namely the comparison of the forward and backward probabilities
of K0 − K

0
virtual transitions,

AT =
Γ(K

0
→ K0) − Γ(K0 → K

0
)

Γ(K
0
→ K0) + Γ(K0 → K

0
)

. (12)

Exploiting semi-leptonic decays of neutral kaons, the CPLEAR experiment
could actually perform the first (and so far sole) measurement of time-
reversal violation [29],

AT = (6.6 ± 1.3 ± 1.0)·10−3, (13)

which is fully consistent with the value expected from the known mixing
(indirect) CP-violation parameter ǫ, assuming CPT conservation.
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Other approaches have been used in searching for T violation effects, such
as the measurement of T-odd correlations in multi-body decays. In a 3-
body final state a T-odd quantity involving spin can be built; the classic
example, with a long history, is the lepton polarization transverse to the
decay plane in K → πℓν decays (ℓ being a lepton),

P
(ℓ)
T =

pπ × p
ℓ
· Sℓ

|pπ × p
ℓ
||Sℓ|

, (14)

where p are momenta and S is spin. The above parameter can be non-zero
due to the interference of two decay amplitudes with different phases (CP
violation), which are only sizable in the case ℓ = µ. Experiments in the
’70s reached the final-state interaction limit for KL decays, while experi-
ments continued on K+ → π0µ+ν decay: E246 at KEK, an elegant third-
generation precision experiment (see fig. 5), recently published its final
result [30],

P
(µ)
T (K+ → π0µ+ν) = (−1.7 ± 2.3 ± 1.1)·10−3, (15)

based on the analysis of 12 million decays of stopped K+.

A planned experiment at the new Japanese proton facility J-PARC is ex-
pected to push further this technique to achieve a tenfold improvement in
accuracy, approaching the final-state interaction limit.

T-odd quantities involving only momenta can be formed in 4-body decays,
an example being

ξ =
pπ × p

ℓ
· pγ

|pπ × p
ℓ
· pγ|

(16)

in K → πℓνγ decays, in which final-state interaction effects are estimated
to be at the 10−4 level. A null result with modest accuracy for the above
quantity was obtained on a thousand events by the ISTRA experiment [31]
and a measurement is underway by NA48/2 with ten times more data and
a better control of systematics.

Future and conclusions

After having contributed in such a significant way to the shaping of the
Standard Model of particle physics, the kaon system still appears to be an
endless source of opportunities for investigating the mysteries of flavour
physics, and new horizons are being opened.
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Figure 5: Schematic drawing of the principle of the KEK E246 experiment
for measuring the transverse polarization of muons in K+ → π0µ+ν de-
cays.

It was realized that a class of flavour-changing neutral-current induced
kaon decays holds a great potential as precision probe of the current pic-

ture of particle physics: these are decays of the kind K → πℓℓ, in which
strong-interaction effects are confined to one neutral-current vertex, which
is accurately known from experiment, so that precise theoretical predic-
tions can be made. Due to a well-known correlation in physics, unfortu-
nately the expected branching ratios for these theoretically clean decays
are in the 10−11 range, making their detection somewhat hard from an ex-
perimental point of view.

While K± → π±ℓ+ℓ− are dominated by long-distance physics and thus
useless for precision measurements, KL → π0ℓ+ℓ− are interesting, in that
their short-distance part can be precisely computed; in this case, however,
in order to isolate the interesting CP-violating short-distance contribution
an indirect CP-violating and a CP-conserving part have to be measured
(using ancillary decay modes) and subtracted. Experimental limits are
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available on these modes at the few 10−10 level, but further progress would
require dedicated experiments.

Even more interesting are the decays with two neutrinos in the final state,
in which no EM corrections are involved: K± → π±νν and KL → π0νν.
The former was detected (3 events) by the dedicated BNL experiment E787
[32], while only upper limits exist for the latter, which is CP-violating. For
these two decay modes the theoretical predictions have the astounding
non-parametric uncertainties of only a few percent, and thus they repre-
sent very powerful probes for testing the SM at very high precision.

The experimental challenges to be overcome in order to measure kinemat-
ically unconstrained decays with backgrounds 9-10 order of magnitudes
larger than the signal are clearly formidable, but the high potential of such
investigations deserves the efforts. Two new projects are underway to mea-
sure both the above “golden” decay modes in flight: NA62 at CERN [33]
plans to collect ∼ 80 K+ decays in two years, and the follow-up to E391a
at KEK [34], to be carried on at J-PARC, targets the KL decays. Such exper-
iments are really complementary to those at the energy frontier: when (if)
LHC will eventually reveal the existence of new particles beyond the SM,
their nature and flavour properties will only be acessible to experiments
at the precision frontier, of which those mentioned above are the prime
examples.
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Abstract: The neutral kaon system offers a unique possibility to
perform fundamental tests of CPT invariance, as well as of the ba-
sic principles of quantum mechanics. The most recent limits on CPT
violation are reviewed, including the ones related to possible deco-
herence mechanisms or Lorentz symmetry breaking, which might be
induced by quantum gravity. Quantum coherence tests are also re-
viewed. The experimental results show no deviations from the expec-
tations of quantum mechanics and CPT symmetry, while the accuracy
in some cases reaches the interesting Planck’s scale region. A possible
demonstration of the quantum eraser principles using correlated kaon
pairs at a φ-factory is briefly discussed. Finally, perspectives on this
kind of experimental studies at an upgraded DAΦNE e+e− collider at
Frascati are presented.

Introduction

The three discrete symmetries of quantum mechanics, C (charge conjuga-
tion), P (parity) and T (time reversal) are known to be violated in nature,
both singly and in pairs. Only the combination of the three - CPT (in any
order) - appears to be an exact symmetry of nature. An intuitive justifi-
cation of this [1] can be based on the fact that our space-time is four di-
mensional, and that for an even dimensional space, from well known ge-
ometrical arguments, reflection of all axes is equivalent to a rotation. For
instance, in the case of a plane, i.e. a two dimensional space, both coordi-
nate axes change sign under total reflection, and exactly the same happens
for a 180◦ rotation around the origin. It would therefore be tempting to
assume that PT reflection is equivalent to a rotation in four dimensional

∗ antonio.didomenico@roma1.infn.it
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space-time. In particular, for the rotation in question, all components of
any 4-vector should change signs. However it can be easily verified that
this does not happen, e.g. for the four-vector current jµ. The reason is that
our four dimensional space-time is pseudoeuclidean, and the time coordi-
nate is not exactly equivalent to a space coordinate. In order to restore the
equivalence it can be shown [1] that it is necessary to add C conjugation,
which e.g. changes the sign of the electromagnetic four-current, to the PT
operation. So, it appears that in our pseudoeuclidean spacetime, it is in-
deed the CPT operation, and not simply PT, which is equivalent to the
reflection of all four axes.

A rigorous proof of the CPT theorem can be found in Refs. [2, 3, 4, 5] (see
also Refs. [6, 7, 8] for some recent developments). This theorem ensures
that exact CPT invariance holds for any quantum field theory assuming
(1) Lorentz invariance, (2) Locality and (3) Unitarity (i.e. conservation of
probability). Testing the validity of CPT invariance therefore probes the
most fundamental assumptions of our present understanding of particles
and their interactions.

The neutral kaon doublet is one of the most intriguing systems in nature.
During its time evolution a neutral kaon oscillates between its particle and
antiparticle states with a beat frequency ∆m ≈ 5.3 · 109 s−1 , where ∆m
is the small mass difference between the exponentially decaying states KL

and KS. The fortunate coincidence that ∆m is about half the decay width of
KS makes possible to observe a variety of intricate interference phenomena
in the production and decay of neutral kaons. In turn, such observations
enable us to test quantum mechanics, the interplay of different conserva-
tion laws and the validity of various symmetry principles. In particular the
extreme sensitivity of the neutral kaon system to a variety of CPT-violating
effects makes it one of the best candidates for an accurate experimental
test of this symmetry. As a figure of merit, the fractional mass difference
(mK0 − mK̄0) /mK0 can be considered: it can be measured at the level of
O(10−18) for neutral kaons, while, for comparison, a limit of O(10−14) can
be reached on the corresponding quantity for the B0 − B̄0 system, and only
of O(10−8) for proton-antiproton [9].

The entanglement between the two kaons produced in φ → K0K̄0 de-
cays is a unique feature which could open up new horizons in the study
of discrete symmetries, and of the basic principles of quantum mechan-
ics. For instance possible CPT violations could manifest in conjunction
with tiny decoherence effects, modifications of the initial correlation, or
Lorentz symmetry violations, which, in turn, might be justified in a quan-
tum theory of gravity. At a φ-factory the sensitivity to some observable

110



TIME AND MATTER 2007 CONFERENCE

effects can reach the level of the interesting Planck’s scale region, i.e.
O(m2

K/MPlanck) ∼ 2 · 10−20 GeV, which is a very remarkable level of ac-

curacy, presently unreachable in other similar systems (e.g. the B0 − B̄0

system). Moreover recent theoretical studies demonstrated that entangled
neutral kaons at a φ-factory are suitable to test the foundations of quantum
mechanics, such as Bohr’s complementarity principle, the quantum era-
sure and marking concepts, and the coherence of states over macroscopic
distances, while for the more classical test with Bell’s inequalities, new ideas
have been put forward (see Ref. [10] for a detailed discussion on neutral
kaon interferometry at a φ-factory).

The neutral kaon system

The time evolution of a neutral kaon that is initially a generic superposition
of K0 and K̄0,

|K(0)〉 = a(0)|K0〉 + b(0)|K̄0〉 , (1)

can be described by the state vector

|K(t)〉 = a(t)|K0〉 + b(t)|K̄0〉 + ∑
j

cj(t)| f j〉 , (2)

where t is the time in the kaon rest frame, f j’s with {j = 1, 2, ...} represent
all possible decay final states, and a(t), b(t), and cj(t) are time dependent
functions. In the Wigner-Weisskopf approximation [11], which is valid for
times larger than the typical strong interaction formation time, the func-
tions a(t) and b(t), describing the time evolution of the state in the {K0, K̄0}
sub-space, obey the Schrödinger-like equation

i
∂

∂t

[

a(t)
b(t)

]

= H

[

a(t)
b(t)

]

, (3)

where the effective Hamiltonian H is a 2 × 2 complex, not Hermitian, and
time independent matrix. It can be decomposed in terms of its hermitian
and anti-hermitian parts

H =

[

H11 H12

H21 H22

]

=

= M − i

2
Γ =

[

M11 M12

M∗
12 M22

]

− i

2

[

Γ11 Γ12

Γ∗
12 Γ22

]

, (4)
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where M and Γ are two hermitian matrices with positive eigenvalues, usu-
ally called mass and decay matrices, and indices 1 and 2 stand for K0 and
K̄0, respectively.

The matrix H is characterized by eight independent real parameters; seven
of them are observables, while an overall phase is arbitrary and unphysical,
and can be fixed by convention.

The conservation of discrete symmetries constrains the matrix elements of
H, and the following phase-invariant conditions hold1:

H11 = H22 for CPT conservation, (5)

|H12| = |H21| for T conservation, (6)

H11 = H22 and |H12| = |H21| for CP conservation. (7)

The eigenvalues of H are

λS = mS − iΓS/2

λL = mL − iΓL/2 , (8)

where mS,L and ΓS,L are the masses and widths of the physical states, re-
spectively. It is also useful to define the differences

∆m = mL − mS > 0

∆Γ = ΓS − ΓL > 0 (9)

and the so called superweak phase

tan φSW =
2∆m

∆Γ
. (10)

The physical states that diagonalize H are the short- and long-lived states;
they evolve in time as pure exponentials

|KS(t)〉 = e−iλSt|KS〉
|KL(t)〉 = e−iλLt|KL〉 , (11)

and are usually written as:

|KS〉 =
1

√

2(1 + |ǫS|2)
{(1 + ǫS)|K0〉 + (1 − ǫS)|K̄0〉}

|KL〉 =
1

√

2(1 + |ǫL|2)
{(1 + ǫL)|K0〉 − (1 − ǫL)|K̄0〉} , (12)

1For a general review on discrete symmetries in the neutral kaon system see
Refs.[12, 13, 14, 15, 16, 17].
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where ǫS,L are two small complex parameters describing the CP impurity
in the physical states; one can equivalently define the parameters

ǫ ≡ (ǫS + ǫL)/2 , δ ≡ (ǫS − ǫL)/2 . (13)

Ignoring negligible quadratic terms, they can be expressed in terms of the
elements of H as:

ǫ =
H12 − H21

2(λS − λL)
=

−iℑM12 − 1
2ℑΓ12

∆m + i (∆Γ) /2
(14)

δ =
H11 − H22

2(λS − λL)
=

1
2

(

M22 − M11 − i
2 (Γ22 − Γ11)

)

∆m + i (∆Γ) /2
. (15)

It is convenient to adopt a phase convention such that ℑΓ12 = 0, fixing the
phase of ǫ to φSW , i.e. ǫ = |ǫ|eiφSW (e.g. see Refs. [15, 18]). Then it is easy to
show that

• δ 6= 0 implies CPT violation;

• ǫ 6= 0 implies T violation;

• ǫ 6= 0 or δ 6= 0 implies CP violation.

CPT violation in semileptonic decays

The semileptonic decay amplitudes can be parametrized as follows [12]:

〈π−l+ν|T|K0〉 = a + b , 〈π+l−ν̄|T|K̄0〉 = a∗ − b∗

〈π+l−ν̄|T|K0〉 = c + d , 〈π−l+ν|T|K̄0〉 = c∗ − d∗ (16)

where a, b, c, d are complex quantities; CPT invariance implies b = d = 0,
∆S = ∆Q rule implies c = d = 0, T invariance implies ℑa = ℑb = ℑc =
ℑd = 0, while CP invariance implies ℑa = ℜb = ℑc = ℜd = 0. Then three
measurable parameters can be defined:

y = −b/a , x+ = c∗/a , x− = −d∗/a ; (17)

x+ (x−) describes the violation of the ∆S = ∆Q rule in CPT conserving
(violating) decay amplitudes, while y parametrizes CPT violation for ∆S =
∆Q transitions. Then the semileptonic charge asymmetries for KS and KL

states can be expressed as

AS,L =
Γ(KS,L → π−l+ν)− Γ(KS,L → π+l−ν̄)

Γ(KS,L → π−l+ν) + Γ(KS,L → π+l−ν̄)

= 2ℜǫ ± 2ℜδ − 2ℜy ± 2ℜx− . (18)
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Any difference between AS and AL would signal a violation of the CPT
symmetry:

AS − AL = 4(ℜδ +ℜx−) . (19)

CPT violation in two pion decays

In the case of K → π+π−, π0π0 decays, the decay amplitudes can be de-
composed in terms of definite isospin I = 0, 2 of the final state:

〈ππ; I|T|K0〉 = (AI + BI)eiδI

〈ππ; I|T|K̄0〉 = (A∗
I − B∗

I )eiδI . (20)

Here AI (BI) describe the CPT-conserving (CPT-violating) part of ππ de-
cay amplitudes; δI is the ππ strong interaction phase shift for channel of
total isospin I. The following observable decay amplitude ratios can be
defined:

η+− ≡ |η+−|eiφ+− ≡ 〈π+π−|T|KL〉
〈π+π−|T|KS〉

= ǫL + i
ℑA0

ℜA0
+

ℜB0

ℜA0
+ ǫ′

η00 ≡ |η00|eiφ00 ≡ 〈π0π0|T|KL〉
〈π0π0|T|KS〉

= ǫL + i
ℑA0

ℜA0
+

ℜB0

ℜA0
− 2ǫ′ (21)

where

ǫ′ =
1√
2

ei(δ2−δ0)
ℜA2

ℜA0

[

i

(ℑA2

ℜA2
− ℑA0

ℜA0

)

+

( ℜB2

ℜA2
− ℜB0

ℜA0

)]

; (22)

ǫ′ 6= 0 signals direct CP violation (see Refs.[12, 19, 20, 21]). It can be shown
that

φ00 − φ+− ≃ 3√
2|η+−|

ℜA2

ℜA0

( ℜB2

ℜA2
− ℜB0

ℜA0

)

≈ −3ℑ
(

ǫ′

ǫ

)

,

φ+− − φSW ≃ −1√
2|η+−|

(

M11 − M22

2∆m
+

ℜB0

ℜA0

)

. (23)

Therefore any phase difference between the η+− and η00 parameters is a
signal of CPT violation in the ππ decay, while a difference between φ+−
and φSW is a signal of CPT violation in the mixing and/or decay.

The following quantity, obtained combining semileptonic and two pion
decays parameters,

ℜ
(

2

3
η+− +

1

3
η00

)

− AL

2
= ℜ

(

y + x− +
ℜB0

ℜA0

)

(24)

signals CPT violation if different from zero.
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Experiments

In the CPLEAR experiment [18], a high flux of antiprotons is stopped in
a gaseous hydrogen target. From the antiproton annihilation process, the
following rare reactions with a branching fraction of about 0.4% are se-
lected:

(pp̄)at rest → K0 + K− + π+

(pp̄)at rest → K̄0 + K+ + π− . (25)

The whole detector is embedded in a solenoidal magnet that provides a ho-
mogeneous longitudinal field of 0.44 T. The charged particles are measured
by a series of cylindrical tracking detectors, followed by a particle identifi-
cation detector (PID) for charged kaon identification, and electron/pion
separation. The outermost detector is a 6 radiation lengths calorimeter
used to detect photons from π0 decays.
The CPLEAR detector was fully operational between 1992 and 1996, col-
lecting a total of 1.1 · 1013 antiproton interactions.

Two experiments, KTeV [22] at Fermilab and NA48 [23, 24] at CERN, have
as a primary goal the measurement of direct CP violation in neutral kaon
decays. Both experiments exploit the hadronic interactions of an intense
high energy proton beam with a fixed target to produce neutral kaons.

In the KTeV experiment double kaon beams from a single BeO target
are used to enable the simultaneous collection of KL and KS decays to
minimize the systematics due to time variation of beam flux and detec-
tor inefficiencies. A precision magnetic spectrometer is used to minimize
backgrounds in the π+π− samples and to allow in situ calibration of the
calorimeter with electrons. A high precision electromagnetic calorimeter,
Cesium Iodide (CsI) array, is used for π0π0 reconstruction and better back-
ground suppression. Nearly hermetic photon vetoes (up to 100 mrad) are
used for further background reduction for π0π0 mode. A KS beam is pro-
duced by passing a KL beam through a ”regenerator” which is made of
scintillator and is fully active to reduce the scattered background to the co-
herently regenerated KS.
The KTeV results presented here refers to data collected in the period 1996-
1997.

DAΦNE, the Frascati φ-factory [25], is an e+e− collider working at a center
of mass energy of

√
s ∼ 1020 MeV, corresponding to the peak of the φ res-

onance. The φ-meson production cross section is ∼ 3µb, and its decay into
K0K̄0 has a branching fraction of 34%. The neutral kaon pair is produced in
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a coherent quantum state with the φ-meson quantum numbers JPC = 1−−:

|i〉 =
1√
2
{|K0〉|K̄0〉 − |K̄0〉|K0〉} =

N√
2
{|KS〉|KL〉 − |KL〉|KS〉} , (26)

where N =
√

(1 + |ǫS|2)(1 + |ǫL|2)/(1 − ǫSǫL) ≃ 1 is a normalization fac-
tor.

The detection of a kaon at large (small) times tags a KS (KL) in the opposite
direction. This is a unique feature at a φ-factory, not possible at fixed target
experiments, that can be exploited to select pure KS,L beams.

The KLOE detector consists mainly of a large volume drift chamber [26]
surrounded by an electromagnetic calorimeter [27]. A superconducting
coil provides a 0.52 T solenoidal magnetic field. At KLOE a KS is tagged by
identifying the interaction of the KL in the calorimeter (KL-crash), while a
KL is tagged by detecting a KS → π+π− decay near the interaction point
(IP). KLOE completed the data taking in March 2006 with a total integrated

luminosity of ∼ 2.5 fb−1, corresponding to ∼ 7.5 · 109 φ-mesons produced.

“Standard” CPT symmetry tests

In this section the best experimental limits on the previously mentioned
CPT-violating parameters (standard tests) are reviewed.

The CPLEAR collaboration measured the following decay rate asymmetry:

Aδ(τ) =
R̄+(τ)− αR−(τ)

R̄+(τ) + αR−(τ)
+

R̄−(τ)− αR+(τ)

R̄−(τ) + αR+(τ)
(27)

where

R+(τ) = R
[

K0
t=0 → (π−e+ν)t=τ

]

,

R−(τ) = R
[

K0
t=0 → (π+e− ν̄)t=τ

]

,

R̄+(τ) = R
[

K̄0
t=0 → (π−e+ν)t=τ

]

,

R̄−(τ) = R
[

K̄0
t=0 → (π+e−ν̄)t=τ

]

, (28)

and α = (1 + 4ℜǫL). In the limit of large times one has Aδ(τ ≫ τS) = 8ℜδ
(where τS,L = 1/ΓS,L), yielding the best measurement of ℜδ [28]:

ℜδ = (0.30± 0.33stat ± 0.06syst) · 10−3 . (29)
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The KTeV collaboration exploited the coherent regeneration phenomenon,
occurring when a kaon beam traverses a slab of material, which modifies
a pure KL beam into a coherent superposition of KL and KS, i.e. |KL〉 →
|KL〉+ ρ|KS〉, where ρ is the regeneration (complex) parameter. The fit of the
measured π+π− (and π0π0) decay intensity downstream the regenerator
with the function

R+−(00)(t) ∝ |ρ|2e−ΓSt + |η+−(00)|2e−ΓLt+

+ 2|ρ||η+−(00)|e−(ΓS+ΓL)t/2 cos
[

∆mt + φ(ρ)− φ+−(00)

]

,

(30)

yields the best CPT tests using eqs. (23) [22],

φ00 − φ+− = (0.39± 0.22stat ± 0.45syst)
◦,

φ+− − φSW = (0.61± 0.62stat ± 1.01syst)
◦ , (31)

consistent with no CPT violation. KTeV also measured the asymmetry AL

given in eq. (18) [29]

AL = (3322± 58stat ± 47syst) · 10−6 . (32)

This result can be used in combination with two pion decay measurements
in order to test CPT symmetry as in eq. (24) [29]:

ℜ
(

y + x− +
ℜB0

ℜA0

)

= ℜ
(

2

3
η+− +

1

3
η00

)

− AL

2
= (−3 ± 35) · 10−6 . (33)

The first measurement of the KS semileptonic charge asymmetry has been
performed by the KLOE collaboration analysing a part of the collected data
(380 pb−1) [30]:

AS = (1.5± 9.6stat ± 2.9syst) · 10−3

The uncertainty on AS can be reduced at the level of ≈ 3 · 10−3 with the
analysis of the full data sample of 2.5 fb−1.

Using the values of AL, ℜδ, and ℜǫ from other experiments the real part
of the CPT violating parameters y and x− (see eqs. (17)) can be evaluated
[30]:

ℜx− =
AS − AL

4
−ℜδ = (−0.8 ± 2.5) · 10−3

ℜy = ℜǫ − AS + AL

4
= (0.4± 2.5) · 10−3 . (34)
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The unitarity relation, originally derived by Bell and Steinberger [31]:

(

ΓS + ΓL

ΓS − ΓL
+ i tan φSW

) [ ℜǫ

1 + |ǫ|2 − iℑδ

]

=

=
1

ΓS − ΓL
∑

f

A∗(KS → f )A(KL → f ) ≡ ∑
f

α f (35)

can be used to bound ℑδ, after having provided all the αi parameters, ΓS,
ΓL, and φSW as inputs. Using KLOE measurements, values from Particle
Data Group (PDG) [9], and a combined fit of KLOE and CPLEAR data, the
following result is obtained [32]:

ℜǫ = (159.6± 1.3) · 10−5 , ℑδ = (0.4± 2.1) · 10−5 ,

which is the best limit on ℑδ, the main limiting factor of this result being
the uncertainty on the phase φ+− entering in the parameter απ+π− .

The limits on ℑ(δ) and ℜ(δ) can be used, through eq.(15), to constrain the
mass and width difference between K0 and K̄0. In the limit Γ11 = Γ22, i.e.
neglecting CPT-violating effects in the decay amplitudes, the best bound
on the neutral kaon mass difference is obtained:

−5.3 · 10−19 GeV < M11 − M22 < 6.3 · 10−19 GeV at 95 % CL .

Decoherence and CPT violation

The quantum interference between the two kaons initially in the entangled
state in eq. (26) and decaying in the CP violating channel φ → KSKL →
π+π−π+π−, has been observed for the first time by the KLOE collabora-
tion [33]. The measured ∆t distribution, with ∆t the absolute value of the
time difference of the two π+π− decays, can be fitted with the distribution:

I(π+π−, π+π−; ∆t) ∝ e−ΓL∆t + e−ΓS∆t

−2(1 − ζSL)e−
(ΓS+ΓL)

2 ∆t cos(∆m∆t) , (36)

where the quantum mechanical expression in the {KS, KL} basis has been
modified with the introduction of a decoherence parameter ζSL, and a fac-
tor (1 − ζSL) multiplying the interference term. Analogously, a ζ00̄ pa-
rameter can be defined in the {K0, K̄0} basis [34]. After having included
resolution and detection efficiency effects, having taken into account the
background due to coherent and incoherent KS-regeneration on the beam
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pipe wall, the small contamination of non-resonant e+e− → π+π−π+π−

events, and keeping fixed in the fit ∆m, ΓS and ΓL to the PDG values, the
fit is performed on the ∆t distribution with the following results:

ζSL = 0.018± 0.040stat ± 0.007syst

ζ00̄ = (1.0± 2.1stat ± 0.4syst) · 10−6 , (37)

compatible with the prediction of quantum mechanics, i.e. ζSL = ζ00̄ = 0,
and no decoherence effect. In particular the result on ζ00̄ has a high ac-
curacy, O(10−6), due to the CP suppression present in the specific decay
channel; it improves of five orders of magnitude the previous limit ob-
tained by Bertlmann and co-workers [34] in a re-analysis of CPLEAR data
[35]. This result can also be compared to a similar one recently obtained in
the B meson system [36], where an accuracy of O(10−2) has been reached.

The decoherence mechanism can be made more specific in the case it is in-
duced by quantum gravity effects. In fact one of the main open problem in
quantum gravity is related to what is commonly known as the black hole
information-loss paradox. In 1976 Hawking showed [37] that the formation
and evaporation of black holes, as described in the semiclassical approx-
imation, appear to transform pure states near the event horizon of black
holes into mixed states. This corresponds to a loss of information about
the initial state, in striking conflict with quantum mechanics and its uni-
tarity description. At a microscopic level, in a quantum gravity picture,
space-time might be subjected to inherent non-trivial quantum metric and
topology fluctuations at the Planck scale (∼ 10−33 cm), called generically
space-time foam, with associated microscopic event horizons. As further
suggested by Hawking himself [38], this space-time structure, might in-
duce a pure state to evolve into a mixed one, i.e. decoherence of apparently
isolated matter systems. This decoherence, in turn, necessarily implies, by
means of a theorem [39], CPT violation, in the sense that the quantum me-
chanical operator generating CPT transformations cannot be consistently
defined.

The information-loss paradox generated a lively debate during the last
decades with no generally accepted solution. Even the recent proposed
solutions in favor of no-loss and preservation of information do not com-
pletely solve the problem, some aspects of which still remaining a puzzle
(see for instance Refs. [40, 41, 42]). It seems therefore extremely interest-
ing to put experimental limits at the level of the Planck’s scale region on
possible decoherence effects.

The above mentioned decoherence mechanism lead Ellis and coworkers
[43] to formulate a model in which a single kaon is described by a density
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matrix ρ that obeys a modified Liouville-von Neunmann equation:

dρ

dt
= −iHρ + iρH† + L(ρ; α, β, γ) (38)

where the extra term L(ρ; α, β, γ) would induce decoherence in the sys-
tem, and depends on three real parameters, α, β and γ, which violate
CPT symmetry and quantum mechanics (they satisfy the inequalities α,
γ > 0 and αγ > β2 - see Refs. [43, 44]). They have mass dimension
and are guessed to be at most of O(m2

K/MPlanck) ∼ 2 · 10−20 GeV, where

MPlanck = 1
√

GN = 1.22 · 1019 GeV is the Planck mass.

The CPLEAR collaboration, studying the time behaviour of single neutral
kaon decays to π+π− and πeν final states, obtained the following results
[45]:

α = (−0.5 ± 2.8) · 10−17 GeV

β = (2.5± 2.3) · 10−19 GeV

γ = (1.1± 2.5) · 10−21 GeV . (39)

The KLOE collaboration, studying the same I(π+π−, π+π−; ∆t) distribu-
tion as in the ζ parameters analysis, obtained the following preliminary
results [46]:

α =
(

−10+41
−31stat ± 9syst

)

· 10−17 GeV

β =
(

3.7+6.9
−9.2stat ± 1.8syst

)

· 10−19 GeV

γ =
(

−0.5+5.8
−5.1stat ± 1.2syst

)

· 10−21 GeV (40)

In the simplifying hypothesis of complete positivity [47], i.e. α = γ and
β = 0, the KLOE result is [33]:

γ =
(

1.3+2.8
−2.4stat ± 0.4syst

)

· 10−21 GeV , (41)

All results are compatible with no CPT violation, while the sensitivity ap-
proaches the interesting level of O(10−20 GeV).

As discussed above, in a quantum gravity framework inducing decoher-
ence, the CPT operator is ill-defined. This consideration lead Bernabeu,
Mavromatos and Papavassiliou [48, 49] to investigate intriguing conse-
quences in correlated neutral kaon states. In fact the resulting loss of
particle-antiparticle identity could induce a breakdown of the correlation

120



TIME AND MATTER 2007 CONFERENCE

of state (26) imposed by Bose statistics. As a result the initial state (26) can
be parametrized in general as:

|i〉 =
1√
2

[

|K0〉|K̄0〉 − |K̄0〉|K0〉 + ω
(

|K0〉|K̄0〉 + |K̄0〉|K0〉
)]

, (42)

where ω is a complex parameter describing a completely novel CPT viola-
tion phenomenon, not included in previous analyses. Its order of magni-
tude could be at most

|ω| ∼
[

(m2
K/MPlanck)/∆Γ

]1/2
∼ 10−3

with ∆Γ = ΓS − ΓL. A similar analysis performed by the KLOE collabo-
ration on the same I(π+π−, π+π−; ∆t) distribution as before, including in
the fit the modified initial state eq.(42), yields the first measurement of the
complex parameter ω [33]:

ℜ(ω) =
(

1.1+8.7
−5.3stat ± 0.9syst

)

· 10−4

ℑ(ω) =
(

3.4+4.8
−5.0stat ± 0.6syst

)

· 10−4 , (43)

with an accuracy that already reaches the interesting Planck’s scale region.

CPT violation and Lorentz symmetry breaking

CPT invariance holds for any realistic Lorentz-invariant quantum field
theory. However a very general theoretical possibility for CPT violation
is based on spontaneous breaking of Lorentz symmetry, as developed by
Kostelecký [50, 51, 52], which appears to be compatible with the basic
tenets of quantum field theory and retains the property of gauge invari-
ance and renormalizability (Standard Model Extensions - SME). In SME for
neutral kaons, CPT violation manifests to lowest order only in the param-
eter δ (e.g. BI , y and x− vanish at first order), and exhibits a dependence
on the 4-momentum of the kaon:

δ ≈ i sin φSWeiφSW γK(∆a0 − ~βK · ∆~a)/∆m (44)

where γK and ~βK are the kaon boost factor and velocity in the observer
frame, and ∆aµ are four CPT- and Lorentz-violating coefficients for the
two valence quarks in the kaon.

Following Ref. [51], the time dependence arising from the rotation of
the Earth can be explicitly displayed in eq. (44) by choosing a three-
dimensional basis (X̂, Ŷ, Ẑ) in a non-rotating frame, with the Ẑ axis along
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the Earth’s rotation axis, and a basis (x̂, ŷ, ẑ) for the rotating (laboratory)
frame. The CPT violating parameter δ may then be expressed as:

δ =
1

2π

∫ 2π

0
δ(~p, t)dφ

=
i sin φSWeiφSW

∆m
γK{∆a0 + βK∆aZ cos θ cos χ

+βK(∆aY sin χ cos θ sin Ωt + ∆aX sin χ cos θ cos Ωt)} , (45)

where Ω is the Earth’s sidereal frequency, cos χ = ẑ · Ẑ, θ and φ are the
conventional polar and azimuthal angles defined in the laboratory frame
about the ẑ axis, and an integration on the azimuthal angle φ has been
performed, assuming a symmetric decay distribution in this variable2. The
sensitivity to the four ∆aµ parameters can be very different for fixed target
and collider experiments, showing complementary features [51].

At KLOE the ∆a0 parameter can be measured through the difference
AS − AL, by performing the measurement of each asymmetry with a sym-
metric integration over the polar angle θ, thus averaging to zero any pos-
sible contribution from the terms proportional to cos θ in eq.(45),

AS − AL ≃
[

4ℜ
(

i sin φSWeiφSW
)

γK

∆m

]

∆a0 . (46)

In this way a first preliminary evaluation of the ∆a0 parameter can be ob-
tained by KLOE [53],

∆a0 = (0.4± 1.8) · 10−17 GeV. (47)

With the analysis of the full KLOE data sample (L = 2.5 fb−1) an accuracy
σ(∆a0) ∼ 7 · 10−18 GeV could be reached.

At KLOE the ∆aZ parameter can be evaluated measuring the asymmetry:

A(∆t) = (48)

I (π+π−(+), π+π−(−); ∆t > 0)− I (π+π−(+), π+π−(−); ∆t < 0)

I (π+π−(+), π+π−(−); ∆t > 0) + I (π+π−(+), π+π−(−); ∆t < 0)
,

where the two identical final states are distinguished by their emission in
the forward (cos θ > 0) or backward (cos θ < 0) hemispheres (denoted by

2This simplifying assumption will be maintained throughout the following;
however small non-symmetric φ angle effects could be easily included in the for-
mulas without significantly modifying the main conclusions below.
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the symbols + and −, respectively), and ∆t is the time difference between
(+) and (−) π+π− decays. A preliminary analysis based on the same data
used for the measurement of the decoherence parameters [33], yields the
first preliminary result on ∆aZ [53]:

∆aZ = (−1 ± 4) · 10−17 GeV . (49)

With the analysis of 2.5 fb−1 an accuracy σ(∆aZ) ∼ 2 · 10−17 GeV could be
reached. An alternative and independent method for the evaluation of ∆aZ

parameter at KLOE is based on the measurement of the AL asymmetry (for
details see Ref. [53]).

The ∆aX , ∆aY and ∆aZ parameters can be all simultaneously measured by
performing a proper sidereal time dependent analysis of the asymmetry
(48). An accuracy σ(∆aX,Y,Z) = O(1 · 10−17 GeV) could be reached with
the analysis of the full KLOE data sample. However there exists a prelimi-
nary measurement performed by the KTeV collaboration [54] based on the
search of sidereal time variation of the phase φ+−, that constrains ∆aX and
∆aY to less than 9.2 · 10−22 GeV at 90% C.L.

Quantum eraser with neutral kaons at a φ-factory

The interference term in eq.(36) gives rise to a characteristic correlation be-
tween the two kaon decays. For instance, a complete destructive interfer-
ence prevents the two kaons from decaying into the same final state at the
same time, i.e. I(π+π−, π+π−; ∆t = 0) = 0. This is a consequence of the
antisymmetry of state (26). From an intuitive point of view, once produced,
the two kaons can be viewed as two freely propagating independent par-
ticles. However even though the two decays can be regarded as separated
space-like events (the kaons are produced with opposite momentum in the
φ meson rest frame), it is like the kaon flying in the +~p direction cannot
“freely” decay into a certain final state f at a certain proper time t, but its
behaviour depends on what the other kaon flying in the opposite −~p di-
rection does. This kind of correlation (entanglement) for neutral kaon pairs
cannot be simply explained in terms of conservation laws, and is of the
type first pointed out by Einstein, Podolsky and Rosen (EPR) in their fa-
mous paper [57].

This feature of the initial state (26) has long reaching consequences in
terms of potentialities of the neutral kaon system in testing fundamen-
tal aspects of quantum mechanics. This can be easily understood by rec-
ognizing that the kaon state (26) is formally analogous to a singlet state
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of two spin 1/2 particles, the strangeness for a neutral kaon playing the
same role of the spin up or down along a chosen direction. Recently it has
been shown [58, 59] that kaon pairs produced at a φ-factory are suitable
for the study of Bohr’s complementarity principle with an interesting im-
plementation of the quantum eraser [58, 59]. Under certain approxima-
tions, kaon strangeness or lifetime measurements project the state into two
bases {K0, K̄0} or {KS, KL}, analogously to spin measurements along two
orthogonal directions. The quantum erasure principle is established by
measuring the strangeness of one kaon (object system) on one side, and
the strangeness or lifetime of the other kaon (meter system) on the oppo-
site side; the appearance of strangeness oscillations on the object depends
on what is measured on the meter system, even if the measurement on
the meter is performed at a later time than the measurement on the object
(delayed choice). More details on the kaonic quantum eraser, and other in-
teresting studies on possible Bell’s inequality tests with neutral kaons at a
φ-factory, can be found in Ref. [10] and references therein.

Future plans

A proposal [56] has been recently submitted for a physics program to be
carried out with an upgraded KLOE detector, KLOE-2, at an upgraded
DAΦNE machine, which is expected to deliver an integrated luminosity
of the order of 50 fb−1. The KLOE-2 program concerning neutral kaon in-
terferometry is summarized in table 1, where the KLOE-2 statistical sensi-
tivities to the main parameters that can be extracted from kaon decay time
distributions (with different choices of final states) are listed in the hypoth-
esis of an integrated luminosity L = 50 fb−1, and compared to the best
presently published measurements. At KLOE-2, an experimental demon-
stration of the kaonic quantum eraser, as mentioned above, is also foreseen.

Conclusions

The neutral kaon system constitutes an excellent laboratory for the study of
the CPT symmetry and the basic principles of quantum mechanics. Several
parameters related to possible CPT violations, including decoherence and
Lorentz symmetry breaking effects, have been measured, in some cases
with a precision reaching the interesting Planck’s scale region. Simple
quantum coherence tests have been also performed. All results are consis-
tent with no violation of the CPT symmetry and/or quantum mechanics.
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Table 1: KLOE-2 statistical sensitivities on several parameters.

parameter best published meas. KLOE-2 (50 fb−1)

AS (1.5± 11) · 10−3 ± 1 · 10−3

AL (3322± 58 ± 47) · 10−6 ± 25 · 10−6

ℜ ǫ′
ǫ (1.66± 0.26) · 10−3 ± 0.2 · 10−3

ℑ ǫ′
ǫ (1.2 ± 2.3) · 10−3 ± 3 · 10−3

(ℜδ + ℜx−) ℜδ = (0.29± 0.27) · 10−3 ± 0.2 · 10−3

ℜx− = (−0.8± 2.5) · 10−3

(ℑδ + ℑx+) ℑδ = (0.4 ± 2.1) · 10−5 ± 3 · 10−3

ℑx+ = (0.8 ± 0.7) · 10−2

∆m 5.288± 0.043 · 109s−1 ± 0.03 · 109s−1

ζSL (1.8 ± 4.1) · 10−2 ± 0.2 · 10−2

ζ00̄ (1.0 ± 2.1) · 10−6 ± 0.1 · 10−6

α (−0.5 ± 2.8) · 10−17 GeV ±2 · 10−17 GeV
β (2.5 ± 2.3) · 10−19 GeV ± 0.1 · 10−19 GeV
γ (1.1 ± 2.5) · 10−21 GeV ± 0.2 · 10−21 GeV

(compl. pos. hyp.)
± 0.1 · 10−21 GeV

ℜω (1.1+8.7
−5.3 ± 0.9) · 10−4 ± 2 · 10−5

ℑω (3.4+4.8
−5.0 ± 0.6) · 10−4 ± 2 · 10−5

∆a0 (prelim.: (0.4 ± 1.8) · 10−17 GeV) ± 1 · 10−18 GeV
∆aZ (prelim.: (−1 ± 4) · 10−17 GeV) ± 3 · 10−18 GeV

∆aX , ∆aY (prelim.: < 9.2 · 10−22 GeV) O(10−18) GeV

A φ-factory represents a unique opportunity to push forward these stud-
ies. It is also an ideal place to investigate the entanglement and corre-
lation properties of the produced K0K̄0 pairs. A proposal for continuing
the KLOE physics program (KLOE-2) at an improved DAΦNE machine,

able to deliver an integrated luminosity up to 50 fb−1, has been recently
presented. Improvements by about one order of magnitude in almost
all present limits are expected, and an experimental demonstration of the
kaonic quantum eraser is foreseen.
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[50] V.A. Kostelecký, Phys. Rev. Lett. 80 (1998) 1818.
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Section V: Quantum Gravity

canonical quantum gravity
problem of time in quantum gravity

gravitational limitations on space and time measurements
fundamental loss of coherence in quantum theory

emergent space-time
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Conceptual Issues in Canonical Quantum Gravity and
Cosmology
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Abstract: Existing approaches to quantum gravity exhibit plenty of
startling conceptual issues. Here I restrict my attention to the canon-
ical approach. Both classical and quantum canonical gravity are dis-
cussed. Most conceptual problems circle around the problem of time
– the absence of any external time parameter. I then turn to quan-
tum cosmology, where these and more problems can be discussed in a
transparent way. I conclude with brief remarks on singularity avoid-
ance, the arrow of time, and the interpretation of quantum theory in
general.

Introduction

In his book The Meaning of Relativity, Albert Einstein emphasizes the fol-
lowing point [1]:

Es widerstrebt dem wissenschaftlichen Verstande, ein Ding zu
setzen, das zwar wirkt, aber auf das nicht gewirkt werden
kann.1

This statement expresses our modern understanding of space and time. In
contrast to Newtonian physics, no absolute fields exist in general relativity;
space and time are fully dynamical. Spacetime acts on matter, but matter
also acts on spacetime. The mutual relationship between both is described
by the non-linear Einstein field equations. There is no fixed, absolute back-
ground any more; spacetime as described by the metric of general relativ-
ity is fully dynamical. This feature is called background independence and

∗ kiefer@thp.uni-koeln.de
1It is contrary to the scientific mode of understanding to postulate a thing that

acts, but which cannot be acted upon.
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is of central relevance for general relativity, but also for quantum gravity,
since it is the dynamical fields that are subject to quantization. An absolute
(‘background’) field can be characterized by the fact that there exist coor-
dinates which assign universal values to all components of a field; such
a field must not be quantized. A prominent example for a background
field is the spacetime metric of special relativity, for which priviledged co-
ordinates exist (the inertial coordinates) in which the metric assumes the
standard form diag(-1,1,1,1).

In my contribution, I shall give a brief review of the central conceptual
issues that arise in both classical and quantum gravity and that are all more
or less directly connected with background independence and the related
problem of time. Attention is restricted to the canonical approach, because
there these issues are most transparent. A detailed exposition covering all
aspects of quantum gravity can be found in my book [2]; an introduction
into classical and quantum canonical gravity from a conceptual point of
view can also be found in our essay [3].

A theory of quantum gravity seems to be needed because the singularity
theorems predict that general relativity cannot be fundamentally complete.
In particular, the origin of our Universe and the final fate of black holes do
not seem to be comprehensible without quantum gravity. Unfortunately,
no final theory exists to date, so discussing conceptual issues in quantum
gravity means to discuss them in existing approaches to such a theory. How-
ever, one can put forward various arguments in support of the generality
of these issues in most approaches. This should become clear from the
following discussion.

What are the main approaches to quantum gravity? There exist presently
two main classes:

• Quantum general relativity: this includes all approaches that arise from
an application of formal quantization rules to general relativity. They
can be subdivided further into:

– Covariant approaches (such as perturbation theory, path integrals,
and others), which are characterized by the fact that spacetime
covariance plays a crucial role in some parts of the formalism,
and

– Canonical approaches (such as geometrodynamics, connection dy-
namics, loop dynamics, and others), in which a Hamiltonian for-
malism is being used.

• String theory: this is intended to be a unified quantum theory of all
interactions, in which the quantized gravitational field can be distin-
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guished as a separate field only in appropriate limits, for example,
for energies lower than the fundamental string energy scale.

There also exist other even more fundamental approaches (such as the
quantization of topology) which, however, have not been developed as
far as the main approaches. In the following, I shall restrict myself to
the canonical formalism. I start with classical canonical gravity, proceed
then to quantum canonical gravity, and conclude with quantum cosmol-
ogy where the conceptual issues of the full approach (and further issues)
are exhibited clearly and explicitly.

Canonical classical gravity

The canonical formalism starts with the ‘3+1 decomposition’ of general rel-
ativity [2]. Spacetime is assumed to be globally hyperbolic, that is, to be of
the form R × Σ, where Σ denotes a three-dimensional manifold; spacetime
is thus foliated into a set of spacelike hypersurfaces Σt. The dynamical
variable is the three-dimensional metric, hab, which can be obtained as the
metric that is induced by the spacetime metric gµν on each Σt. Instead
of considering the three-metrics on each Σt, one can adopt the equivalent
viewpoint and consider a t-dependent three-metric on the given manifold
Σ. For each choice of Σ in the topological sense one obtains a different
version of canonical gravity.

This lends itself to a more fundamental viewpoint: instead of starting with
a four-dimensional spacetime, M, to be foliated, we assume that only Σ

is given. Then, only after solving the field equations can we construct
spacetime and interpret the time dependence of the metric h of Σ as be-
ing brought about by ‘wafting’ Σ through M via a one-parameter family of
hypersurfaces Σt. The field equations can actually be divided into

• six dynamical evolution equations for hab and its canonical momen-
tum πab, and

• four constraints, which are restrictions on the initial data, that is, re-
strictions on the allowed choices for hab and πab on an ‘initial’ hyper-
surface.

After having solved these equations, spacetime can be interpreted as a ‘tra-
jectory of spaces’. The origin of the constraints is the diffeomorphism in-
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variance of general relativity. They have the explicit form

H[h, π] = 2κ Gab cdπabπcd − (2κ)−1
√

h((3)R − 2Λ) +
√

hρ ≈ 0 , (1)

Da[h, π] = −2∇bπab +
√

hja ≈ 0 , (2)

where κ = 8πG/c4, Λ is the cosmological constant, (3)R is the three-
dimensional Ricci scalar, and

Gab cd = 1
2
√

h
(hachbd + hadhbc − habhcd) (3)

is called the DeWitt metric; it plays the role of a metric on the space of all
three-metrics. While (1) is called Hamiltonian constraint, the three con-
straints (2) are called momentum or diffeomorphism constraints.

There are two important theorems which connect the constraints with the
evolution. The first one states:

Constraints are preserved in time ⇐⇒ energy–momentum ten-
sor of matter has vanishing covariant divergence.

This can be compared with the corresponding situation in electrodynamics:
the Gauss constraint ∇E = 4πρ is preserved in time if and only if electric
charge is conserved in time. The second theorem states:

Einstein’s equations are the unique propagation law consistent
with the constraints.

Again, this can be compared with the situation in electrodynamics:
Maxwell’s equations are the unique propagation law consistent with the
Gauss constraint. Constraints and evolution equations are thus inextrica-
bly mixed.

A central conceptual issue in quantum gravity is the ‘problem of time’.
Part of this problem is already present in the classical theory. Namely,
if we restrict ourselves for simplicity to compact three-spaces Σ, the total
Hamiltonian is a combination of pure constraints; all of the evolution will
therefore be generated by constraints and is thus, in a sense, pure gauge.
How can this be reconciled with the usual interpretation of the Hamilto-
nian as a generator of time translations? The point is that the evolutions
along different spacelike hypersurfaces are equivalent and lead to the same
spacetime satisfying Einstein’s equations. This freedom is expressed by the
fact that the Hamiltonian generates both gauge transformations and time
translations (hypersurface deformations). In other words, no external time
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parameter exists. All physical time parameters are to be constructed from
within the system, that is, as a functional of the canonical variables; a pri-
ori there is no preferred choice of such an intrinsic time parameter. The
absence of an extrinsic time and the non-preference of an intrinsic time is
known as the problem of time in classical canonical gravity. As we shall see
below, this leads in quantum gravity to stationary fundamental equations
for a wave function which only depends on variables defined on the three-
dimensional space Σ.

Above we have defined the DeWitt metric – the metric on the space of all
three-metrics, see (3). Its signature is responsible for the structure of the
kinetic term in the Hamiltonian constraint (1). As it turns out, the DeWitt-
metric possesses an indefinite structure [2, 3]. It can be viewed at each
spacepoint as a symmetric 6 × 6-matrix. This matrix can be diagonalized,
and it is found thereby that the diagonal contains one minus and five plus
signs; the DeWitt-metric is thus indefinite, and the kinetic term in (1) is
indefinite, too. Due to the pointwise Lorentzian signature of Gab cd, it is of
a hyper-Lorentzian structure with infinitely many negative, null, and posi-
tive directions. This property will be of central relevance in the quantum
theory.

Canonical quantum gravity

The classical constraints (1) and (2) can be implemented in the quantum
theory in various ways; after all, the quantum theory can only be heuristi-
cally constructed and never be derived from the underlying classical the-
ory. One possibility would be to try to solve the constraints classically and
quantize only the remaining physical variables. However, this ‘reduced
quantization’ leads to many problems; in particular, it is hard to perform
in practice except for the simplest models [4, 2]. The alternative method
is to implement the constraints à la Dirac as restrictions on physically al-
lowed wave functionals. Replacing the canonical momenta by −i/h̄ times
functional derivatives with respect to the three-metric, the Hamiltonian
constraint becomes the Wheeler–DeWitt equation:2

ĤΨ ≡
(

−2κh̄2Gabcd
δ2

δhabδhcd
− (2κ)−1

√
h
(

(3)R − 2Λ
)

)

Ψ = 0. (4)

2For simplicity, we neglect here the non-gravitational fields, which occur in ad-
dition to the three-metric.
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The kinetic term can only be interpreted as being formal, because the
factor-ordering problem and the connected problem of regularizing the
functional derivatives have not been addressed.

The quantization of the momentum constraints (2) leads to the equations

D̂aΨ ≡ −2∇b
h̄

i

δΨ

δhab
= 0, (5)

which are called quantum diffeomorphism (momentum) constraints. They ex-
press the invariance of the wave functional under infinitesimal coordinate
transformations on the three-dimensional space.

The ‘problem of time’, which was already discussed above in the context of
the classical theory, is being enforced in the quantum theory. Namly, space-
time as such has completely disappeared! All that remains in the formal-
ism is a wave functional which depends on the metric (and matter fields)
on a three-dimensional manifold Σ. In retrospect, this is not surprising. A
classical spacetime as a succession of three-dimensional hypersurfaces is
fully analogous to a particle trajectory in mechanics (a succession of posi-
tions). In the same way that the particle trajectory vanishes in quantum
mechanics, the spacetime vanishes in quantum gravity. This feature is in-
dependent of this particular quantization of Einstein’s equations; it holds
for any theory which at the classical level does not contain an external time
parameter.

The absence of an external time and of spacetime does not necessarily
mean that no sensible notions of time can be defined. Regarding the ki-
netic term in (4), one recognizes in view of (3) that is possesses an indef-
inite structure [2, 3]. The Wheeler–DeWitt equation thus has the form of
a wave equation (more precisely, a local hyperbolic equation). Part of the
three-metric thus comes with a positive sign in the kinetic term and can
therefore be called intrinsic time, in full analogy to the time variable occur-
ring in a standard wave equation. It turns out that it is just the scale part of
the three-metric (the three-volume in simple models) which plays the role
of intrinsic time.

A conceptual problem that is related to the problem of time, is the Hilbert-
space problem: which inner product, if any, does one have to choose
between wave functionals? From the point of view of the standard
Schrödinger picture, one would like to employ the Schrödinger inner prod-
uct (square integrable wave functionals). On the other hand, in view of the
fact that (4) resembles more a wave equation, one would prefer a Klein–
Gordon type of inner product, which is, however, indefinite. Every choice
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has its merits and its disadvantages, so it seems difficult to make a definite
choice [2, 4].

What is an observable in quantum gravity? This question, too, is related
with the problem of time. One would assume that all observables have
to commute with both the Hamiltonian and momentum constraints. But
this would mean that all observables would be constants of motion, be-
cause the total Hamiltonian is a sum of these constraints. Is therefore all
change observed in Nature a pure illusion? The answer is no because we
view the world from inside. As we shall see below, observers in the semi-
classical approximation will have an approximate time variable at their
disposal, which can be approximately identified with the standard time of
non-relativistic physics. The timeless view of constants of motion would
correspond to a hypothetical perspective from outside the world where
everything (all branches of the wave functional) would be present at once.

So far we have restricted our discussion to quantum geometrodynamics.
Of course, other canonical variables can be chosen. The most prominent
choice at the moment is to choose holonomies and fluxes, leading to loop
quantum gravity [5, 6]. While the details differ from quantum geometro-
dynamics, the timeless nature of the constraints remains, with all of the
above consequences. A mathematically sound Hilbert-space structure can
be constructed at least on the kinematical level, that is, before all the con-
straints are implemented; this inner product is of the Schrödinger type. For
more details on loop quantum gravity, I refer to the literature [5, 2].

Quantum cosmology

Most of the conceptual issues in quantum gravity can be discussed in a
transparent way in quantum cosmology. Quantum cosmology is the ap-
plication of quantum theory to the Universe as a whole. That the whole
cosmos must be fundamentally described in quantum terms follows from
very general arguments, which are independent of gravity. All systems, ex-
cept the most microscopic ones, are quantum entangled with their natural
environment; this leads to their classical appearance – through a process
called decoherence [7]. Since every environment has again an environment,
this leads to the conclusion that the whole Universe must be described in
quantum terms. It is only because the gravitational interaction dominates
on large scales that we need a theory of quantum gravity to cope with
quantum cosmology [2, 8, 9].
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It is important to note that quantum effects in cosmology are not a priori
restricted to the Planck scale, which reads

lP =

√

h̄G

c3
≈ 1.62× 10−33 cm, (6)

tP =
lP
c

=

√

h̄G

c5
≈ 5.40× 10−44 s, (7)

mP =
h̄

lPc
=

√

h̄c

G
≈ 2.17× 10−5 g ≈ 1.22× 1019 GeV. (8)

The reason is that the superposition principle, which allows to form non-
trivial quantum states, holds at any scale, not only the Planck scale.3

The simplest model of quantum cosmology is obtained if one quantizes di-
rectly a Friedmann–Lemaı̂tre universe; it is characterized by a scale factor,
a, and we choose in addition a homogeneous massive scalar field, φ. The
classical spacetime metric is of the form

ds2 = −N2(t)dt2 + a2(t)dΩ2
3, (9)

where N(t) is the lapse function which encodes the invariance of the clas-
sical theory under reparametrizations of the time coordinate t → f (t). In
the quantum theory, t disappears and only a and φ remain as the variables
on which the wave function ψ(a, φ) depends.

The Wheeler–DeWitt equation then reads (with a convenient choice of
units 2G/3π = 1 and for the case of a closed universe)

1

2

(

h̄2

a2

∂

∂a

(

a
∂

∂a

)

− h̄2

a3

∂2

∂φ2
− a +

Λa3

3
+ m2a3φ2

)

ψ(a, φ) = 0. (10)

The factor ordering has been chosen in order to achieve covariance in the
two-dimensional configuration space comprised of a and φ. The wave-
nature of this equation is evident, and it is seen that the intrinsic time
variable is given by the scale factor itself. The quantum diffeomorphism
constraint is automatically satisfied by the ansatz (9). Solutions of the
Wheeler–DeWitt equation in the context of quantum cosmology are often
called ‘wave function of the universe’.

The new concept of time has far-reaching consequences: the classical and
the quantum model exhibit two drastically different concepts of determin-
ism, see Figure 1.

3This is, of course, an assumption, but an assumption which is applied in almost
all discussions of quantum cosmology.
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Classical theory

�

a

Give e.g. hereinitial 
onditions
Figure 1. (a) Recollapsing part is

deterministic successor
of expanding part.

Quantum theory

�

a

Give initial 
onditionson a = 
onstant
(b) ‘Recollapsing’ wave packet must be

present ‘initially’.

Consider the case of a classically recollapsing universe. In the classi-
cal case (left) we have a trajectory in configuration space: although it
can be parametrized in many ways, the important point is that it can be
parametrized by some time parameter. Therefore, upon solving the clas-
sical equations of motion, the recollapsing part of the trajectory is the de-
terministic successor of the expanding part: the model universe expands,
reaches a maximum point, and recollapses.

Not so for the quantum model. There is no classical trajectory and no clas-
sical time parameter and one must take the wave equation (10) as it stands.
The wave function only distinguishes small a from large a, not earlier t
from later t. There is thus no intrinsic difference between big bang and
big crunch. If one wants to construct a wave packet following the classical
trajectory as a narrow tube, one has to impose the presence of two packets
as an initial condition at small a; if one chose only one packet, one would
obtain a wave function which is spread out over configuration space and
which does not resemble anything close to a narrow wave packet.

Wave packets are of crucial importance when studying the validity of the
semiclassical approximation. In quantum mechanics, narrow wave pack-
ets remain narrow if the WKB approximation holds. In quantum cosmol-
ogy, this issue has to be studied from the new viewpoint of the Wheeler–
DeWitt equation (10). If the classical model describes a recollapsing uni-
verse, one has to impose in the quantum theory onto the wave function
the restriction that it go to zero for a → ∞; with respect to intrinsic time,
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this corresponds to a ‘final condition’. Calculations show that it is then
not possible to have narrow wave packets all along the classical trajectory;
the packet disperses, see [2, 9] and the references therein. Again, this is a
consequence of the novel concept of time.

But how do classical properties arise if wave packets necessarily disperse?
The answer to this question is again decoherence [7]. In order to study this
process, additional degrees of freedom must be introduced. They can then
act as an ‘environment’ which becomes quantum entangled with a and φ,
causing their classical appearance.

A straightforward way to introduce a large number of additional degrees
of freedom is to consider small inhomogeneities superimposed on the ho-
mogeneous three-sphere of the closed Friedmann universe [10]. These in-
homogeneities are described by small multipoles denoted by the set of
variables {xn}; they describe small gravitational waves and density per-
turbations. One then finds the more general Wheeler–DeWitt equation

(

H0 + ∑
n

Hn(a, φ, xn)

)

Ψ(a, φ, {xn}) = 0, (11)

where

Ψ(a, φ, {xn}) = ψ0(a, φ) ∏
n

ψn(a, φ, xn),

and H0ψ0 = 0 is the original ‘unperturbed’ Wheeler–DeWitt equation (10).

If ψ0 is of WKB form, ψ0 ≈ C exp(iS0/h̄) (with a slowly varying prefactor
C), one gets [10, 11]

ih̄
∂ψn

∂t
≈ Hnψn (12)

with
∂

∂t
≡ ∇S0 · ∇ . (13)

The multipoles therefore obey separate Schrödinger equations with respect
to some approximate time parameter t. This parameter is called ‘WKB time’
– it controls the dynamics in this approximation and corresponds to the
Friedmann time parameter of the classical model. This is the limit where
the standard formalism of quantum theory with its Hilbert-space structure
applies. A Hilbert space is needed to implement the probability interpreta-
tion of quantum theory, in particular, the conservation of probability with
respect to external time t. Whether a Hilbert-space structure is needed in
timeless quantum gravity, too, is thus an open issue.
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This ‘emergence of time’ from timeless quantum gravity is one of the sat-
isfactory features of quantum geometrodynamics. A corresponding recov-
ery is not yet known in loop quantum gravity. An analogous feature can
be discussed in Euclidean quantum gravity where the fundamental con-
cept is a Euclidean path integral. A suggestion to find the quantum state
of the Universe is encoded, for example, in the no-boundary condition of
Hartle and Hawking [12, 2]. The time parameter t appears there in the
limit where the saddle point approximation holds (corresponding to the
WKB approximation) and where the saddle point gives a complex time in
the Euclidean formulation – corresponding to the ordinary real time t as in
(13).

In order to study the decoherence for a and φ, one has to solve the full
Wheeler–DeWitt equation (11) and trace out all the multipoles from the
resulting full quantum state. This gives a density matrix whose diagonal
terms are suppressed in the generic case, which means that interferences
between universes of different sizes can be neglected and the universe can
be treated classically for most of its evolution [2, 9]. Moreover, one can
also understand why and how interferences between the exp(iS0/h̄)- and
exp(−iS0/h̄)-branches of a wave function become suppressed by decoher-
ence. A calculation within a particular model leads, for example, to the fol-
lowing suppression term for the interference between these two branches
[13]:

exp

(

−πmH2
0 a3

128h̄

)

∼ exp
(

−1043
)

,

where the number arises for today’s universe if some natural values are
inserted for the Hubble parameter H0 and the mass m of a fundamental
Higgs field. One recognizes that today the universe behaves indeed very
classically!

Once a classical background is established as an approximate concept, one
can then address the quantum-to-classical transition for the relevant part of
the multipoles itself on this background, which are the density fluctuations
serving as the seeds for galaxy formation [14].

Using the above introduced concepts, one can also discuss the issues of
singularity avoidance and arrow of time. Both issues can have to do with
quantum effects far away from the Planck scale. As for the former example,
classical models exist which exhibit a singularity at large scale factor, that
is, far away from the Planck scale. For example, by choosing a scalar-field

141



CANONICAL QUANTUM GRAVITY

potential of the form

V(φ) = V0

(

sinh (|φ|) − 1

sinh (|φ|)

)

,

one can obtain a ‘big-brake singularity’ – the universe suddenly stops its
expansion in the future, while keeping both the scale factor and its time
derivative finite, but leading to an infinite value for the deceleration. Dis-
cussing the corresponding quantum model, it was shown upon solving the
Wheeler–DeWitt equation that all normalizable solutions vanish at the clas-
sical singularity, thus entailing complete singularity avoidance [15]. Sin-
gularity avoidance is also a central feature of loop quantum cosmology,
which is discussed in another contribution to this volume [6].

As for the arrow of time, its origin can in principle be understood from
quantum cosmology. The reason is that the Wheeler–DeWitt equation (10)
is asymmetric with respect to intrinsic time a. Choosing a simple initial
wave function which factorizes between the a and φ-part and the higher
multipoles, the full solution is a wave function whose quantum entangle-
ment between these two parts increases with a. Integrating out the mul-
tipoles leads to a density matrix whose impurity increases with a. This,
in turn, leads to an increasing entanglement entropy which could be at
the heart of the Second Law of thermodynamics [9]. An interesting conse-
quence would be a formal reversal of the arrow of time at the region of the
classical turning point [9, 16] – another quantum effect far from the Planck
scale.

Last but not least, quantum cosmology has an important bearing on our
understanding of quantum theory itself. Both quantum general relativity
and string theory preserve the linear structure for the quantum states, that
is, stick to the strict validity of the superposition principle. Since the Uni-
verse as a whole by definition contains all degrees of freedom, it must also
describe all observers in quantum terms. The only interpretation known
so far is the ‘Everett interpretation’, with decoherence as an essential part
[7]. I thus want to conclude with the following quote from one of the pio-
neering papers on canonical quantum gravity [17]:

Everett’s view of the world is a very natural one to adopt in the
quantum theory of gravity, where one is accustomed to speak
without embarassment of the ‘wave function of the universe.’ It
is possible that Everett’s view is not only natural but essential.
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Records Theory
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Abstract:

In quantum gravity, one seeks to combine quantum mechanics and
general relativity. In attempting to do so, one comes across the ‘prob-
lem of time’ impasse: the notion of time is conceptually different in
each of these theories. In this seminar, I consider the timeless records
approach toward resolving this. Records are localized, information-
containing subconfigurations of a single instant. Records theory is the
study of these and of how science (or history) is to be abstracted from
correlations between them. I explain how to motivate this approach,
provide a ground-level structure for it and discuss what kind of fur-
ther tools are needed. For a more comprehensive account with many
more references, see [1].

Introduction

Records play a role in Quantum Cosmology and Quantum Gravity. The
literature on this is a heterogeneous, consisting of 1) reinterpretations
[2, 3] of how α-particle tracks form in a bubble chamber [4] that may
be analogous to Quantum Cosmology [5, 6, 7, 8]. Therein, Barbour’s
approach also involves reformulating classical physics in timeless terms
[9, 10, 11, 12] and places emphasis on the configuration of the universe
as a whole and on timelessness casting mystery [3] upon why ‘ordinary
physics’ works. 2) The Conditional Probabilities Interpretation for Quantum
Cosmology [13, 14, 15] places its emphasis on subconfigurations (SC’s) of
the universe within a single instant. Here, ordinary physics of SC’s ends
up familiarly explained through other SC’s providing approximate time
standards for them, and what is habitually observed is the dynamics of
subsystems rather than of the whole universe [18, 10, 3, 19]. 3) While His-
tories Theory (see e.g. [16]) is not primarily timeless, a Records Theory sits

∗
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within it [16, 17], and benefits from inheriting part of the structural frame-
work developed for Histories Theory.

Records are “somewhere in the universe that information

is stored when histories decohere” (p 3353 of [16]) . (0)

This seminar’s Records Theory is a synthesis of elements drawn from 1

to 3. In outline, I consider records to be information-containing SC’s of
a single instant. Records Theory is then the study of these and how dy-
namics (or history or science) is to be abstracted from correlations between
same-instant records. It is to make this abstraction meaningful that I in-
sist on records being SC’s rather than whole instants, thus getting round
the abovementioned ‘mystery’ by a similar argument to the Conditional
Probability Interpretation’s.

For adopting a Records Theory approach to profitable, I argue that records
should have the following properties. Useability, in that A) their where-
abouts [c.f. (0)] should be spatially-localized SC’s of the universe, for what-
ever notion of space that one’s theory has and restricted to the observation-
ally accessible part thereof. B) They should also belong to a part of the SC
space for which observational imprecisions in identifying SC’s do not dis-
tort the extraction of information too much Usefulness: their information
content [c.f. (0)] should be high enough and of the right sort of quality to
enable reliable measures of correlation to be computed. Not all systems
have instants solely of this nature, so Records Theory may not always be
profitable. 1) and 2) additionally require semblance of dynamics to emerge
from timeless records.

Sec 2 summarizes motivation for Records Theory. Sec 3 mentions some
illustrative toy models. Sec 4 proposes a ground-level structure for Records
Theory which parallels some of that of Histories Theory. I then comment
on the useability, usefulness and correlation aspects of records in Sec 4–6,
and more speculative aspects in Sec 7.

Some motivations for Records Theory

Records Theory should be motivated as follows [1]. 1) The Problem of Time
(POT) in Quantum Gravity is an incompatibility between the roles played
by ‘time’ in GR and in QM [20]. One conceptually clear way of dealing with
this problem is to recast both GR and QM in a timeless mold. [While the
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Wheeler–DeWitt equation (WDE)’s timelessness might specifically prompt
some physicists toward Timeless Records Theory, this equation has numer-
ous technical problems and may not be trustworthy. Despite e.g. [18, 10, 3],
nor should one turn to Timeless Records Theory due to earlier detailed doc-
umentation of problems with the other POT approaches, but rather judge
it due to its own merits and shortcomings (Sec 7).] 2) One can in princi-
ple treat all of change, processes, dynamics, history and the scientific en-
terprise in these timeless terms. The classification and subsequent partial
elimination of question types in this seminar is to demonstrate that (and
its impracticality in some cases). 3) Records Theory is of potential use in
removing some unclarities (see e.g. [6]) from the foundations of Quan-
tum Cosmology (which in turn is what Inflationary Theory is to rest on).
Records Theory makes contact with this area in e.g. the following ways. A)
Such as CMB inhomogeneities or the pattern and spectra of galaxies may
be considered to be useful records. B) Within a histories perspective, the
decoherence process makes records, but information is in general lost in
the making. E.g. mixed states necessarily produce imperfect records [17].
Furthermore, finding out where in the universe the information resides
(i.e. where the records are) should be capable of resolving in which cases
gravity decoheres matter or vice versa. Decoherence is habitually linked
with the emergence of (semi)classicality, so there may well be some bridge
between Records Theory and the Semiclassical Approach. C) See also Sec
7. 4) Records Theory is (alongside Histories Theory) a universal scheme in
that all types of theory or system admit a such.

It has also been suggested that records are more operationally meaning-
ful than the histories. For, study of records is how one does science (and
history) in practise? Unfortunately, this last suggestion fails as motiva-
tion, because of the difference between the notion of records as in (some
of the) SC’s that the system provides and as in things which are localized,
accessible and of significant information content. As effective reconstruc-
tion of history requires the SC’s in question to have these in general un-
established properties, it is a question to address rather than a preliminary
motivation to have that records are more operationally meaningful than
histories through possessing good enough qualities to permit a meaning-
ful such reconstruction. Thus what one should do is 1) pin down where the
“somewhere” in (0) is (the central motivation in some of Halliwell’s papers,
e.g. [17]). 2) Determine whether the record thereat is useful – Gell-Mann–
Hartle assert that what they call records “may not represent records in the
usual sense of being constructed from quasiclassical variables accessible to us” (p
3353 of [16]). Also, it may be that the α-particle track in the bubble cham-
ber is atypical in its neatness and localization. For, bubble chambers are
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carefully selected environments for revealing tracks – much human trial
and error has gone into finding a piece of apparatus that does just that. α-
tracks being useful records could then hinge on this careful pre-selection,
records in general then being expected to be (far) poorer, as suggested e.g.
by Joos–Zeh’s paradigm [21] of a dust particle decohering due to the mi-
crowave background photons. In this situation, records are exceedingly
diffuse as the information is spread around by the CMB photons.

Toy models for Records Theory

Ordinary (conservative) mechanics already has a simple analogue of
the Hamiltonian constraint: a homogeneous quadratic energy constraint
which gives a time-independent Schrödinger equation (TISE) analogue of
the WDE at the quantum level. There are furthemore other mechanics
that share more features with GR: relational particle mechanics (RPM’s)
are such [9, 19, 23, 24]. These have additional linear constraints [such as a
zero angular momentum constraint, the physics then being encoded solely
in the relative separations and angles rather than in any absolute angles, in
analogy with how the linear momentum constraint of GR is interpretable
in terms of the physics being in the shape of 3-space and not in its coordina-
tization.] Scale-invariant RPM’s additionally have a linear zero dilational
constraint that is analogous to the maximal slicing condition in GR. Full re-
ductions are available [23] for 2d RPM’s (of which the scale-invariant one
is better behaved) allowing us to do quite a lot more with these particular
models. The kinetic term then contains the positive-definite Fubini–Study
metric.

One could include a harmonic oscillator detector within one’s mechanics
model, or couple it to an up–down detector. These can hold information
about one Fourier mode in the signal, thus showing that even very simple
systems can make imperfect records [17]. Finally, the inhomogeneous per-
turbations about homogeneous cosmologies [25] are a more advanced toy
model (with which RPM’s nevertheless share various features).

SC space structure and useable records

First level of classical structure

A configuration Q∆(p) is a set of particle positions and/or field values,
where ∆ is a multi-index which covers both particle and field species la-
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bels and whatever ‘tensorial’ indices each of these may carry, and p is a
fixed label.

Hierarchical, nonunique splittings into subsystems can then be construed:
QΓ(p) is a subsystem of Q∆(p) if Γ is a subset of the indexing set ∆. The
finest such subdivision is into individual degrees of freedom.

Two question-types that may be considered at this level are: Be1′), does
Q∆(p) have acceptable properties? (That covers both mathematical con-
sistency and physical reasonableness). Be2′) If properties of Q∆(p) are
known, does this permit deduction of any observable properties of some
Q∆′(p) for ∆′ disjoint from ∆? In other words, are there observable corre-
lations between SC’s of a single instant?

Many notions and constructions that theoretical physicists use (see e.g.

[20]) additionally require consideration of sets of instants. A configuration
space of instants is Q∆ = {Q∆(p) : p a label running over a (generally strati-
fied) manifold }. This is a heap of instants. One defines SC spaces similarly.
The counterpart of decomposition into subsystems is now a break-down
into subspaces. An ordinary (absolute) particle mechanics configuration
space is the set of possible positions of N particles, Q(N, d). Relational con-
figuration space R(N, d) is the set of possible relative separations and rela-
tive angles between particles. Preshape space P(N, d) is the set of possible
scale-free relative particle positions. Shape space S(N, d) is the set of possi-
ble scale-free relational configurations. As another example, for geometro-
dynamics, a rather redundant configuration space is Riem(Σ): the space of
positive-definite 3-metrics hµν(xγ) on the 3-space of fixed topology Σ. Less
redundant ones are superspace(Σ) = Riem(Σ)/Diff(Σ) and (something like)
conformal superspace(Σ) = Riem(Σ)/Diff(Σ) × Conf(Σ), for Diff(Σ) the dif-
feomorphisms of Σ and Conf(Σ) the conformal transformations of Σ.

While each Q∆ corresponds to a given model with a fixed list of contents,
one may not know which model a given (e.g. observed) SC belongs to, or
the theory may admit operations that alter the list of contents of the uni-
verse. Then one has a grand heap of SC spaces of instants. For example, use
1)

⋃
N∈ N0

Q(N, d) for a mechanics theory that allows for variable particle
number. 2)

⋃
various Σ superspace(Σ) for a formulation of GR that allows for

spatial topology change.

A second type of hierarchical splitting are grainings: the various ways that
Q can be partitioned. These define a partial order ≺ on the subsets of Q.
A ≺ B is termed ‘A is finer grained than B’, while C ≻ D is termed ‘C
is coarser-grained than D’. The coarsest grained set is Q itself, while the
finest grained sets are each individual q(p) (the constituent points of Q).
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Localization in space continues to be formulable in the relational context
[1]. Localization on configuration spaces [1, 27] can sometimes be attained
by augmenting the configuration space to be equipped with a norm. E.g.
on Q(N, d), these are the obvious unweighted and (inverse) mass-weighted
R

Nd norms, which still play a role in more reduced configuration spaces
through these ‘inheriting’ structures such as the R

nd norm for R(N, d) or
the chordal norm for P(N, d). If the configuration space has a natural met-
ric more complicated than the Euclidean one, one might be able to extend
the above notion to the norm corresponding to that. E.g., one could use
the Fubini–Study norm on S(N, 2), or the inverse DeWitt line element on
Riem(Σ) (but its indefiniteness causes some problems).

Another way is to intrinsically compute on each configuration a finite num-
ber of quantities, i: Q −→ R

n, and then use the R
n norm Di

Eucl(Q∆, Q′
∆)

= ||i(Q∆) − i(Q′
∆)||2 (though this is limited for some purposes by i hav-

ing a nontrivial kernel). E.g. one can compare SC’s in Q(N, d), R(N, d)
or R(N, d) by letting i be the total moment of inertia for each SC (a mass-
weighted norm). In geometrodynamical theories, one could additionally
compute geometrical quantities to serve as i, or embed N points in a uni-
formally random way in each geometry and then use the pairwise metric
distances between the points to furbish a vectorial i. Or, one could use total
volume, anisotropy parameter or a vector made out of these, or use curva-
ture invariants such as maximal or average curvatures of a given 3-space
(e.g. objects related to the Weyl tensor which are also perported measures
of gravitational information, see Sec 5). Or, for nonhomogeneous GR, one
could compute eigenvalues of an operator D associated with that geom-
etry (e.g. Laplacian or Yano–Bochner operators) and construct a spectral
measure i from these. Another measure of inhomogeneity that could be
used as an i would be an energy density contrast type quantity F[ε/〈ε〉]
(for ε the energy density distribution and 〈 〉 denoting average over some

volume) such as ε/〈ε〉 or
〈

ε
〈ε〉

log
(

ε
〈ε〉

)〉
, which particular functional form

[22] also has information content connotations (see Sec 6). One can read-
ily supply a notion of ‘within ǫ of’ for each above structure (contingent
to what distance axioms it obeys), thus obtaining examples of grainings.
RPM’s with their local particle clusters, and inhomogeneous perturbations
about minisuperspace with their localized bumps, are two such settings.

Four further question types can then be addressed. Two generalize their
primed counterparts to model the imperfection of observation. Be1), does
q∆(P) have acceptable properties? This is now for a graining set P rather
than for an individual instant p. Be2), if properties of q∆(P) are known,
does this permit deduction of any properties of q∆′(P) for ∆′ disjoint from
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∆? The other two involve the Q space of the theory or theories that the ob-
servations are perported to belong to. BeS1) is: what is P(q∆(P)) within the
collection of SC spaces? BeS2) is: what is P(q∆′(P) has properties P ′|q∆(P)
has properties P)?1 Examples of such questions are: what is P(space is al-
most flat)? What is P(space is almost isotropic)? What is P(space is almost
homogeneous)?

Configuration comparers and decorated instants

The above single-configuration notion of closeness may not suffice for
some

purposes (whether in principle or through lack of mathematical structure
leaving one bereft of theorems through which to make progress). Other no-
tions of closeness on the collection may depend on a fuller notion of com-
parison between instants, i.e. their joint consideration rather than a subse-
quent comparison of real numbers extracted from each individually. That
may serve as a means of judging which instants are similar, or of which
instants can evolve into each other along dynamical trajectories. Some cri-
teria to determine which notion to use [27] are adherence to the axioms of
distance, gauge or 3-Diffeomorphism invariance as suitable, and, for some
applications, whether it can be applied to grand heaps.

One way of providing comparers is to upgrade the previous subsection’s
normed spaces and geometries to inner product spaces, metric spaces
and topological spaces [23, 1]. In the case of inner products or metrics,
MΓ∆QΓQ′

∆ then supplies a primitive comparer of unprimed and primed
objects QΓ, Q′

∆.

Also consider replacing Q∆ by the tangent bundle T(Q∆) (configuration-
velocity space [10]), or the unit tangent bundle Tu(Q∆) (configuration-
direction space), or the cotangent bundle T∗(Q∆) (configuration-
momentum space, which, if augmented by a symplectic structure, is phase
space). Such notions continue to exist for restricted configuration spaces
in cases with constraints. This last feature involves quotienting operations,
which can considerably complicate structure in practise. Envisage all these
as ‘heaps of decorated instants’, H, which more general notion I use to su-
percede Q.

A common situation is to compare not configurations QΓ and Q′
∆ but

rather the corresponding velocities Q̇Γ and Q̇′
∆, with the comparer employ-

ing the kinetic metric An example of such a comparer is the Lagrangian

1P denotes probability and | denotes ‘given that’, i.e. conditional probability.

151



RECORDS THEORY

L : T(G-bundle over Q) −→ R L[Q∆, gΛ, Q̇∆, ġΛ] = 2
√

T{U + E} , where,
in this seminar’s examples, U is minus the potential term V(Q∆) and T

is the kinetic term T[Q∆, gΛ, Q̇∆, ġΛ] = MΓ∆(QΘ){
−→
G Q̇Γ}

−→
G Q̇∆/2 for

−→
G the action of the group G of redundant motions whose generators are

parametrized by auxiliary variables gΛ. [Here, the dot denotes the deriva-
tive with respect to label-time, an overall time that is meaningless because
the actions considered are invariant under label change (= reparametriza-
tion)].

This also exemplifies that one often corrects the QΓ or Q̇Γ with respect to
a group G of transformations under which they are held to be physically
unchanged. That involves the group action of G on the QΓ or Q̇Γ. E.g. for
particle velocities q̇iα, the infinitesimal action of the rotations (generated by

bα) is q̇iα −→
→
R q̇iα = q̇iα + qiα × ḃα E.g. for 3-metric velocities ḣµν, the

infinitesimal action of the 3-diffeomorphisms (generated by Bα) is ḣµν −→
→

Diff ḣµν = ḣµν − £Ḃhµν. One furthermore often then minimizes with
respect to the group generator (arbitrary frame ‘shuffling auxiliary’). This
ensures the physical requirement of G-invariance (i.e. gauge invariance,
including 3-diffeomorphism invariance in geometrodynamics).

Then one has e.g. 1) The Kendall-type comparer [1]
min

g ∈ G MΓ∆QΓ

→
G Q′

∆

for
→
G the finite group action. 2) Construct MΓ∆{

→
G Q̇Γ}

→
G Q̇∆ for

→
G the

infinitesimal group action. Then weight by U + E, square-root, then in-
tegrate with respect to spatial extent if required and with respect to label
time so as to produce the corresponding action. Variation of this ensures
G-independence. Actions of this form include [1] the Jacobi action for me-
chanics, Barbour–Bertotti type actions for RPM, and the Baierlein–Sharp–
Wheeler type actions for geometrodynamics. The variational procedure
then entails minimization with respect to gΛ. One could also weight by
1/{U + E} and square-root. This gives Leibniz–Mach–Barbour timefunc-
tions (c.f. [10, 26]). Another variant is the DeWitt measure of distance:
let one ḣαβ and 1 of the 2 metrics in each factor of the DeWitt supermet-
ric be with respect to primed coordinates, integrate with respect to both
primed and unprimed space, and then square-root. One then obtains a
semi-Riemannian metric functional (in the sense of ‘Finslerian metric func-
tion’). In inhomogenous geometrodynamics, one can likewise decompose
combined measures of local size and shape into separate comparers (c.f.
[27] and techniques in [28]). In each case, the individual rather than com-
bined comparers are better-behaved as distances.
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Comparers along the lines of 1) and 2) are universal, insofar as they ap-
ply both to RPM’s and to GR. However, the GR version has an indefinite
inner product which does not confer good distance properties in contrast
to the positive definite one in mechanics. Thus one might need different
tools in each case, or use only the shape part of the GR inner product,
which is itself positive definite [27]. Instead of using highly redundant
variables alongside gauge auxiliaries and a shuffling procedure, one could
work with reduced gauge-invariant configurations QΩ, for Ω a smaller in-

dexing set than ∆, and a Lagrangian L̃ : T̃(QΩ) −→ R constructed from

these, L̃[QΩ, Q̇Ω] = 2
√

T̃{Ũ + Ẽ} for T̃[QΩ, Q̇Ω] a suitable, ‘more twisted’

kinetic term. While, one seldom has this luxury of explicit gauge-invariant
variables being available, it is available [23] for the 2d RPM of pure shape.
The reduced configuration space metric is the Fubini–Study metric, from
which this example’s ‘more twisted’ kinetic term is formed. The associ-
ated notion of distance is then useable between 2d shapes. Alternatively,
one could work with (more widely available) secondary quantities that are
guaranteed to have the suitable invariances, e.g. further spectral measures.

If there’s a sense of more than one instant, there is one becoming question
type per question type above, by the construction Prob(if Q∆(p) has prop-
erties P then it becomes Q′

∆(p′) with properties P ′). I denote each such
question type as above but with ‘Become’ rather than ‘Be’.

If there were a notion of time

Then yet further question types would emerge. Each of the non-statespace

questions can now involve each instant being prescribed to be at a time.
I denote this by appending a T. The new Be questions concern ‘being at
a particular time’, while the new Become questions are of the form ‘X at
time 1 becomes Y at time 2’. For questions concerning heaps there is a
further ambiguity: ‘at any time’ now makes sense as well as ‘at a particular
time’. Thus for each BeS question there are two BeST questions (denoted
a, b), and for each BecomeS question there are four BecomeST questions
(denoted a, b, c, d). Thus 32 question-types have been uncovered.

Further analysis of question-types and of time

First note Suppression 1: the 8 primed questions are clearly just subcases
of their more realistic unprimed counterparts. Next note that the previous
subsection crucially does not say what time is. Ordinary classical physics
is easily excused: there is a real number valued external time, so that each
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H is augmented to an extended heap space H × R. One key lesson from
GR, however, is that there is no such external time. Stationary spacetimes
(including SR’s Minkowski spacetime) do possess a timelike Killing vector,
permitting a close analogue of external time to be used, but the generic GR
solution permits no such construction. The generic solution of GR has a
vast family of coordinate timefunctions, none of which has a privileged
status unlike that associated with a stationary spacetime’s timelike Killing
vector. Questions along the lines of those above which involve time need
thus specify which time. Using ‘just any’ time comes with the multiple
choice and functional evolution [20] subaspects of the POT – this ambiguity
tends to lead to inequivalent physics at the quantum level.

Another way of partly adhering to the above key lesson, which can be
modelled at the level of nonrelativistic but temporally-relational mechan-
ical models, is that ‘being, at a time t0’ is by itself meaningless if one’s
theory is time label reparametrization invariant.

Alternatives that render particular times, whether uniquely or in families
up to frame embedding variables, meaningful are specific internal, emer-
gent or apparent time approaches. Therein, time is but a property that can
be read off the (decorated sub)configuration. E.g. the notion of time in
[13] can be thought of in this way. Thereby one has Subsumption 2: all
question types involving a T are turned into the corresponding question
types without one. This property might concern a clock within the envi-
ronment/background, within the subsystem under study, or partly within
both. Indeed, one could have a universe-time to which all parts of the con-
figuration contribute rather than a clock subsystem.

Subsumption 3: Each BecomeST b, c pair becomes a single question type
if there is time reversal invariance. Subsumption 4: If the time used is
globally defined on H, BeSTb questions and BecomeSTd questions are re-
dundant. This can in any case be attained by considering restricted H de-
fined so that this is so. (Whether that excludes interesting physics is then
pertinent). At this stage, one is left with 8 question types.

Subsumption 5 has been suggested by Page (e.g [14]) and also to some
extent Barbour [3]. It consists in supplanting all becoming questions by
more operationally accurate being questions as follows. It is not the past
instant that is involved, but rather this appearing as a memory/subrecord
in the present instant, alongside the subsystem itself. Thus this is in fact
a correlation within the one instant. In this scheme, one does not have a
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sequence of events but rather one present event that contains memories or
other evidence of ‘other events’.2

If subsumption 5 is adopted, the remaining question types are Be2 about
how likely a correlation between two subsystems within the one grained
subinstant is, theory-observation question type BeS2 about how likely an
instant is within a statespace, and two ‘consistency’ question types Be1
and BeS1 about properties of a subinstant. If subsumption 5 is not adopted
(or not adoptable in practise), there are additionally four corresponding
types of becoming questions. Reasons why subsumption 5 might not be
adopted, or might not be a complete catch-all of what one would like to be
explained include I) impracticality: studying a subsystem S now involves
studying a larger subsystem containing multiple imprints of S. Models in-
volving memories would be particularly difficult to handle (see footnote 2).
II) If one wants a scheme that can explain the Arrow of Time, then Page’s
scheme looks to be unsatisfactory. While single instants such as that in foot-
note 2 could be used to simulate the scientific process as regards ‘becoming
questions’, N.B. that these single instants correspond to the latest stage of
the investigation (in the ‘becoming’ interpretation), while ‘earlier instants’
will not have this complete information. III) Additionally, important as-
pects of the scientific enterprise look to be incomplete in this approach –
in interpreting present correlations, one is in difficulty if one cannot affirm
that one did in fact prime the measuring apparatus would appear to retain
its importance. I.e. as well as the ‘last instant’ playing an important role in
the interpretation, initial conditions implicit in the ‘first instant’ also look
to play a role [1].

QM and beyond?

At the classical level, one could either take certainty to be a subcase of
probability, or note that even classically it is probabilities that are relevant
in practise – e.g. due to limits on precision of observations. 2) A notion of
P(trajectory goes through a subregion ∆ for each space H) is then required.
This is particularly common in the literature in the case in which H is phase
space. Then if one canonically-quantizes, the Hamiltonian provides a TISE
such as the WDE in the case of GR.

2As an illustrative sketch, one can imagine a configuration in which the record
actually under study is the naı̈ve record plus the observer next to it, whose memory
includes a SC which encodes himself peering at the record ‘at an earlier time’ and
a SC in which he has this first memory and a prediction ‘derived from it’.
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Because they refer to configurations, such as the almost flat, almost
isotropic and almost homogeneous questions have obvious counterparts
in configuration–representation QM; in concerning pieces of the config-
uration space these questions lie outside the usual domain of QM. The
Naı̈ve Schrödinger Interpretation and the Conditional Probabilities Inter-
pretation are two interpretations outside or beyond conventional QM for-
malism suggested to answer such questions. The former serves to address
the BeS1 version of this paragraph’s questions, such as what is P(universe
is almost flat) or what is P(Inflation) [1]. The latter addresses Be2 or BeS2
questions such as P(One part of the sky is smooth | another is) [all within
a given instantaneous configuration].

Are records typically useful?

Records Theory requires A) for SC’s to be capable of holding enough in-
formation to address whatever issues are under investigation. Thus Infor-
mation Theory is pertinent. Information being (more or less) negentropy,
a starting classical notion is the Boltzmann-like IBoltzmann = −logW (using
kB = 1 units) for W the number of microstates. One could furthermore use
such as Shannon information, IShannon(px) = ∑x pxlogpx for px a discrete
probability distribution for the records, or IShannon[σ] =

∫
dΩσlogσ for σ a

continuous probability distribution. If one considers records at the quan-
tum level, then one could instead use such as von Neumann information,

Ivon Neumann[ρ] = Tr(ρlogρ) for ρ the QM density matrix. These notions
have suitable properties and remain applicable [1] in passing to QFT and
GR contexts. One contention in interpreting (0) at the general level re-
quired for developing a POT strategy is that information is minus en-
tropy and classical (never mind quantum) gravitational entropy is a con-
cept that is not well understood or quantified for general spacetimes
[1]. Quantum gravity may well have an information notion I[ρQGrav] =
TrρQGravlogρQGrav, but either the quantum-gravitational density matrix is
an unknown object since the underlying microstates are unknown, or, al-
ternatively, one would need to provide an extra procedure for obtaining
this, such as how to solve and interpret the WDE, which would be fraught
with numerous further technical and conceptual problems.

Rather than a notion of gravitational information that is completely gen-
eral, a notion of entropy suitable for approximate classical and quantum
cosmologies may suffice for the present study. Quite a lot of candidate ob-
jects of this kind have been proposed. However, it is unclear how some of
these would arise from the above fundamental picture, while for others it
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is not clear that the candidate does in fact possess properties that make it
a bona fide entropy [1]. Cosmologically relevant information notions pro-
posed to date include some that are manifestly related to the above conven-
tional notions of information, and also [22] use IHBM[ε] =

∫
dΩεlog(ε/〈ε〉)

and I′HBM[ε] = 〈εlog(ε/〈ε〉)〉, the first of which is a relative information
type quantity (see Sec 6).

B) However, whether there is a pattern in a record or collection of records
(and whether that pattern is significant rather than random) involves more
than just how much information is contained within. Two placings of the
same pieces on a chessboard could be, respectively, from a grandmasters’
game and frivolous. What one requires is a general quantification of there
being a pattern. This should be linked at least in part to information con-
tent, in that the realization of at least some complicated patterns requires
a minimum amount of information. Records Theory is, intuitively, about
drawing conclusions from similar patterns in different records.

Consider also the situation in which information in a curve or in a wave
pulse that is detectable by/storeable in a detector in terms of approxi-
mands or modes. As regards localized useable information content per
unit volume, considering the Joos–Zeh dust–CMB and α-track–bubble
chamber side by side suggests that most records in nature/one’s model
will be poor or diffuse. For the Joos–Zeh [21] example the ‘somewhere’ is
all over the place: “in the vastness of cosmological space”. Detectors, such as
the extension of Halliwell’s 1-piece detector model (Sec 3.3, [17]) to a clus-
ter, could happen to be tuned to pick up the harmonics that are principal
contributors in the signal. In this way one can obtain a good approxima-
tion to a curve from relatively little information. E.g. compare the square
wave with the almost-square wave that is comprised of the first 10 har-
monics of the square wave. That is clearly specific information as opposed
to information storage capacity in general. Likewise, a bubble chamber is
attuned to seeing tracks, a detector will often only detect certain (expected)
frequencies. Through such specialization, a record that ‘stands out’ can be
formed. One should thus investigate is quantitatively which of the α-track
and ‘dust grain’ paradigms is more common.

C) Information can be lost from a record ‘after its formative event’ – the
word “stored” in (0) can also be problematic. Photos yellow with age and
can be defaced or doctored.
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Correlations between records

One concept of possible use is mutual information: this is a notion M(A, B)
= I(A) + I(B) − I(AB) for AB the joint distribution of A and B for each
of classical Shannon or QM von Neumann information. This is a quantity
of the relative information type [1], Irelative[p, q] = ∑x pxlog(px/qx) (discrete
case), Irelative[σ, τ] =

∫
dΩσlog(σ/τ) (continuous case), (the object in Sec

4.1 is a special case of the continuous case of this in which the role of the
second distribution is played by the average of the first). The QM coun-
terpart of relative information is Irelative[ρ1, ρ2] = Tr(ρ1{logρ1 − logρ2}) ;
mutual information also has QM analogues. It is not clear that these no-
tions cover all patterns. Two records could be part of a discernible common
pattern even if their constituent information is entirely different, e.g. the
pattern to spot on two chessboards could be interprotection, manifest be-
tween rooks on one and between knights on the other.

Another is the family of notions of correlator/n-point function in the cos-
mological or QFT senses (or both at once).

Further features of Records Theory

Barbour furthermore asks [3] whether there are any selection principles for
such records (which he calls ‘time capsules’; the bubble chamber with the
α-particle track within is a such). If these features are to be incorporated,
one would additionally need a (relative) measure of semblance of dynam-
ics. How does a record achieve this encodement? Are SC’s that encode
this generic? Let us suppose that this is actually a special rather than
generic feature for a SC to have. This would be the case if the dust grain–
CMB photon paradigm is more typical than the α-particle–bubble chamber
one. Then one would have the problem of explaining why the universe
around us nevertheless contains a noticeable portion of noticeably history-
encoding records, i.e. a selection principle would be needed.

Barbour suggests a selection principle based on the following layers [3]. 1)
There are some distinctive places in the configuration space. 2) The wave-
function of the universe peaks around these places, making them probable.
3) These parts of the configuration space contain records that bear a sem-
blance of dynamics (‘time capsules’). [Following my arguments in Sec 1,
this should be rephrased in terms of SC’s.] Some doubts are cast on this
scheme in [1]. In particular, A) Barbour supplies no concrete mathemat-
ical model evidence for there being any correlation between SC’s being
time capsules and their being near a distinctive feature of SC space such
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as a change of stratum or a point of great uniformity. B) Semiclassical-
ity might either explain or supplant Barbour’s selection principle, while
there are additionally two further a priori unrelated selection principles
in the literature, which could be viewed either as competitors or as fea-
tures that Barbour’s scheme should be checked to be able to account for: I)
branching processes and II) consistency conditions in the Histories Theory
framework.

One reason that Barbour favours the above scheme is so as to be open to
the possibility of explaining the Arrow of Time, unlike I), II), [8] (which
builds in a time asymmetry in the choice of admitted solutions), and Page’s
scheme (which is subject to the difficulties pointed out in Sec 4.4). These
various interesting issues should be further investigable using RPM’s.

As regards Records Theory as a POT resolution, limitations exposed in this
seminar are as follows. Records are “somewhere in the universe that infor-
mation is stored when histories decohere”. But a suitable notion of local-
ization in space and in configuration space may be hard to come by and/or
to use for quantum gravity in general – ‘where’ particular records are can
be problematic to quantify, and the records can be problematic to access
and use too, since the relevant information may be ‘all over the place’.
Also, ‘information’ is problematic both as it may be of too poor a qual-
ity to reconstruct the history and because a suitably general notion of in-
formation is missing from our current understanding of classical gravity,
never mind quantum gravity with its unknown microstates (mechanical
toy models are useful in not having this last obstruction). Finally, the fur-
ther Records Theory notions of significant correlation patterns and how
one is to deduce dynamics/history from them looks to be a difficult and
unexplored area even in simpler contexts than gravitation.
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Towards a New Paradigm: Relativity in Configuration Space

MATEJ PAVŠIČ∗

Jožef Stefan Institute, Jamova 39, SI-1000 Ljubljana, Slovenia

Abstract: We consider the possibility that the basic space of physics is
not spacetime, but configuration space. We illustrate this on the exam-
ple with a system of gravitationally interacting point particles. It turns
out that such system can be described by the minimal length action in
a multidimensional configuration space C with a block diagonal met-
ric. Allowing for more general metrics and curvatures of C, we step
beyond the ordinary general relativity in spacetime. The latter theory
is then an approxiamtion to the general relativity in C. Other sorts of
configuration spaces can also be considered, for instance those associ-
ated with extended objects, such as strings and branes. This enables a
deeper understanding of the geometric principle behind string theory,
and an insight on the occurrence of Yang-Mills and gravitational fields
at the ‘fundamental level’.

Introduction

After many decades of intensive research there is still no general consen-
sus on the major persisting puzzles such as the unification of fundamental
interactions, quantum gravity, the problem of time, the cosmological con-
stant problem, the nature of dark matter and energy, etc. From history we
know that such situation calls for a ‘paradigm shift’. We also know that of-
ten a formalism is more powerful than initially envisaged. For example, in
the Hamilton-Jacobi function there is a hint of quantum mechanics, which
could have been guessed much earlier before its experimental discovery.
The line element in Minkowski spacetime suggested its generalization to
curved spacetime and thus the theory of gravity. Clifford algebra led to the
Dirac theory of electron. In all those cases the formalism itself pointed to
its own generalization! This introduced important new physics.

∗ matej.pavsic@ijs.si
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Having in mind such lessons from history it seems reasonable to do some-
thing analogous with the currently available formalisms, and to step be-
yond the existing paradigm. We will first examine the formalism that de-
scribes a system of point particles in the presence of gravity. We will then
consider a generalization of the theory of relativity in which spacetime M4

is replaced by the configuration space C associated with a given physical
system. The system will be considered as a point that traces a geodetic
line in configuration space. Such theory predicts in general a different dy-
namical behavior of a many particle system than does the ordinary theory.
But in particular, for a suitable metric on C , we obtain the ordinary many
particle action in the presence of gravitational field. In general, the config-
uration space can have non vanishing curvature. From the point of view of
4-dimensional spacetime, which is a subspace of C , there exist extra forces
that act on a particle, besides the ordinary gravity. Observations suggest
that the ordinary theory of gravity cannot be straightforwardly applied to
large scale systems, such as galaxies, clusters of galaxies, and the universe.
Instead, one has to introduce the concept of dark matter [1] and dark en-
ergy [1], or alternatively, to consider suitable modifications of the theory
of gravity (MOND) [2]. We propose to explore the possibility that gen-
eral relativity, not in spacetime M4, but in multidimensional configuration
space C might solve such astrophysical puzzles. The theory can also be
applied to other kinds of configuration spaces, e.g., those associated with
extended objects such as strings [3] and branes [4]. This enables a deeper
understanding of the geometric principle behind string theory, and the in-
sight on the occurrence of the Yang-Mills and gravitational fields.

Generalizing relativity

Configuration space replaces spacetime

Let us consider a system of point particles in the presence of a gravitational
field gµν. The action is the sum of the individual point particle actions

I[Ẋ
µ
i ] = ∑

i

∫

dτ
√

Ẋ
µ
i Ẋν

i mi gµν(X
µ
i ) (1)

We will now rewrite this into an equivalent form.

Let us recall that a point particle action

I[Xµ] =
∫

dτ m
√

ẊµẊν gµν (2)
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has its equivalent in the Schild action

I[Xµ] =
∫

dτ
m

k
ẊµẊν gµν (3)

which is a gauge fixed action with

ẊµẊνgµν = k2 = const. (4)

where k is a constant.1

The Schild action for a system of point particles is

I[Ẋ
µ
i ] =

∫

dτ ∑
i

Ẋ
µ
i Ẋν

i

mi

ki
gµν(X

µ
i ) (5)

This can be considered as a quadratic form in a multidimensional space C
whose dimension is 4 times the number N of particles in the system. To see
this more clearly, it is convenient to introduce a more compact notation:

Ẋ
µ
i ≡ Ẋ(iµ) ≡ ẊM, M = (iµ) (6)

mi

ki
gµν ≡ M

K
g(iµ)(jν) ≡

M

K
gMN (7)

Then the action (5) becomes

I[XM] =
∫

dτ ẊMẊN M

K
gMN(XM) (8)

which is the Schild action in C . The 4N-dimensional space C is the config-
uration space associated with a system. From the context it should be clear
when M is a double index M ≡ (iµ), and when it is a constant, analogous
to single particle mass m.

From the equations of motion derived from the action (8) it follows

ẊMẊM gMN = K2 (9)

1Variation of the action (2) gives d(Ẋν gµν)/dτ − gαβ,µ ẊαẊβ/2 = 0. This
can be rewritten in the forms (1/

√
Ẋ2) d(Ẋνgµν/

√
Ẋ2)/dτ − gαβ,µẊαẊβ/2Ẋ2 −

(1/
√

Ẋ2) d(1/
√

Ẋ2)/dτ Ẋνgµν = 0. If we multiply this by Ẋµ (and sum
over µ), then the first two terms give identically zero, so that we find√

Ẋ2 d(1/
√

Ẋ2)/dτ = 0, or Ẋ2 ≡ gµνẊµẊν = C2, with C being a constant. On

the other hand, the momentum belonging to the Schild action is pµ = mẊµ/k.

Thus m2 = pµ pµ = m2ẊµẊµ/k2 = m2C2/k2 which implies C2 = k2.
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where K is a constant. Explicitly this reads

Ẋ2
1 + Ẋ2

2 + . . . + Ẋ2
N = K2 (10)

Rewriting the latter equation as

Ẋ2
1

K2
= 1 − Ẋ2

2

K2
− Ẋ2

3

K2
− . . . − Ẋ2

N

K2
(11)

multiplying it by M2, and using the expression

pM =
MẊM

K
≡

MẊiµ

K
(12)

we find
M2Ẋ2

1

K2
= M2 − p2

2 − p2
3 − . . . − p2

N = p2
1 ≡ m2

1 (13)

M2

K2
=

m2
1

k2
1

or
M

K
=

m1

k1
(14)

where

k2
i = Ẋ2

i = g(iµ)(iν)Ẋ
µ
i Ẋν

i (no sum over) i, i = 1, 2, . . . , N (15)

Since the above derivation can be repeated for any i = 1, 2, . . . , N, we have

M

K
=

mi

ki
(16)

Eqs. (9),(16) and (16) thus imply

M2 = ∑
i

p2
i (17)

piµ =
MẊiµ√

Ẋ2
=

miẊiµ√
Ẋ2

i

(18)

The Schild action in C is equivalent to the reparametrization invariant ac-
tion C :

I[XM] = M
∫

dτ
√

ẊMẊN gMN(XM) (19)

which is proportional to the length of a worldline in C . The constant M has
the role of mass in C .
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Having arrived at the action (19), we will now assume that the metric gMN

need not be of the block diagonal form (7). We will assume that the config-
uration space C is a manifold equipped with metric GMN, connection and
curvature (that in general does not vanish).

In particular, for the block diagonal metric

GMN ≡ G(iµ)(jν) = g(iµ)(jν) =











gµν(x1) 0 0 · · ·
0 gµν(x2) 0 · · ·
0 0 gµν(x3) · · ·
...

...
...

...











(20)

we obtain the ordinary relativistic theory for a many particle system in a
given gravitational field.

By allowing for a more general metric, that cannot be transformed into
the form (20) by a choice of coordinates in C , we go beyond the ordinary
theory.

Configuration space C is the space of possible “instantaneous” configura-

tions in M4. Its points are described by coordinates xM ≡ x
µ
i . A given

configuration traces a worldline xM = XM(τ) in C (see Fig. 1).

‘Instantaneous’ configuration in M4

M4

C

X
µ
i

XM

‘Evolution’ of configuration in M4

Representation in configuration space C

M4

X
µ
i (τ)

XM(τ)
C

Figure 1: An ‘instantaneous’ configuration can be represented as a set of
points in spacetime M4, or as a point in configuration space C . Analo-
gously, a ‘moving’ configuration can be represented as a set of worldines
in M4, or a single worldline in C .
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A dynamically possible worldline in C is a geodesic in C , and it satisfies the
variation principle based on the action (19).

Instead of considering a fixed metric on C , let us assume that the metric
GMN is dynamical, so that the total action contains a kinetic term for GMN:

I[XM, GMN] = Im + Ig (21)

where

Im =
∫

dτ M

√

GMNẊMẊN = (22)

=
∫

dτ M

√

GMNẊMẊN δD (x − X(τ)) dDx (23)

and

Ig =
1

16πGD

∫

dDx
√

|G| R (24)

Here R is the curvature scalar in C . So we have general relativity in config-
uration space C . We have arrived at a theory which is analogous to Kaluza-
Klein theory. Configuration space is a higher dimensional space, whereas
spacetime M4 is a 4-dimensional subspace of C , associated with a chosen
particle.

The concept of configuration space can be used either in macrophysics or
in microphysics. Configuration space associated with a system of point
particles is finite dimensional. Later we will discuss infinite dimensional
configuration spaces associated with strings and branes.

Equations of motion for a configuration of point particles

The equations of motion derived from the action (21) are the Einstein equa-
tions in configuration space C . Let us now split the coordinates of C into
4-coordinates Xµ ≡ X1µ, µ = 0, 1, 2, 3 associated with position of a chosen

particle, labeled by 1, and the remaining coordinates XM̄,

XM = (Xµ, XM̄) (25)

The quadratic form occurring in the action (8) can then be split—
according to the well known procedure of Kaluza-Klein theories—into a
4-dimensional part plus the part due to the extra dimensions of configura-
tion space C :

ẊMẊN GMN = ẊµẊνgµν + extra terms (26)

166



TIME AND MATTER 2007

More precisely, if for the metric on C we take the ansatz

GMN =

[

gµν + AM̄
µ AN̄

ν φM̄N̄ AN̄
µ φM̄N̄

AN̄
ν φM̄N̄ φM̄N̄

]

(27)

then we obtain

ẊMẊNGMN = ẊµẊνgµν + ẊM̄ẊN̄φM̄N̄ (28)

where

ẊM̄ = GM̄NẊN = AM̄µẊµ + φM̄N̄ẊN̄ (29)

Inserting expression (28) into the action (23), we have

I[Xµ, XM̄] = M
∫

dτ
[

ẊµẊνgµν + (30)

+ φM̄N̄(AM̄µẊµ + φM̄J̄Ẋ J̄)(AN̄νẊν + φN̄K̄ẊK̄)
]1/2

where we have omitted subscript m.

Variation of the latter action with respect to Xµ gives

1√
Ẋ2

d

dτ

(

Ẋµ

√
Ẋ2

)

+
1

Ẋ2
Γ

µ
ρσẊρẊσ + extra terms = 0, (31)

where Ẋ2 ≡ gρσẊρẊσ. This is just the 4-dimensional geodesic equation
plus extra terms due to the extra coordinates of C .

For the explicit derivation it is convenient to use, instead of (23), an equiv-
alent action, namely the phase space action

I[XM, PM, Λ] =
∫

dτ (PMẊM − H) (32)

where

H =
Λ

2M

(

PMPN GMN − M2
)

(33)

is the “Hamiltonian” which—due to reparametrization invariance—is
identically zero. Variation of the action (32) with respect to PM and Λ,
respectively, gives

PM =
MẊM

Λ
, Λ = ẊMẊN GMN (34)
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Splitting variables XM according to (25), and analogously for PM, we ob-
tain

I[Xµ, XM̄, pµ, PM̄, Λ] =
∫

dτ
[

pµẊµ + PM̄ẊM̄ − H
]

(35)

The Hamiltonian becomes

H =
Λ

2M

[

gµν
(

pµ − A J̄
µPJ̄

) (

pν − AK̄
ν PK̄

)

+ φM̄N̄PM̄PN̄ − M2
]

(36)

where pν = Pν is 4-dimensional momentum.

Let us now assume that the “internal” subspace of C admits isometries

given by the Killing vector fields k J̄
α. Index α runs over the independent

Killing vectors, whereas J̄, like M̄, N̄, runs over the “internal” coordinates.
Then, as it is customary in Kaluza-Klein theories, we write

A
J̄
µ = k

J̄
α Aα

µ (37)

The metric φM̄N̄ of the internal space can be rewritten in terms of a metric
ϕαβ in the space of isometries:

φM̄N̄ = ϕαβkM̄
α kN̄

β + φM̄N̄
extra (38)

Here φM̄N̄
extra are additional terms due to the directions that are orthogonal

to isometries. For particular internal spaces C̄ those additional terms may
vanish.

Introducing projections of momentum onto Killing vectors

pα ≡ k J̄
αPJ̄ (39)

and chosing a coordinate system in C in which

kM
α =

(

k
µ
α , kM̄

α

)

, k
µ
α = 0, kM̄

α 6= 0. (40)

The Hamiltonian (36) reads

H =
Λ

2M

[

gµν
(

pµ − Aα
µ pα

) (

pν − A
β
ν pβ

)

+ ϕαβ pα pβ − M2
]

(41)

For simplicity we will omit the extra terms φM̄N̄
extra.

Now we can use the Hamilton equations of motion:

ṗα = {pα, H} (42)
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ṗµ = {pµ, H} (43)

Calculating the Poisson brackets

{pα, pβ} =
∂pα

∂X J

∂pβ

∂XJ
−

∂pβ

∂X J

∂pα

∂XJ
=

(

kM
α,Jk

J
β − kM

β,Jk
J
α

)

pM = −C
γ
αβ pγ (44)

introducing the kinetic momentum

pµ − A
J̄
µPJ̄ ≡ πµ, gµνπν =

M

Λ
Ẋµ (45)

and the gauge field strength

Fα
µν = ∂µ Aα

ν − ∂ν Aα
µ + Cα

α′β′ A
α′
µ A

β′
ν (46)

we obtain

ṗα = C
γ
αβ pγ A

β
µẊµ − Λ

2M
ϕ

α′β′

, J̄
pα′ pβ′k

J̄
α (47)

π̇µ − Λ

2M
gρσ,µπρπσ + Fα

µν pαẊν +
Λ

2M

(

ϕ
αβ
,µ − ϕ

αβ

, J̄
k J̄

α′ A
α′
µ

)

pα pβ = 0. (48)

This is the well known Wong equation [5], with additional terms due to the
presence of scalar fields ϕαβ.

Relation between the higher dimensional and 4-dimensional mass

If we rewrite the quadratic form (28) as

ẊµẊνgµν

ẊMẊNGMN
= 1 − ẊM̄ẊN̄φM̄N̄

ẊMẊNGMN
(49)

and multiply by M2 we find

M2 ẊµẊνgµν

ẊMẊNGMN
= M2 − φM̄N̄ pM̄ pN̄ = gµν pµ pν = m2 (50)

where

PM =
MẊM

√

Ẋ JẊKGJK

(51)

From eq. (50) we obtain the ratio of the mass m in M4 to the mass M in C
expressed in terms of the corresponding velocity quadratic form,

m

M
=

√

ẊµXνgµν

ẊMẊNGMN
(52)
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For the 4-dimensional momentum we have

Pµ =
MẊµ√

Ẋ JẊKGJK

=
mẊµ√

ẊµẊνgµν

= pµ (53)

This is the same as eq. (18), but now derived for a more general metric of
C . Using eqs.(50),(53), together with (34), the equation of motion (48), after
raising free indices, we obtain

1

λ

d

dτ

(

Ẋµ

λ

)

+(4) Γ
µ
ρσ

ẊρẊσ

λ2
+

pα

m
Fα

µν
Ẋν

λ
(54)

+
1

2m2

(

ϕ
αβ
,µ − ϕ

αβ

, J̄
k

J̄
α′ A

α′
µ

)

pα pβ +
1

λm

dm

dτ
= 0, (55)

where λ =
√

ẊµẊνgµν.

From eq. (55), in which pα play the role of gauge charges, we see that m
has the role of inertial mass in 4-dimensions. Four dimensional mass m is
given by higher dimensional mass M and the contribution due to the extra
components of momentum PM̄:

m2 = gµν pµ pν = M2 − φM̄N̄ pM̄ pN̄ = M2 − ϕαβ pα pβ (56)

These extra components PM̄ are in fact momenta of all other particles
within the configuration. In general m is not constant, but in configura-
tion spaces with suitable isometries it may be constant.

A configuration under consideration can be the universe. Then, according
to this theory, the motion of a subsystem, approximated as a point parti-
cle, obeys the law of motion (55). Besides the usual 4-dimensional gravity,
there are extra forces. They come from the generalized metric, i.e. the
metric of configuration space. Since the inertial mass of a given particle
depends on momenta of other particles and their states of motion (their
momenta), the Mach principle is automatically incorporated in this theory.
Such approach opens a Pandora’s box of possibilities to revise our current
views on the universe. Persisting problems, such as the horizon problem,
dark matter, dark energy, the Pioneer effect, etc., can be examined afresh
within this theoretical framework based on the concept of configuration
space.

Locality, as we know it in the usual 4-dimensional relativity, no longer
holds in this new theory, at least not in general. But in particular, when
the metric on C assumes the block diagonal form (20), we recover the ordi-
nary relativity (special and general), together with locality. However, it is
reasonable to expect that metric (20) may not be a solution of the Einstein
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equations in C . Then the ordinary relativity, i.e., the relativity in M4, could
be recovered as an approximation only. Even before going into the intricate
work of solving the equations of general relativity in C , we already have
a crucial prediction, namely that locality in spacetime holds only approxi-
mately. When considering the universe within this theory, we have to bear
in mind that the concept of spacetime has to be replaced by the concept
of configuration space C . Locality in M4 has thus to be replaced by local-
ity in C . More technically this means that, instead of differential equations
in M4 (e.g., the Einstein equations), we have differential equations in C : a
given configuration (a point in C) can only influence a nearby configura-
tion (a nearby point in C). Only in certain special cases this translates into
the usual notion of locality in M4 (a subspace of C). The so called ‘horizon
problem’ does not arise in this theory.

Strings, branes

Theories of strings and higher dimensional objects – branes – are very
promising in explaining the origin and interrelationship of the fundamen-
tal interactions, including gravity [3, 4] .

But there is a cloud. A question arises as to what is the geometric prin-
ciple behind string and brane theories, and how to formulate them in a
background independent way [6].

I[gµν] =
∫

d4x
√−g R

?

Figure 2: To point particle there corresponds the Einstein-Hilbert action in
spacetime. What is a corresponding space and action for a closed string?

Since such a fundamental issue has been left unsettled in the course of the
development of string theory, it is not difficult to imagine that the latter
theory is not yet finished. Recent serious criticism of string theory refers
to an incomplete theory [7]. In the following we will consider the possi-
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bility that string/brane theories should take into account the concept of
configuration space.

Configuration space for infinite dimensional objects – branes

A brane can be considered as a point in an infinite dimensional space M
with coordinates

Xµ(ξa) ≡ Xµ(ξ) ≡ XM (57)

where Xµ(ξa), µ = 0, 1, 2, . . . , N − 1; a = 0, 1, 3, . . . , n − 1; n < N, the em-
bedding fuctions of the branes [8, 9] This includes classes of tangentially
deformed branes, which we can interpret as being physically different ob-
jects, not just as being related by reparametrizations of the brane’s world
manifold [8] (see Fig. 3).

Figure 3: Examples of tangentially deformed membranes. Mathematically
the surface on the left is the same as the surface on the right. Physically the
two surfaces are different.

All such objects are represented by different points of M-space. The latter
space is the configuration space associated with a brane. This is the space
of all (infinitely many) possible configurations of a brane.

Instead of one brane we can take a 1-parameter family of branes

Xµ(τ, ξa) ≡ Xµ(ξ)(τ) ≡ XM(τ), i.e. a curve (trajectory) in M. In princi-
ple every trajectory is kinematically possible. A particular dynamical the-
ory then selects which amongst those kinematically possible branes and
trajectories are dynamically possible. We assume that dynamically possi-
ble trajectories are geodesics in M determined by the minimal length action
[8, 9]

I[XM] =
∫

dτ
√

ρMNẊMẊN . (58)
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Here ρMN is the metric of M.

In particular, if the metric is

ρMN ≡ ρµ(ξ ′)ν(ξ ′′) = κ

√

| f (ξ ′)|√
Ẋ2(ξ ′)

δ(ξ ′ − ξ ′′) ηµν (59)

where fab ≡ ∂aXµ∂bXνηµν is the induced metric on the brane, f ≡ det fab,

Ẋ2 ≡ ẊµẊνgµν, (ηµν being the Minkowski metric of the embedding space-
time), then the equations of motion derived from (58) are precisely those of
a Dirac-Nambu-Goto brane [8, 9].

In this theory we assume that the metric (59) is just one particular choice
amongst many other possible metrics of M. But dynamically possible met-
rics are not arbitrary. We assume that they must be solutions of the Einstein
equations in M [8, 9].

We take the brane space M as an arena for physics. The arena itself is a
part of the dynamical system, it is not prescribed in advance. The theory
is thus background independent. It is based on the geometric principle
which has its roots in the brane space M.

I[gµν] =
∫

d4x
√−g R

I[ρµ(φ)ν(φ′)] =
∫

DX
√

|ρ| R

Figure 4: Brane theory is formulated in M-space. The action is given in
terms of the M-space curvature scalar R. We use the abbreviation φ ≡
φA = (τ, ξa).

In summary, the infinite dimensional brane space M has in principle any
metric that is a solution to the Einstein’s equations in M. For the particu-
lar diagonal metric (59) we obtain the ordinary branes, including strings.
But it remains to be checked whether such a particular metric is also a so-
lution of this generalized dynamical system. If not, then this would mean
that the ordinary string and brane theory is not exactly embedded into the
theory based on dynamical M-space. The proposed theory goes beyond
that of the usual strings and branes. It resolves the problem of background
independence and the geometric principle behind the string theory (Fig.
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4). The geometric principle of string theory is based on the concept of
brane space M, i.e. the configuration space for branes. The occurrence of
gauge and gravitational fields in string theories is also elucidated. Such
fields are due to string configurations. They occur in the expansion of a
string state functional in terms of the Fock space basis. This can now be
understood as well within the classical string theory based on the action
(58) with M-space metric ρMN, which is dynamical and which satisfies
the Einstein equations in M. Multidimensionality of ρMN allows for extra
gauge interactions, besides gravity. In the following we will point out how
in the infinite dimensional space M one can factor out a finite dimensional
subspace.

Finite dimensional description of extended objects

The Earth has a huge (practically infinite) number of degrees of freedom.
And yet, when describing the motion of the Earth around the Sun, we ne-
glect them all, except for the coordinates of the centre of mass.

Instead of infinitely many degrees of freedom associated with an extended
object, we may consider a finite number of degrees of freedom.

Strings and branes have infinitely many degrees of freedom. But at first
approximation we can consider just the centre of mass (Fig. 5a).

M4 Xµ

Xµ(ξ)
x1

x2

x3

(a) (b)

X13

X12

X23

Figure 5: With a closed string one can associate the centre of mass coordi-
nates (a), and the area coordinates (b)).

Next approximation is in considering the holographic coordinates Xµν of
the oriented area enclosed by the string (Fig. 5b).

We may go further and search for eventual thickness of the object. If the
string has finite thickness, i.e., if actually it is not a string, but a 2-brane,
then there exist the corresponding volume degrees of freedom Xµνρ (Fig. 6).
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M4 Xµ

Xµ(ξ)

X123

Figure 6: Looking with a sufficient resolution one can detect eventual pres-
ence of volume degrees of freedom.

In general, for an extended object in M4, we have 16 coordinates

XM ≡ Xµ1...µr , r = 0, 1, 2, 3, 4 (60)

They are projections of r-dimensional volumes (areas) onto the coordinate
planes.

Oriented r-volumes can be elegantly described by Clifford algebra [10]. In-
stead of the usual relativity, formulated in spacetime in which the interval
is

ds2 = ηµνdxµdxν (61)

one can consider the theory in which the interval is extended to the space
of r-volumes, called pandimensional continuum [11] or Clifford space [12,
8, 13],

dS2 = GMNdxMdxN (62)

Coordinates of Clifford space can be used to model extended objects
[12, 14]. They are a generalization of the concept of center of mass. In-
stead of describing an extended object in “full detail, we can describe it in
terms of the center of mass, area and volume coordinates. In particular, the
extended object can be a fundamental string/brane.

Dynamics Let the action for an extended object described in terms of the
coordinates of Clifford space be

I =
∫

dτ

√

GMNẊMẊN (63)

If GMN = ηMN is the Minkowski metric, then the equations of motion are

ẌM ≡ d2XM

dτ2
= 0 (64)
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They hold for tensionless branes. For the branes with tension one has to
replace ηMN with a generic metric GMN with non vanishing curvature.
Eq. (64) then generalizes to the corresponding geodesic equation

1√
Ẋ2

(

ẊM

√
Ẋ2

)

+ ΓM
JK

Ẋ JẊK

Ẋ2
= 0 (65)

Such higher dimensional configuration space, associated with branes, en-
ables unification of fundamental interactions à la Kaluza-Klein [15]. For
alternative, although related approaches see [16].

In quantizing such classical theory, based on the action (63) which de-
scribes ‘point particle’ in C , one expects to be able to proceed as usual, and
arrive at the quantum field theory in C . So there would be no necessity to
increase the dimensionality of (4-dimensional) spacetime, from which we
start in building the 16-dimensional Clifford space C .

Consider now the possibility of choosing to describe the object of Figs. 5,6,
not with a set of coordinates XM = {X, Xµ1 , Xµ1µ2 , Xµ1µ2,µ3 , Xµ1µ2,µ3,µ4},
but rather employ a more detailed description. Let ξ be a parameter along
the “centroid” loop, i.e., a closed string of Fig. 5a, and let Xµ(ξ) be its em-
bedding functions in M4. But if we look more closely (Fig. 6), we find that
at every value of parameter ξ the string has a thickness: At every value of ξ,
instead of a point, there may be a loop, described by Xµ1µ2 . If we look even
closer, we may find even more structure, encoded in coordinates Xµ1µ2,µ3

and Xµ1µ2,µ3,µ4 . Altogether, taking into account as well a time like parame-
ter τ, our object is described by 16 functions XM(τ, ξ). These are functions
describing the embedding of a string’s worldsheet into a 16-dimensional
Clifford space C . Instead of the string worldsheet Xµ(τ, ξ), µ = 0, 1, 2, 3,
embedded in M4, we have a worldsheet in a higher dimensional space
which is not spacetime, but Clifford space (i.e. a configuration sapce) C . It
was shown that such a string living in C – which happens to have signa-
ture (8, 8) – can be be consistently quantized [17] by employing the Jackiw
definition of vacuum state [18].

Hence, it is possible to have a consistent string theory without employ-
ing extra dimensions of spacetime, provided that one does not consider
infinitely thin strings, but allows for their thickness, encoded in the coor-
dinates of Clifford space.

Summary

We have considered a theory in which spacetime is replaced by a larger
space, namely the configuration space C associated with the system under
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consideration. The ordinary special and general relativity are recovered
for particular classes of metrics on C . Since configuration space has extra
dimensions, its metric provides description of additional interactions, be-
side the 4-dimensional gravity, just as in Kaluza-Klein theories. They can
occur in macro physics and in micro physics. Eventual modification of the
dynamics at the levels from galaxies to the Universe is thus based on the
same underlying principle as the dynamics of elementary particles (leav-
ing quantum features aside). In this theory there is no need for extra di-
mensions of spacetime. The latter space is a subspace of the configuration
space C , and all dimensions of C are physical. Therefore, there is no need
for compactification of the extra dimensions of C .

We have presented some theoretical justifications for the insight that the
basic space of physics could be associated with configurations of physical
systems. The search for possible realistic solutions to the theory and their
comparison with observations is a project worth pursuing in the future.
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[15] M. Pavšič, Phys. Lett. B 614 (2005) 85, [arχiv:hep-th/0412255]; Int. J. Mod.

Phys. A 21 (2006) 5905, [arχiv:gr-qc/0507053]; Found. Phys. 37 (2007) 1197,
[arχiv:hep-th/0605126].

[16] C. Castro, J. Math. Phys. 47 (2006) 112301; Found. Phys. 35 (2005) 971.
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Abstract: We discuss the fundamental loss of unitarity that appears in
quantum mechanics when one uses a physical apparatus to measure
time. This induces a decoherence effect that is independent of any
interaction with the environment and appears in addition to any usual
environmental decoherence. We discuss the theoretical and potential
experimental implications of this process of decoherence.

Introduction

In the usual formulation, quantum mechanics involves an idealization.
The idealization is the use of a perfect classical clock to measure times.
Such a device clearly does not exist in nature, since all measuring devices
are subject to some level of quantum fluctuations. Therefore the equa-
tions of quantum mechanics, when cast in terms of the variable that is re-
ally measured by a clock in the laboratory, will differ from the traditional
Schrödinger description. Although this is an idea that arises naturally in
ordinary quantum mechanics, it is of paramount importance when one is
discussing quantum gravity. This is due to the fact that general relativity is
a generally covariant theory where one needs to describe the evolution in
a relational way. One ends up describing how certain objects change when
other objects, taken as clocks, change. At the quantum level this relational
description will compare the outcomes of measurements of quantum ob-
jects. Quantum gravity is expected to be of importance in regimes (e.g.
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near the big bang or a black hole singularity) in which the assumption of
the presence of a classical clock is clearly unrealistic. The question therefore
arises: is the difference between the idealized version of quantum mechan-
ics and the real one just of interest in situations when quantum gravity is
predominant, or does it have implications in other settings? We will argue
that indeed it does have wider implications. Some of them are relevant to
conceptual questions (e.g. the problem of measurement in quantum me-
chanics or the black hole information paradox) and there might even be
experimental implications.

A detailed discussion of these ideas can be found in previous papers [1,
2, 3], and in particular in the pedagogical review [4]. Here we present an
abbreviated discussion.

The plan of this paper is as follows: in the next section we will discuss
the form of the evolution equation of quantum mechanics when the time
variable, used to describe it, is measured by a real clock. In section III we
will consider a fundamental bound on how accurate can a real clock be and
the implications it has for quantum mechanics in terms of real clocks and
its consequences. Section IV discusses the implications of the formalism.

Quantum mechanics with real clocks

Given a physical situation we start by choosing a “clock”. By this we
mean a physical quantity (more precisely a set of quantities, like when one
chooses a clock and a calendar to monitor periods of more than a day)
that we will use to keep track of the passage of time. An example of such
a variable could be the angular position of the hand of an analog watch.
Let us denote it by T. We then identify some physical variables that we
wish to study as a function of time. We shall call them generically O (“ob-
servables”). We then proceed to quantize the system by promoting all the
observables and the clock variable to self-adjoint quantum operators acting
on a Hilbert space. The latter is defined once a well defined inner product
is chosen in the set of all physically allowed states. Usually it consists of
squared integrable functions ψ(q) with q the configuration variables.

Notice that we are not in any way modifying quantum mechanics. We as-
sume that the system has an evolution in terms of an external parameter
t, which is a classical variable, given by a Hamiltonian and with operators
evolving with Heisenberg’s equations (it is easier to present things in the
Heisenberg picture, though it is not mandatory to use it for our construc-
tion). Then the standard rules of quantum mechanics and its probabilistic
nature apply.
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We will call the eigenvalues of the “clock” operator T and the eigenvalues
of the “observables” O. We will assume that the clock and the measured
system do not interact (if one considered an interaction it would produce
additional effects to the one discussed). So the density matrix of the total
system is a direct product of that of the system under study and the clock
ρ = ρsys ⊗ ρcl, and the system evolves through a unitary evolution operator
that is of the tensor product form U = Usys ⊗ Ucl. The quantum states are
described by a density matrices at a time t. Since the latter is unobservable,
we would like to shift to a description where we have density matrices
as functions of the observable time T. We define the probability that the
resulting measurement of the clock variable T correspond to the value t,

Pt(T) ≡ Tr PT(0)Ucl(t)ρclU
†
cl(t)

∫

∞

−∞
dt Tr PT(t)ρcl

, (1)

where PT(0) is the projector on the eigenspace with eigenvalue T evaluated
at t = 0. We note that

∫

∞

−∞
dt Pt(T) = 1. We now define the evolution of

the density matrix,

ρ(T) ≡
∫

∞

−∞

dt Usys(t)ρsysU†
sys(t)Pt(T) (2)

where we dropped the “sys” subscript in the left hand side since it is obvi-
ous we are ultimately interested in the density matrix of the system under
study, not that of the clock.

We have therefore ended with an “effective” density matrix in the
Schrödinger picture given by ρ(T). It is possible to reconstruct entirely
in a relational picture the probabilities using this effective density matrix,
for details we refer the reader to the lengthier discussion in [4]. By its very
definition, it is immediate to see that in the resulting evolution unitarity
is lost, since one ends up with a density matrix that is a superposition of
density matrices associated with different t’s and that each evolve unitarily
according to ordinary quantum mechanics.

Now that we have identified what will play the role of a density matrix
in terms of a “real clock” evolution, we would like to see what happens
if we assume the “real clock” is behaving semi-classically. To do this we
assume that Pt(T) = f (T − Tmax(t)), where f is a function that decays
very rapidly for values of T far from the maximum of the probability dis-
tribution Tmax. We refer the reader to [4] for a derivation, but the resulting
evolution equation for the probabilities is,

∂ρ(T)

∂T
= i[ρ(T), H] + σ(T)[H, [H, ρ(T)]]. (3)
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and the extra term is dominated by the rate of change σ(T) of the width of
the distribution f (t − Tmax)(t).

An equation of a form more general than this has been considered in the
context of decoherence due to environmental effects, it is called the Lind-
blad equation. Our particular form of the equation is such that conserved
quantities are automatically preserved by the modified evolution. Other
mechanisms of decoherence coming from a different set of effects of quan-
tum gravity have been criticized in the past because they fail to conserve
energy [5]. It should be noted that Milburn arrived at a similar equation as
ours from different assumptions [6]. Egusquiza, Garay and Raya derived a
similar expression from considering imperfections in the clock due to ther-
mal fluctuations [7]. It is to be noted that such effects will occur in addition
to the ones we discuss here. Corrections to the Schrödinger equation from
quantum gravity have also been considered in the context of WKB analyses
[8].

In a real experiment, there will be decoherence in the system under study
due to interactions with the environment, that will be superposed on the
effect we discuss. Such interactions might be reduced by cleverly setting
up the experiment. The decoherence we are discussing here however, is
completely determined by the quality of the clock used. It is clear that if
one does experiments in quantum mechanics with poor clocks, pure states
will evolve into mixed states very rapidly. The effect we are discussing can
therefore be magnified arbitrarily simply by choosing a lousy clock. This
effect has actually been observed experimentally in the Rabi oscillations
describing the exchange of excitations between atoms and field [9].

Fundamental limits to realistic clocks

We have established that when we study quantum mechanics with a phys-
ical clock (a clock that includes quantum fluctuations), unitarity is lost,
conserved quantities are still preserved, and pure states evolve into mixed
states. The effects are more pronounced the worse the clock is. Which
raises the question: is there a fundamental limitation to how good a clock
can be? This question was first addressed by Salecker and Wigner [10].
Their reasoning went as follows: suppose we want to build the best clock
we can. We start by insulating it from any interactions with the environ-
ment. An elementary clock can be built by considering a photon bouncing
between two mirrors. The clock “ticks” every time the photon strikes one
of the mirrors. Such a clock, even completely isolated from any environ-
mental effects, develops errors. The reason for them is that by the time
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the photon travels between the mirrors, the wavefunctions of the mirrors
spread. Therefore the time of arrival of the photon develops an uncertainty.
Salecker and Wigner calculated the uncertainty to be δt ∼

√
t/M where M

is the mass of the mirrors and t is the time to be measured (we are using
units where h̄ = c = 1 and therefore mass is measured in 1/second). The
longer the time measured the larger the error. The larger the mass of the
clock, the smaller the error.

So this tells us that one can build an arbitrarily accurate clock just by in-
creasing its mass. However, Ng and Van Dam [11] pointed out that there
is a limit to this. Basically, if one piles up enough mass in a concentrated
region of space one ends up with a black hole. Some readers may ponder
why do we need to consider a concentrated region of space. The reason is
that if we allow the clock to be more massive by making it bigger, it also
deteriorates its performance (see the discussion in [12] in response to [13]).

A black hole can be thought of as a clock since it is an oscillator. In fact
it is the “fastest” oscillator one can have, and therefore the best clock for
a given size. It has normal modes of vibration that have frequencies that
are of the order of the light travel time across the Schwarzschild radius of
the black hole. (It is amusing to note that for a solar sized black hole the
frequency is in the kilohertz range, roughly similar to that of an ordinary
bell). The more mass in the black hole, the lower the frequency, and there-
fore the worse its performance as a clock. This therefore creates a tension
with the argument of Salecker and Wigner, which required more mass to
increase the accuracy. This indicates that there actually is a “sweet spot”
in terms of the mass that minimizes the error. Given a time to be mea-
sured, light traveling at that speed determines a distance, and therefore a
maximum mass one could fit into a volume determined by that distance
before one forms a black hole. That is the optimal mass. Taking this into
account one finds that the best accuracy one can get in a clock is given by
δT ∼ T2/3

PlanckT1/3 where tPlanck = 10−44 s is Planck’s time and T is the time
interval to be measured. This is an interesting result. On the one hand
it is small enough for ordinary times that it will not interfere with most
known physics. On the other hand is barely big enough that one might
contemplate experimentally testing it, perhaps in future years.

With this absolute limit on the accuracy of a clock we can quickly work out
an expression for the σ(T) that we discussed in the previous section [14, 3].

It turns out to be σ(T) = TPlanck
3
√

TPlanck/(Tmax − T). With this estimate of
the absolute best accuracy of a clock, we can work out again the evolution
of the density matrix for a physical system in the energy eigenbasis. One
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gets

ρ(T)nm = ρnm(0) e−iωnmT exp(−ω2
nmT4/3

PlanckT2/3). (4)

So we conclude that any physical system that we study in the lab will suffer
loss of quantum coherence at least at the rate given by the formula above.
This is a fundamental inescapable limit. A pure state inevitably will be-
come a mixed state due to the impossibility of having a perfect classical
clock in nature.

Possible experimental implications

Given the conclusions of the previous section, one can ask what are the
prospects for detecting the fundamental decoherence we propose. At first
one would expect them to be dim. It is, like all quantum gravitational
effects, an “order Planck” effect. But it should be noted that the factor ac-
companying the Planck time can be rather large. For instance, if one would
like to observe the effect in the lab one would require that the decoherence
manifest itself in times of the order of magnitude of hours, perhaps days
at best. That requires energy differences of the order of 1010 eV in the Bohr
frequencies of the system. Such energy differences can only be achieved in
“Schrödinger cat” type experiments, but are not outrageously beyond our
present capabilities. Among the best candidates today are Bose–Einstein
condensates, which can have 106 atoms in coherent states. However, it is
clear that the technology is still not there to actually detect these effects,
although it could be possible in forthcoming years.

A point that could be raised is that atomic clocks currently have an ac-
curacy that is less than a decade of orders of magnitude worse than the
absolute limit we derived in the previous section. Couldn’t improvements
in atomic clock technology actually get better than our supposed absolute
limit? This seems unlikely. When one studies in detail the most recent pro-
posals to improve atomic clocks, they require the use of entangled states
[15] that have to remain coherent. Our effect would actually prevent the
improvement of atomic clocks beyond the absolute limit!

Another point to be emphasized is that our approach has been quite naive
in the sense that we have kept the discussion entirely in terms of non-
relativistic quantum mechanics with a unique time across space. It is clear
that in addition to the decoherence effect we discuss here, there will also be
decoherence spatially due to the fact that one cannot have clocks perfectly
synchronized across space and also that there will be fundamental uncer-
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tainties in the determination of spatial positions. This is discussed in some
detail in our paper [16].

Finally, if one has doubts about the effect’s existence, one must recall that
one can make it arbitrarily large just by picking a lousy clock. This is of
course, not terribly interesting and is not what is normally done in physics
labs. But it should be noted that experiments of Rabi oscillations in rubid-
ium atoms measure certain correlations which can be interpreted as having
the atom work as a lousy clock. The oscillations show experimentally the
exponential decay we discuss. See Bonifacio et al. [17] for a discussion.

Conceptual implications

The fact that pure states evolve naturally into mixed states has conceptual
implications in at least three interesting areas of physics. We will discuss
them separately.

The black hole information paradox

The black hole information paradox appeared when Hawking [18] noted
that when quantum effects are taken into account, black holes emit radia-
tion like a black body with a temperature TBH = h̄/(8πkGM) where M is
the black hole mass, k is Boltzmann’s constant and G is Newton’s constant.
As the black hole radiates, it loses mass, and therefore its temperature in-
creases. This process continues until the black hole eventually evaporates
completely and the only thing left is outgoing purely thermal radiation.
Now, suppose one had started with a pure quantum state of enough mass
that it collapses into a black hole. After the evaporation process, one is
left with a mixed state (the outgoing purely thermal radiation). In ordi-
nary quantum mechanics this presents a problem, since pure states cannot
evolve into mixed states. (For further discussion and references on the
paradox see [19]).

On the other hand, we have argued that due to the lack of perfectly clas-
sical clocks, quantum mechanics really implies that pure states do evolve
into mixed states. The question is: could the effect be fast enough to ren-
der the black hole information paradox effectively unobservable? On one
hand we have argued that our effect is small. But it is also true that black
holes usually take a very long time to evaporate. Of course, a full calcula-
tion of the evaporation of a black hole would require a detailed modeling
including quantum effects of gravity that no one is in a position of carry-
ing out yet. We have done a very naive estimate [14, 3] of how our effect
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would take place in the case of an evaporating black hole. To this aim
we have assumed the black hole is a system with energy levels (this is a
common assumption in many quantum gravity scenarios), and that most
of the Hawking radiation is coming from a transition between two dom-
inant energy levels separated by a characteristic frequency dependent on
the temperature. A detailed calculation based on this naive model [3] for
the evolution of the density matrix shows that,

|ρ12(Tmax)| ∼ |ρ12(0)|
(

MP

MBH

)2/3

. (5)

For astrophysical sized black holes, where MBH is of the order of the mass
of the Sun, this indicates that the off diagonal elements are suppressed by
the time of evaporation by 10−28, rendering the information puzzle effec-
tively unobservable. What happens for smaller black holes? The effect is
smaller. So can one claim that there still is an observable information puz-
zle for smaller black holes? This is debatable. After all, we do expect deco-
herence from other environmental effects to be considerably larger than the
one we are considering here. If one makes the holes too small, then none of
these calculations apply, and in fact the traditional Hawking evaporation
is not an adequate description, since one has to take into account full quan-
tum gravity effects. So we can say that at this naive level of ball-park figure
calculation the paradox can be rendered unobservable for large black holes
and we cannot say for sure for smaller ones using this simplified analysis.
It should be noted that the paradox is not “solved”, since it still exists at the
level of the Schrödinger time t. A better calculation than the one we did
could probably be attempted, since both in string theory and loop quan-
tum gravity there is some understanding of the energy levels of a black
hole, even though the evaporation process is not well understood. Using
such levels one could get a better estimate of how much coherence is lost.

The measurement problem in quantum mechanics

A potential conceptual application of the fundamental decoherence that
we discussed that has not been exploited up to now is in connection with
the measurement problem in quantum mechanics. The latter is related to
the fact that in ordinary quantum mechanics the measurement apparatus
is assumed to be always in an eigenstate after a measurement has been
performed. The usual explanation [20] for this is that there exists interac-
tion with the environment. This selects a preferred basis, i.e., a particu-
lar set of quasi-classical states that commute, at least approximately, with
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the Hamiltonian governing the system-environment interaction. Since the
form of the interaction Hamiltonians usually depends on familiar “clas-
sical” quantities, the preferred states will typically also correspond to the
small set of “classical” properties. Decoherence then quickly damps su-
perpositions between the localized preferred states when only the system
is considered. This is taken as an explanation of the appearance to a local
observer of a “classical” world of determinate, “objective” (robust) proper-
ties.

The main problem with such a point of view is how is one to interpret the
local suppression of interference in spite of the fact that the total state de-
scribing the system-environment combination retains full coherence. One
may raise the question whether retention of the full coherence could ever
lead to empirical conflicts with the ascription of definite values to macro-
scopic systems. The usual point of view is that it would be very difficult
to reconstruct the off diagonal elements of the density matrix in practical
circumstances. However, at least as a matter of principle, one could indeed
reconstruct such terms (the evolution of the whole system remains unitary
[21]) by “waiting long enough”.

Our mechanism of fundamental decoherence could contribute to the un-
derstanding of this issue, since it implies that coherence is irreversibly lost
and therefore one cannot reconstruct the off diagonal elements. Some peo-
ple claim that we have just changed the environment by the clock as re-
sponsible for the loss of coherence and therefore the original criticism ap-
plies. But in the case of the clock, the minimum “size” of it in terms of
its degrees of freedom if one wishes to view it as “a particular form of an
environment” is determined by the length of the experiment and guaran-
tees that in that length one will not be able to reconstruct the off diagonal
elements. There is not the luxury of “waiting long enough” in this setting.
For further discussion see our paper [22].

Quantum computing

In quantum computing, when one performs operations one is evolving
quantum states. If one wishes the computers to perform faster, one needs
to expend extra energy to evolve the quantum states. Based on this
premise, Lloyd [23] presented a fundamental limitation to how fast quan-
tum computers can be. Using the Margolus–Levitin [24] theorem he notes
that in order to perform a computation in a time δT one needs to expend
at least an energy E ≥ πh̄/(2∆T). As a consequence, a system with an
average energy E can perform a maximum of n = 2E/(πh̄) operations
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per second. For an “ultimate laptop” (a computer of a volume of one liter
and one kilogram of weight) the limit turns out to be 1051 operations per
second.

Such results assume the evolution is unitary. When it is not, as we have
argued in this paper, erroneous computations are carried out. Since the rate
of decoherence we discussed increases with increased energy differences,
the rate of erroneous computations increases the faster one wishes to make
the computer.

Can’t one error correct? After all, one expects quantum computers to have
errors due to decoherence from environmental factors. One can indeed
error-correct. But there are limitations to how fast this can be done. At
its most basic level error correction is achieved by duplicating calculations
and comparing results. This requires spatial communication, which is lim-
ited by the speed of light. Our point is that one cannot simply error correct
one’s way out of the fundamental decoherence effects.

We have to distinguish a bit between serial and parallel computing. In se-
rial computing one achieves speed by increasing the energy in each qubit.
This enhances our decoherence effect and significantly affects the perfor-
mance. In a parallel machine one increases the speed by operating simulta-
neously on many qubits with lower energies per qubit therefore lowering
the importance of the effect we introduced. For a machine with L qubits
and a number of simultaneous operations dP one gets,

n ≤
(

1

tP

)4/7( cL

R

)3/7

d4/7
p ∼ 1047op/s, (6)

where the last estimate was obtained by taking the values of parameters
for the “ultimate laptop” (for more details see [25]).

This is actually four orders of magnitude stronger than the bound that
Lloyd found. If one had chosen a serial machine, the bound would have
been tighter, 1042 operations per second.

We therefore see that although the effect we introduced is far from being
achievable in quantum computers built in the next few years, it can limit
the ultimate computing power of quantum computer. This is quite remark-
able, given that it is a limit obtained involving gravity. Few people could
have foreseen that gravity would play any role in quantum computation.
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Discussion

We have argued that the use of realistic clocks in quantum mechanics im-
plies that pure states evolve into mixed states. Another way of putting
this is that we are allowing quantum fluctuations in our clock. Similar
ideas have been considered by Bonifacio, with a different formulation [26].
In quantum gravity and quantum cosmology it is natural to consider the
clock to be part of the system under study. This is what motivated our in-
terest in these issues, but it is clear that the core of the phenomenon can be
described without references to quantum gravity, and that is what we have
attempted to do in this presentation.

Even in the absence of a direct possibility of detecting these effects, they
can have important conceptual implications, as we have illustrated with
the black hole information puzzle, quantum computing and the problem
of measurement in quantum mechanics.
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Emergent Rainbow Spacetimes: Two Pedagogical Examples
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Abstract: There is a possibility that spacetime itself is ultimately an
emergent phenomenon, a near-universal ”low-energy long-distance
approximation”, similar to the way in which fluid mechanics is the
near-universal low-energy long-distance approximation to quantum
molecular dynamics. If so, then direct attempts to quantize spacetime
are misguided — at least as far as fundamental physics is concerned.

In particular, this implies that we may have totally mis-identified the
fundamental degrees of freedom that need to be quantized, and even
the fundamental nature of the spacetime arena in which the physics
takes place. Based on this and other considerations, there has re-
cently been a surge of interest in the notion of energy-dependent and
momentum-dependent “rainbow” geometries. Motivations for such
a concept vary widely, from attempts at applying the renormaliza-
tion group to cosmology in the large, through to attempts at interpret-
ing the DSR models in terms of energy-dependent transformations on
phase space. All of these models suffer from the fact that there is con-
siderable disagreement and confusion as to what exactly an energy-
dependent “rainbow” geometry might actually entail.

In the present article I will not discuss these exotic ideas in any de-
tail, instead I will present two specific and concrete examples of sit-
uations where an energy-dependent “rainbow” geometry makes per-
fectly good mathematical and physical sense. These simple examples
will then serve as templates suggesting ways of proceeding in situa-
tions where the underlying physics may be more complex. The spe-
cific models I will deal with are (1) acoustic spacetimes in the presence
of nontrivial dispersion, and (2) a mathematical reinterpretation of
Newton’s second law for a non-relativistic conservative force, which is
well-known to be equivalent to the differential geometry of an energy-
dependent conformally flat three-manifold.

These two models make it clear that there is nothing wrong with the
concept of an energy-dependent “rainbow” geometry per se. Whatever

∗
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problems may arise in the implementation of any specific quantum-
gravity-inspired proposal for an energy-dependent spacetime are re-
lated to deeper questions regarding the compatibility of that specific
proposal with experimental reality.

Introduction

If the physical spacetime described by Einstein’s theory of gravity is “emer-
gent”, and one should be aware that this is a very big “if”, then the fun-
damental short-distance degrees of freedom can be radically different from
the long-distance “emergent” degrees of freedom [1, 2]. A prime exam-
ple of this type of behaviour is fluid mechanics where the short distance
physics (quantum molecular dynamics) is radically different from the long-
distance degrees of freedom (density and velocity fields) which appear in
the Euler and continuity equations. If a similar scenario holds for gravity,
then, just as one cannot hope to get quantum molecular dynamics from
quantizing fluid mechanics and the degrees of freedom appearing in the
Euler’s equation, one could not hope to get quantum gravity from quan-
tizing Einstein’s theory of gravity and the degrees of freedom appearing in
the Einstein equation (the metric, or tetrad). In fact the metric (or tetrad)
would lose their status as fundamental variables, being (like density and
velocity fields) only defined in some “mean field” sense once one averages
over appropriate microscopic degrees of freedom — whatever they might
turn out to be [1, 2].

We already have at least one very concrete and specific example of such a
behaviour in the “acoustic spacetimes” that emerge upon linearizing the
equations of (non-relativistic, irrotational, barotropic, inviscid) fluid dy-
namics [3, 4, 5, 6], and there are a large number of more general situations
in which “analogue spacetimes” can be constructed [7, 8, 9, 10, 11, 12, 13].
Once one attempts to generalize the acoustic spacetimes to nontrivial dis-
persion relations, where the phase and group velocities can differ and have
nontrivial energy and momentum dependence [10, 11, 12, 13], then one is
very naturally lead to one specific class of incarnations of the notion of
”rainbow geometry” [1]. Furthermore under a plausible set of working
hypotheses this class of “rainbow geometries” is remarkably similar to the
class naturally arising from “quantum gravity phenomenology” [1].

Further afield energy-dependent rainbow geometries are currently of in-
terest in cosmology, where a number of authors have tried to develop
the notion of a scale-dependent metric within the context of a renormal-
ization group flow on the space of all metrics. Very roughly speaking
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the idea is that if one averages the spacetime geometry over a cosmo-
logically large length scale L, then the averaged metric gab(x, L) should
obey the Einstein equations for an effective scale-dependent Newton con-
stant GN(L), at least to lowest order in a curvature expansion based upon
the renormalization group [14, 15, 16, 17]. While “running” coupling con-
stants are well-understood in particle physics, the general relativity com-
munity has traditionally been much more conservative when it comes to
considering a “running” Newton constant or a “running” cosmological
constant [18, 19, 20, 21, 22].

Even further afield, in some of the models loosely based on the ideas
of “doubly special relativity” (also called “distorted special relativity”,
and in either case abbreviated as DSR) there is a notion often called
“gravity’s rainbow” wherein at short distances (corresponding to indi-
vidual elementary particles) there is a feature that seems to imply that
different spacetime geometries are seen by particles of different energy-
momentum [23, 24, 25, 26, 27, 28, 29, 30, 31, 32].

In many of these models there are a number of ambiguities (and depending
on one’s attitude, potentially significant controversies) that serve to con-
fuse the situation. In this article I hope to clarify the situation somewhat
by explicitly constructing a pair of elementary and pedagogically useful ex-
amples of energy-dependent “rainbow” geometries in physical situations
where all of the relevant physics is both well understood and straightfor-
ward. By doing so I hope ultimately to clarify the situation for the more
complicated situations arising in cosmology, DSR, and quantum gravity
phenomenology.

The two pedagogical models I will specifically deal with in this article are:

• Acoustic spacetimes with nontrivial dispersion relations [1].

• Newtonian mechanics reinterpreted as geodesic motion on an
energy-dependent conformally flat 3-manifold.

These two models will teach us slightly different things about what it
means to be a rainbow geometry, and hopefully will eventually lead us
to a useful abstract definition of rainbow geometry.

Acoustic rainbow geometries

The acoustic rainbow geometries are based on extensions of the following
rigorous theorem [1, 4, 5, 6]:
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Theorem: Consider a non-relativistic irrotational, inviscid, barotropic per-
fect fluid, governed by the Euler equation, continuity equation, and an
equation of state. The dynamics of the linearized perturbations (sound
waves, phonons) is governed by a D’Alembertian equation

∆gΦ =
1√−g

∂a

(

√

−g gab ∂bΦ
)

= 0 (1)

where gab is an (inverse) “acoustic metric” that depends algebraically on
the background flow one is linearizing around:

gab(t,~x) ≡ 1

ρ0 c0









−1
... v

j
0

· · · · · · · · · · · · · · · · · · ·
vi

0

... (c2
0 δij − vi

0 v
j
0)









. (2)

Here c0 is the (hydrodynamic) speed of sound given by c2
0 = ∂p/∂ρ, while

ρ0 is the background density, and v0 is the background velocity of the fluid.
�

It is important to realise that this is a rigorous theorem of abstract
mathematical physics that leads to an a priori unexpected occurrence of
Lorentzian-signature spacetime in a fluid mechanical setting [1, 4, 5, 6].
The (covariant) acoustic metric is

gab(t,~x) ≡ ρ0

c0









−(c2
0 − v2

0)
... −v

j
0

· · · · · · · · · · · · · · · · · · ·
−vi

0

... δij









, (3)

and the “line element” can be written as

ds2 ≡ gab dxa dxb =
ρ0

c0

[

−c2
0 dt2 + (dxi − vi

0 dt) δij (dx j − v
j
0 dt)

]

. (4)

The relevance to rainbow geometries comes once one replaces the hydro-
dynamic speed of sound c0 by any generalized wavenumber-dependent
notion of propagation speed. Specifically, replace the hydrodynamic speed
of sound by any one of:

c0 → c(k2) →



















cphase(k2);

cgroup(k2);

cgeometric(k2) =
√

cphase(k2) cgroup(k2);

csignal.

(5)
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Here we define the signal speed by [33]

csignal,1 = lim
k→∞

cphase(k2), (6)

if we wish to focus on the propagation of discontinuities, and by

csignal,2 = max
k

cgroup(k2), (7)

if we wish to focus on information transfer via wave packets.

The point now is that these generalized wavenumber-dependent versions
of acoustic geometry are all well-defined but distinct and convey different
information about the physics as one moves beyond the hydrodynamic
region [1]:

• The rainbow metric based on phase velocity contains information
about the dispersion relation.

• The rainbow metric based on group velocity contains information
about the propagation of wavepackets.

• The rainbow metric based on the geometric mean of group and phase
velocities is in some sense the “best” local Lorentz approximation to
the dispersion relation — see further discussion below.

• The non-rainbow metric based on signal velocity contains informa-
tion about the overall causal structure.

Indeed if the signal velocity is finite then despite the complicated rainbow
metric the overall causal structure is similar to that of general relativity,
but with signal cones replacing light cones. If on the other hand the signal
speed is infinite then the overall causal structure is similar to that of New-
tonian physics, with a preferred global time. A secondary point to extract
from this discussion is that, in contrast to general relativity, rainbow space-
times are typically “multi-metric” with several different metrics encoding
different parts of the physics.

All in all, the present discussion is sufficient to guarantee the well-defined
mathematical and physical existence of at least one wide class of rainbow
geometries — it is not necessarily true that all rainbow geometries can be
put into this “acoustic” form, indeed the arguments in [1] identify at least
one slightly wider class of rainbow geometries inspired by quantum grav-
ity phenomenology — we could simply think of replacing δij ↔ hij in the
acoustic rainbow geometries, where hij is some Riemannian 3-metric.
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The “geometric mean” rainbow geometry: The rainbow geometry based
on

cgeometric(k2) =
√

cphase(k2) cgroup(k2) (8)

is perhaps more unusual than the others. To see why this might be a useful
object to consider, write the dispersion relation in the form

(ω −~v ·~k)2 = cphase(k2) k2 = F(k2), (9)

and now expand F(k2) as a function of k2 around some convenient refer-
ence point k2

∗. Then

F(k2) = F(k2
∗) + F′(k2

∗) [k2 − k2
∗] +O([k2 − k∗]2), (10)

which we can rewrite as

F(k2) =
{

F(k2
∗)− F′(k2

∗) k2
∗
}

+ F′(k2
∗) k2 +O([k2 − k∗]2). (11)

But

F′(k2
∗) =

∂(ω2)

∂(k2)

∣

∣

∣

∣

k2∗
=

ω

k

∂ω

∂k

∣

∣

∣

∣

k2∗
= cphase(k2

∗) cgroup(k2
∗). (12)

Furthermore, we can define a “mass term”

ω0(k2
∗) = F(k2

∗)− F′(k2
∗) k2

∗ =
{

c2
phase(k2

∗) − c2
geometric(k2

∗)
}

k2
∗, (13)

and so write

(ω −~v ·~k)2 = ω0(k2
∗) + c2

geometric(k2
∗) k2 +O([k2 − k∗]2). (14)

If we simply truncate the expansion, writing

(ω −~v ·~k)2 = ω0(k2
∗) + c2

geometric(k2
∗) k2, (15)

then this is the best-fit “Lorentz invariant” dispersion relation that is tan-
gent to the full dispersion relation at k2

∗. It is intriguing that it is this ge-
ometric mean velocity that seems to be governing the effective Hawking
temperature in recent numerical calculations by Unruh [34], which are a
natural extension of his earlier work in [35]. (Though in those calculations
ω0(k2

∗) does not seem to occur in any natural manner.)
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The differential geometry of Newton’s second law

I will now change gear quite drastically, and in counterpoint present a
somewhat unusual route from Newton’s second law to Maupertuis’ vari-
ational principle, ending up with an energy-dependent conformally flat
three-geometry. More standard presentations of various parts of this anal-
ysis can be found in the textbooks [36, 37], and research articles [38, 39].

Consider Newton’s second law

~F = m ~a, (16)

so that for a body subject to a “conservative” force field

m
d2~x

dt2
= −∂V(x)

∂~x
. (17)

Now suppose that you have good surveying equipment but very bad
clocks. So you can tell where the particle is, and its path through space,
but you have poor information on when it is at a particular point. Can you
reformulate Newton’s second law in such a way as to nevertheless be able
to get good information about the path the body follows?

Since (for simplicity) we are in Euclidean geometry we can adopt Cartesian
coordinates, and so we can write the distance travelled in physical space
as

ds =
√

d~x · d~x. (18)

Can we now find a differential equation for the unit tangent vector d~x/ds
(instead of the velocity d~x/dt)? By using the chain rule we find

d2~x

dt2
=

ds

dt

d

ds

[

ds

dt

d~x

ds

]

, (19)

which implies

d2~x

dt2
=

(

ds

dt

)2 [

d2~x

ds2

]

+
1

2

[

d

ds

(

ds

dt

)2
]

d~x

ds
. (20)

Putting this into Newton’s second law

m

(

ds

dt

)2 [

d2~x

ds2

]

= −∂V(x)

∂~x
− 1

2
m

[

d

ds

(

ds

dt

)2
]

d~x

ds
. (21)
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Now let’s simplify this a little. From the conservation of energy we have

1

2
m

(

d~x

dt

)2

+ V(x) = E. (22)

But this means
(

d~x

dt

)2

=

(

ds

dt

)2

=
2[E − V(x)]

m
, (23)

so that Newton’s second law becomes (note that m drops out)

2[E − V(x)]

[

d2~x

ds2

]

= −∂V(x)

∂~x
− 1

2

[

d

ds
2[E − V(x)]

]

d~x

ds
. (24)

This can be rewritten in terms of a projection operator as

d2~x

ds2
=

1

2

[

I − d~x

ds
⊗ d~x

ds

]

∂ ln[E − V(x)]

∂~x
. (25)

This completes the job of removing “time” from the equation of motion.
One now has an equation strictly in terms of position x and physical dis-
tance along the path s.

But now let’s go one step further and re-write this in terms of differential
geometry — you should not be too surprised to see a three-dimensional
conformally flat geometry drop out. To see this, consider a conformally
flat three-geometry with metric

gab = Ω2(x) δab, (26)

and note that the geodesic equations are (in arbitrary non-affine parameter-
ization)

d2xa

dλ2
+ Γa

bc
dxb

dλ

dxa

dλ
= f (λ)

dxc

dλ
, (27)

where (with indices being raised and lowered using the flat metric δab) we
have

Γa
bc = Ω−1

{

δa
bΩ,c + δa

cΩ,b − δbcΩ,a
}

. (28)

Now if we chose our parameter λ to be arc-length s, as measured by the flat
metric δab, then

δab
dxa

ds

dxc

ds
= 1, (29)

so that differentiating

δab
d2xa

ds2

dxb

ds
=

1

2

d

ds

[

δab
dxa

ds

dxb

ds

]

= 0. (30)
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But this permits us to evaluate

f (s) = Γa
bc

dxa

ds

dxb

ds

dxc

ds
= [ln Ω],a

dxa

ds
, (31)

and consequently the geodesic equation in this particular parameterization is

d2xa

ds2
=

[

δab − dxa

ds

dxb

ds

]

∂b ln Ω. (32)

This is exactly the from of the equations previously derived for the path
of a particle subjected to Newton’s second law, provided we identify the
conformal factor as

Ω =
√

E − V(x). (33)

That is: the paths of particles subject to Newton’s second law follow
geodesics of the conformally flat three-geometry defined by

gab = [E − V(x)] δab (34)

If we denote “distance” as measured by this conformal metric as ℓ then we
have

dℓ
2 = [E − V(x)] ds2. (35)

While we have completely eliminated time from the equation for the paths
there is very definitely a price to be paid — you now need to consider a sep-
arate geometry for each value of the energy. Minimizing the “distance” ℓ

is what is commonly called Maupertuis’ constant-energy variational prin-
ciple. (Though note that Landau and Lifshitz attribute this version of the
variational principle to Jacobi [36].) Also note that the classically forbidden
regions where E < V(x) have opposite signature (−−−) to the allowed re-
gions (+++) and correspond to an imaginary dℓ.

N-particle systems: Furthermore, for N coupled particles of mass mi

with ( i ∈ [1..n] ) Newton’s second law becomes the system of equations

mi
d2~xi

dt2
= −∂V(~x1, . . . ,~xN)

∂~xi
. (36)

It is easy to show that the paths swept out by this system of ODEs are
geodesics in a conformally flat 3N dimensional configuration space with
metric

dℓ
2 = {E − V(~x1, . . . ,~xN)}

{

N

∑
i=1

mi ds2
i

}

, (37)

where dsi is ordinary physical distance for the i’th particle. Note that we
now need to explicitly keep track of individual particles masses.
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Generalized configuration manifolds: In an even more general context
where we have a mechanical system with N degrees of freedom, that has a
kinetic energy quadratic in velocities, we may write

L =
1

2
mij(qk) q̇i q̇j − V(qk). (38)

Here mij(q) is the configuration-dependent “mass matrix”, and the qk are
generalized coordinates (living in the configuration manifold M) that do
not need to have the physical interpretation of being particle positions. A
similar analysis to the above now yields an energy-dependent geometry

dℓ
2 = gij(qk) dqi dqj =

{

E − V(qk)
}

mij(qk) dqi dqj, (39)

that lives on the classically accessible submanifold,

M(E) =
{

qk : E > V(qk)
}

, (40)

of the original configuration manifold M = M(∞).

Geodesic deviation: Now consider two initially parallel curves, in the 1-
particle case, both corresponding to individual particles of energy E, sepa-
rated by ∆xa(s). Then by considering the difference of two geodesic equa-
tions we see that their separation grows according to the rule

d2∆xa

ds2
=

1

2

[

δab − dxa

ds

dxb

ds

]

∂b∂c ln[E − V(x)] ∆xd(s). (41)

But this is now easily turned into a statement about the focussing effect of
the Riemann tensor,

d2∆xa

ds2
= Ra

bcd
dxb

ds

dxd

ds
∆xc(s), (42)

with the Riemann tensor for the conformally flat 3-geometry being

Rabcd = −2
{

ga[d Rc]b + gb[c Rd]a

}

− R ga[cgd]b. (43)

The Ricci tensor is given by

Rab =
1

2

∂a∂bV

E − V
+

3

4

∂aV ∂bV

(E − V)2
+ δab

{

1

2

∇2V

E − V
+

1

4

∂cV ∂cV

(E − V)2

}

, (44)
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while the Ricci scalar is

R = 2
∇2V

E − V
+

3

2

∂cV ∂cV

(E − V)2
. (45)

The formalism has straightforward generalizations to multi-particle sys-
tems and mechanical systems with general quadratic kinetic energies.

Optical–mechanical analogy: There is of course a deep relationship be-
tween the differential geometric formulation above, Fermat’s principle of
minimum time, and the optical-mechanical analogy often used in situa-
tions where index-gradient methods are useful. If the refractive index is a
function of position, then it is well known that the path of a light ray can
be determined by minimizing the optical distance

ℓ =
∫

n(x) ds. (46)

This is certainly equivalent to dealing with a conformally flat 3-geometry
but the major difference here is that there is no simple way to turn Fer-
mat’s principle directly into a energy-dependent differential geometry, at
least not without going all the way back to Newton’s equations to cook up
a specific mechanical system that effectively mimics the refractive index
n(x). This is often the main task in developing a specific instance of the
optical-mechanical analogy [38, 40, 41, 42, 43].

Discussion

The acoustic rainbow geometries and the differential geometric version
of Newton’s second law have the great virtue that all relevant physics is
clearly completely under control. Thus they provide an existence proof for
the notion of an energy-dependent geometry, without the additional the-
oretical complications inherent in the running cosmology, DSR, or quan-
tum gravity phenomenology frameworks. When it comes to the notion of
a scale-dependent running metric in cosmology, or an energy-dependent
metric in DSR, or in quantum gravity phenomenology, these present toy
models make it clear that it is not the kinematics of single-particle motion
in an energy-dependent spacetime that is in any way questionable. The
technical difficulties lie at a deeper level. Specifically:

• Multi-particle kinematics: In the Newton law scenario multi-particle
kinematics was best dealt with by going to a 3N dimensional con-
figuration space. This would be extremely unnatural in the context
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of general relativity, both mathematically and physically. Observa-
tionally the various Eötvös-inspired experiments now verify the uni-
versality of free fall to at least one part in 1013. The standard way of
building this observational fact into general relativity [and any plau-
sible extension of general relativity] is via the Einstein equivalence
principle wherein one explicitly enforces “one spacetime for all in-
dividual particles”, not one (nonlocal?) spacetime based on the con-
figuration space. While as we have seen in the current article, there
is nothing particularly radical in the proposal of using an energy-
dependent geometry per se, there are real and fundamental experi-
mental issues that must be addressed when it comes to positing an
energy-dependent extension for general relativity.

• Geometrodynamics: There is a whole additional level of complexity
that comes in to play when one wishes to ascribe a spacetime dy-
namics to the energy-dependent geometry. In DSR-inspired “grav-
ity’s rainbow” scenarios [23] this would seem to require an extension
of the Einstein equations (and indeed an extension of the entire no-
tion of spacetime curvature) onto the entire tangent bundle, typically
with the individual tangent spaces becoming curved manifolds in
their own right. In “running cosmology” scenarios there is the del-
icate question of exactly what renormalization point to pick when
solving the FRW equations for the universe as a whole. Should we
(self-consistently?) pick the Hubble scale L = c/H0? Or the scale
defined by the space curvature? Or something else?

It is these harder problems that must be confronted when trying to make
sense of more complicated specific models built on the notion of an energy-
dependent spacetime.

Independent of the questions raised by these more complicated models,
the energy-dependent acoustic geometries and energy-dependent confor-
mal geometry implicit in Newton’s second law are of interest in their own
rights, both as a simple illustration of the mathematical formalism of dif-
ferential geometry, and as a different and unusual way of looking at wave
propagation and classical mechanics.
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A Discrete Space and Time Before the Big Bang

MARTIN BOJOWALD∗
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104 Davey Lab, University Park, PA 16802, USA

Abstract: A discrete structure of space and time is often expected to re-
sult from a quantum theory of gravity. Loop quantum gravity realizes
this clearly at least for space while time, in such a canonical quantiza-
tion, is handled more indirectly. Cosmological scenarios show how the
discreteness of time, unnoticeable at current scales, becomes an impor-
tant feature in the early universe. It plays a crucial role in resolving the
classical big bang singularity and in opening the door to a universe be-
fore the big bang. While this happens independently of what matter is
prevalent at the big bang, parity violating effects do have a bearing on
the relation between pre- and post-big bang branches. Even in the ab-
sence of parity violation, quantum effects in dynamical coherent states
indicate similar asymmetries. All this may be important to discern the
origin of the universe.

The gravitational field is the only known fundamental force not yet quan-
tized completely, despite more than six decades of research. Difficulties in
the construction arise mainly due to two key properties: Although grav-
ity is weak in usual regimes of particle physics, it becomes the dominant
player on cosmic scales. Strong quantum gravity effects should appear in
large gravitational fields such as the very early universe and black holes.
Then, however, the classical field grows without bound, implying space-
time singularities.

Secondly, there is the equivalence principle: gravity is a manifestation of
space-time geometry rather than a field propagating on a given space-time.
The full space-time metric gµν is thus the physical object to be quantized
non-perturbatively, rather than using perturbations hµν on a background
space-time ηµν such as Minkowski space.

As a third difficulty, not in the construction but in interpretations of the
theory, one could add the fact that space-time is now described by a quan-
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tum state with all the well-known potential pitfalls and counter-intuitive
effects. One may avoid this in initial steps of developing the theory and in
analyzing semiclassical aspects. But, as we will indicate in the end of this
contribution, state properties are already becoming crucial in applications
and indicate new properties of a universe.

One possibility to quantize the full space-time is canonical quantization,
which goes back to Wheeler and DeWitt [1]. Here, one combines general
relativity and quantum physics but, compared to quantum mechanics, one
substitutes (q, p) by (qab, pab). This makes use of gravitational canonical
variables where qab is the spatial metric appearing in the line element

ds2 = −N2dt2 +
3

∑
a,b=1

qab(dxa + Nadt)(dxb + Nbdt) . (1)

for a dynamical, curved space-time, and pab its momentum related geomet-

rically to extrinsic curvature Kab = 1
2N (q̇ab − DaNb − DbNa). Compared to

the Minkowski line element ds2 = −dt2 + (dx1)2 + (dx2)2 + (dx3)2, all
components in (1) in general depend on space coordinates xa and time t
such that measurements of space and time intervals depend on the posi-
tion in space-time. This captures general relativistic effects, describing the
gravitational field in a geometrical way. All the coefficients N, Na and qab

in (1) are space-time dependent, but it turns out that only qab is dynamical
and has a non-vanishing momentum pab, while N and Na determine the
behavior of observers in space-time.

For the wave function, we correspondingly substitute ψ(q) by a functional

ψ[qab]. In contrast to the Schrödinger equation ih̄ ∂
∂t ψ(q) = Ĥψ(q) for ψ(q),

ψ[qab] is subject to constraints Ĥψ[qab] = 0 and D̂ψ[qab] = 0. The equation
Ĥψ[qab] = 0, where Ĥ corresponds to the sum of gravitational and matter
Hamiltonians, is called the Wheeler–DeWitt equation. In addition, there is
a second equation D̂ψ[qab] = 0 which ensures that physical solutions are
invariant under spatial coordinate changes. This equation is comparatively
easy to implement and will only play a minor role in what follows. The
Hamiltonian constraint equation Ĥψ[qab] = 0, on the other hand, is not
only the main difficulty of quantum gravity but also most important, as it
determines the dynamics of a quantum space-time.

Space-time structure

To make the Wheeler–DeWitt equation Ĥψ[qab] = 0 precise and explicit,
one has to step over several mathematical hurdles. Tensor fields such as
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qab are subject to transformation laws under changing coordinates. The
classical invariance of the theory under such transformations must be pre-
served by the quantization. However, in generally covariant systems such
as general relativity, a non-linear change of coordinates

qab 7→
3

∑
a′,b′=1

∂x′a
′

∂xa

∂x′b
′

∂xb
qa′b′ (2)

would lead to coordinate dependent factors not represented on the Hilbert
space: There is no operator for xa in quantum gravity, but only those for the
dynamical field qab and its momentum exist, just as the vector potential Aa

and its momentum, the electric field Ea, become the operators of quantum
electrodynamics but not xa or t. Starting with an operator q̂ab, for instance
in the Wheeler–DeWitt equation, and then doing a coordinate transforma-
tion would imply the occurrence of coordinate dependent functions which
lack physical meaning. Such difficulties do not arise for quantizations on a
background Minkowski space, where only linear Poincaré transformations
are allowed as coordinate changes. Factors in coordinate transformations
(2) of tensor fields are then merely space-time independent constants.

Such conceptual difficulties in setting up a well-defined theory are useful
guides in the search for suitable building blocks of quantum gravity, espe-
cially given the absence of observational input to date. The distinguish-
ing features of general relativity as a classical theory should be reflected
in its quantization. One solution of the coordinate problem is to reformu-
late the classical theory in an equivalent way using only index-free objects.
This is provided by loop quantum gravity [2, 3, 4], based on holonomies
and fluxes as elementary objects analogous to magnetic and electric fluxes,
rather than space-time tensors such as qab. The precise implementation
sketched below has an immediate consequence: The configuration space
given by holonomies is compact, and geometrical fluxes become deriva-
tive operators on a compact space with discrete spectra. Since the fluxes of
loop quantum gravity by construction describe the quantum geometry of
space, as they quantize what is classically determined by qab, space itself is
discrete.

The definition of scalar objects used in loop quantum gravity is based on
new variables, obtained by a complicated-looking canonical transforma-
tion

(qab, pab) 7→ (−
3

∑
j,k,b=1

ǫijkeb
j (∂[aek

b] +
1
2 ec

kel
a∂[cel

b]) + γ
3

∑
b=1

eb
i Kab, |det(e

j
b)|e

a
i ) .
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In this notation, one first takes a “matrix square-root” of qab = ∑
3
i=1 ei

aei
b,

introducing the co-triad ei
a. Its inverse, the triad, is denoted as ea

i with re-
versed indices. One way to visualize the triad is as a set of three spatial
vector fields ~e1 = (ea

1)a=1,2,3, ~e2 = (ea
2)a=1,2,3, ~e3 = (ea

3)a=1,2,3 which are
declared to be orthogonal to each other and have unit norm. This pro-
vides the same information as specifying metric components qab for a line
element (1).

More compactly, we have (qab, pcd) 7→ (Ai
a, Eb

j ) with the Ashtekar connec-

tion Ai
a := Γi

a + γKi
a and the densitized triad Eb

j [5, 6]. These are variables

of a gauge theory with gauge group SO(3) for spatial rotations which can
change the triad vectors without affecting the metric. In Ai

a, we have a sum
of contributions Γi

a, which determines spatial curvature, and Ki
a which de-

termines the bending of space in space-time. The combination is weighted
by the so-called Barbero–Immirzi parameter γ [6, 7], which does not have
much of a classical effect but does play a role in the quantization. With
such variables as in non-Abelian gauge theories one can use a “lattice” for-
mulation, which assigns basic variables to curves and transversal surfaces
but does not require curves to lie on any regular graph [8]. For any curve
C and surface S in space, we define holonomies and fluxes by

hC(A) = P exp

(∫

C

3

∑
a,i=1

Ai
aτidsa

)
, FS(E) =

∫

S

3

∑
a,i=1

Ea
i τid

2σa

with Pauli matrices τi. (The symbol P indicates that the non-commuting
su(2) elements in the integrand are ordered along the path as the integra-
tion is performed.)

Holonomies provide the field Ai
a, which can be reconstructed if

holonomies for all curves are known. It can thus be used as a non-
tensorial configuration variable, such that wave functions are ψ[hC], de-
pending on the holonomies along all curves in space. Since holonomies
take values in SU(2), they indeed form a compact manifold even for this
infinite dimensional quantum field theory where all possible curves are
allowed. The quantization thus has properties parallel to quantum me-
chanics on a compact space such as a circle. In this example, wave
functions ψn(φ) = exp(inφ) with integer n are periodic (or periodic up
to a phase, which introduces a 1-parameter quantization ambiguity in
the choice of the representation). Momentum eigenvalues are discrete:
p̂ψn(φ) = −ih̄dψn(φ)/dφ = h̄nψn(φ).

Similarly, fluxes as the canonically conjugate momenta of holonomies be-
come derivative operators on SU(2) and, analogously to angular momen-
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tum operators in quantum mechanics, have discrete spectra. By construc-
tion, we started with the spatial metric qab, replaced it by the densitized
triad Ea

i and integrated it to obtain fluxes. Thus, flux operators with dis-
crete spectra imply that spatial geometry is discrete. For instance, volumes
of point sets can only increase in discrete steps when they are enlarged
[9, 10].

When ψ[hC] = const, i.e. there is no dependence on holonomies at all,
then all fluxes as derivative operators are zero. This can be viewed as the
fundamental ground state, in which not even geometry is excited: there is
no space at all for any measurement of distances in this state. Fluxes and
thus geometry are switched on for surfaces transversal to at least one C for
which ψ depends non-trivially on hC. Clearly, we need a non-trivial de-
pendence on many hC for a macroscopic geometry to result, where fluxes
change almost smoothly when their surfaces are enlarged. Thus, any
macroscopic space-time, including Minkowski space, appears as a highly
excited state in this framework. In fact, also dynamical growth such as uni-
verse expansion appears in discrete steps [11] by exciting more and more
atoms of space. In particular our present classical state of the universe has
to grow out of a small, very quantum state at the big bang.

The scale of the discreteness is important for applications and potential
implications of quantum gravity, for instance in cosmology. A common di-

mensional argument leads to the Planck length ℓP =
√

Gh̄ ≈ 10−35m, with
Newton’s constant G, as the only parameter of the dimension length which
can be constructed from fundamental constants. The argument is thus sim-
ilar to dimensional arguments in quantum mechanics which can be used

to estimate the Bohr radius a0 ∝ h̄2/mee2 without much calculation. How-
ever, just as calculations are necessary to verify the precise numerical pre-
factor of the Bohr radius, and to see which spatial extensions occur for
excited states, the role of the Planck length in quantum gravity is to be de-
termined from calculations. Loop quantum gravity shows that the precise
discreteness scale of an elementary excitation of geometry is

√
γℓP with a

value γ ≈ 0.238 obtained from black hole entropy [12, 13, 14, 15]. The nu-
merical value of γ is obtained by requiring consistency between quantum
gravity calculations and semiclassical calculations of Hawking radiation.
This is indeed close to the Planck scale, although slightly smaller than the
Planck length itself.

There is thus a derived scale for the ground state of geometrical quanta,
much like the Bohr radius of a hydrogen atom. In this context, however,
it is important to note that states of a quantum space are dynamical and
should be expected to change in time at a fundamental scale, just as the
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classical geometry changes during cosmic expansion. Unlike atomic sys-
tems which in many situations settle quickly into their ground state whose
scale provides a good estimate for the atomic dimensions, there is no clear
notion of a ground state for the quantum state of a dynamical universe.
Thus, the possibility of excited states contributing to the understanding of
the universe in an essential way needs to be taken into account [16, 17].
In this case, discreteness levels of geometry can be higher than the lowest
level, for instance as

√
γℓPn with integer n. Which quantities are nearly

equidistantly spaced by integer multiples of an elementary quantum is an-
other property which has to be determined from calculations in the theory.
In loop quantum gravity it is areas which are nearly equidistantly spaced
for a single excitation created by holonomy operators [9, 18].

The dynamical aspect of the underlying discreteness combined with the
geometrical nature of gravity has an additional implication [19]. As usu-
ally, a state is more semiclassical for higher excitations, and thus larger
n. However, higher n also raise the spatial scale of excitations of geome-
try, implying a coarser discreteness. We have strong quantum behavior at
small n and noticeable discreteness at large n, both of which gives devia-
tions from the classical theory. Only a finite window is left in which one
has agreement between classical continuum geometry and quantum ge-
ometry. To both sides, quantum gravity effects would be noticeable which
has certainly not been observed. This window of observationally viable
parameters is currently large, but its finite size provides crucial leverage
to be exploited by observations despite the smallness of ℓP. Especially in
cosmology with its long evolution times, magnification effects of quantum
corrections can result [20].

Quantum cosmology

Space-time discreteness must have dynamical implications for the evolu-
tion of the universe, which are most easily seen for isotropic spaces. Here,
the fields of basic variables reduce to a single component |E| = a2/4 of
the densitized triad, which is expressed in a more familiar way through
the scale factor a, and a single connection component A = ȧ/2. This set-
ting corresponds to a Friedmann–Robertson–Walker line element ds2 =
−dt2 + a(t)2((dx1)2 + (dx2)2 + (dx3)2) where, compared to 1, only spa-
tial scales change in time but do so isotropically and homogeneously. Also
these components are canonically conjugate to each other, i.e. E can be con-
sidered as the momentum of A. Notice that we explicitly wrote an absolute
value |E| in the relation to the scale factor because E itself can have any
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sign. Unlike the scale factor, which only determines the size of space, E as
a triad component also has information about the orientation of space via
the handedness of the triad.

A loop quantization of isotropic cosmological models [21, 22, 23] leads to
an orthonormal basis of states 〈A|µ〉 = eiµA/2 in the A-representation,
where the quantum number µ ∈ R can take any real value. The Hilbert
space is thus non-separable, having a continuum of basis states. Basic op-
erators act as

êiµ′A/2|µ〉 = |µ + µ′〉
Ê|µ〉 = 4π

3 γℓ
2
Pµ|µ〉

the latter being obtained from Ê = − 1
3 ih̄γG ∂

∂A where factors of γ and New-
ton’s constant G appear due to analogous factors in the classical Poisson
bracket {A, E} = 8π

3 γG. Also here, even in this highly reduced setting,
one can recognize the discreteness of quantum geometry: Only shift op-
erators of the quantum number µ are represented, while a derivative of

̂exp(iµ′A/2) by µ′ does not exist (which one can easily verify for matrix
elements of this operator). This mimics the construction of the full theory
where only holonomies, i.e. exponentials of the integrated Ai

a, are repre-
sented but not Ai

a itself. Moreover, Ê has a discrete spectrum because all its
eigenstates are normalizable (and thus correspond to bound states rather
than scattering states even though the eigenvalues form a continuum).

These properties of isotropic operators follow from the full holonomy and
flux operators, whose representation is highly restricted. In an isotropic
model there would be alternative ways for a quantum representation such
as that due to Wheeler and DeWitt, but it is inequivalent to the loop rep-
resentation. Thus, physical properties can easily differ especially in strong
quantum regimes. The loop representation is distinguished through its
close relation to the full holonomy-flux algebra [24, 16], which is lacking in
the Wheeler–DeWitt case.

Dynamical properties are determined by solving the equation Ĥ|ψ〉 = 0,
where Ĥ quantizes the Hamiltonian of the gravitational field and matter.
The wave function ψ(a, φ) of a Wheeler–DeWitt quantization is now re-
placed by a function ψµ(φ) in loop quantum cosmology where the quan-

tum number µ replaces the continuous scale factor a. Imposing Ĥψµ(φ) =
0, the state is subject to a difference equation [22]

3(Vµ+5 − Vµ+3)ψµ+4(φ) − 6(Vµ+1 − Vµ−1)ψµ(φ) (3)

3(Vµ−3 − Vµ−5)ψµ−4(φ) = −32π2Gγ3
ℓ

2
PĤmatter(µ)ψµ(φ)
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with volume eigenvalues Vµ = (4πγℓ2
P|µ|/3)3/2. Also the matter Hamil-

tonian Ĥmatter(µ) occurs and is well-defined in a loop quantization [25].
(Several other versions of this equation have been defined, reflecting the
incomplete status of the full construction of loop quantum gravity and
its reduction to isotropy. None of the differences between the alternatives
matter for the discussions here.)

At this point it becomes important that µ, the eigenvalue of the triad com-
ponent E, takes both signs: this fact allows evolution of the wave func-
tion across the classical big bang singularity at µ = 0, continuing to a
new branch preceding the big bang [26]. A Wheeler–DeWitt wave func-
tion ψ(a, φ) subject to a differential equation, by contrast, is not extended
beyond the classical singularity at a = 0. All ingredients for non-singular
evolution are provided automatically by the quantization without further
input. For instance, we are forced to use the triad in index-free scalar ob-
jects which are not known in any other suitable form. The role in singular-
ity removal was realized only much later than the basic construction. The
sign sgn(µ) originates from the handedness of the triad, and thus deter-
mines the spatial orientation. Physically, then, the orientation flips while
the universe traverses the classical big bang singularity, and the universe
“turns its inside out.”

It is interesting to highlight the role of spatial discreteness in this con-
text. (See [27] for extended discussions.) It directly led to the absence of
a singularity by a difference equation, uniquely connecting the underly-
ing wave function at both sides of vanishing volume µ = 0. Classical
evolution as well as the Wheeler–DeWitt wave function, none of which
incorporates spatial discreteness, would stop there. The discreteness is
also responsible for making the inverse scale factor in a matter Hamilto-

nian, e.g. Hφ = 1
2 a−3 p2

φ + a3V(φ) for a scalar φ with momentum pφ, finite

[28]. In fact, â−3 becomes a bounded operator when expressed through
holonomies and fluxes, as illustrated in Fig. 1. The discreteness thus di-
rectly implies regular evolution to a universe before the big bang:

discrete space −→





•discrete steps of
wave function evolution

•no diverging â−3

in matter Hamiltonian





−→ time before
the big bang

The absence of a singularity is independent of the form of matter because
the matter term does not affect the recurrence scheme of the difference
equation (3). (This hold true even for non-minimal coupling, where a
change in the recurrence could initially be expected [30].) But as we saw,
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Figure 1: Eigenvalues of an operator quantizing a−3 in isotropic loop quan-
tum cosmology. While the values depend on quantization ambiguities
such as those parameterized by l, they remain finite and approach zero
where the classical expression would diverge. See also [29] for a discus-
sion of the generality of this behavior.

orientation reversal is key in the transition through the singularity. Par-
ity violation on the matter side, i.e. Ĥmatter(µ) 6= Ĥmatter(−µ), makes the
equation non-invariant under µ 7→ −µ and states of the universe before
and after the big bang must then be different. This behavior is of impor-
tance to understand the origin of the universe before the big bang.

Effective picture

It is quite difficult to analyze the fundamental difference equation more
generally, which would also require an understanding of the measurement
process in quantum cosmology and the meaning of the wave function.
But for many purposes, effective equations are available and very pow-
erful. In this case, one solves the dynamics for expectation values, say
〈V̂〉 = 〈|Ê|3/2〉 of the volume, directly, rather than using wave functions
with their interpretational problems [31, 32]. Properties of the state are
determined simultaneously with expectation values but only show up im-
plicitly. The procedure is analogous to perturbation techniques in quantum
field theory, which allow one to introduce important effects of an interact-
ing vacuum state without actually computing it. A full interacting vacuum
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would be difficult if not impossible to find explicitly, but perturbation ex-
pansions such as the Feynman series do take its properties into account.
Similarly, more general schemes of effective equations allow one to include
properties of dynamical coherent states in perturbative calculations.

This procedure has the usual starting point as it is well-known from the
Ehrenfest theorem in quantum mechanics:

d

dt
〈V̂〉 =

〈[V̂, Ĥ]〉
ih̄

= · · ·

allows one to express the change in time of, say, the volume expectation

value in terms of other degrees of freedom such as 〈 ̂exp(iA)〉 but also
higher moments of the state, in particular its fluctuations, e.g. (∆V)2 =
〈V̂2〉 − 〈V̂〉2.

In general, this results in infinitely many coupled equations, which is dif-
ficult to solve unless there are approximations (or, in lucky cases, exact
procedures) to decouple most equations. This is feasible if the system of
interest is closely related to a solvable model where commutators such as
[V̂, Ĥ] are linear in basic operators. Then, the Ehrenfest equations involve
only expectation values without coupling terms to fluctuations or higher
moments. Also fluctuations themselves are then subject to only a finite set
of coupled equations. A well-known example where this occurs is the har-
monic oscillator, while any anharmonicity couples all state moments to the
expectation values.

In cosmology, a solvable model is available in the form of an isotropic
space-time with a free, massless scalar [33]. This model plays the role of
the harmonic oscillator for cosmology. It does not arise in an obvious solv-
able form, for which one rather has to formulate it in special, non-canonical

variables such as V = |E|3/2 and J := |E|3/2 exp(iA/
√
|E|). When quan-

tized, with the given ordering for the factors in J, one obtains an operator

algebra of sl(2, R): [V̂, Ĵ] = h̄ Ĵ, [V̂, Ĵ†] = −h̄ Ĵ† and [ Ĵ, Ĵ†] = −2h̄V̂ − h̄2.
Moreover, the Hamiltonian underlying (3) becomes linear in a suitable fac-

tor ordering defined by Ĥ = − 1
2 i( Ĵ − Ĵ†), making the whole system solv-

able with decoupled equations of motion for expectation values and fluctu-
ations. (The fact that complex exponentials of A are used in the definition
of J implies that the Hamiltonian is indeed a difference operator and not
differential, implementing the discreteness of space.)

By now, explicit solutions of this model have been used to find precise
properties of dynamical coherent states [34] and to shed light on the tran-
sition through the big bang singularity by a quantum state [35, 36]. Fig. 2
provides an illustration of the effects which can happen even in this rather
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Figure 2: Contour plot of a wave function following a trajectory 〈V̂〉(φ)
of volume (vertical) as a function of the free scalar matter φ (horizontal)
which can be used as a clock variable. The volume expectation value
never reaches zero (bottom edge) but instead bounces and avoids the clas-
sical singularity. The spread of the state demonstrates fluctuations, which
generically differ before and after the bounce. Moreover, the size of fluc-
tuations before the bounce very sensitively depends on initial values, and
would thus be nearly impossible to determine observationally [35, 36].

simple solvable system. The expectation value 〈V̂〉 bounces, i.e. has a pos-
itive lower bound, in every state which is semiclassical at least at one time.
This clearly illustrates how the singularity is avoided in this model. More-
over, the expectation value is symmetric around the bounce point, with the
pre-bounce collapse simply being the time reverse of the post-bounce ex-
pansion. Also quantum fluctuations of V̂ in a generic coherent state (i.e.,
near saturation of the uncertainty relation) are indicated by the spread in
Fig. 2, for which quite a different behavior is realized: While states with
symmetric fluctuations around the bounce do exist, they are very special.
Generic coherent states are asymmetric, implying different quantum prop-
erties before and after the bounce. One can explicitly see that the ratio
of fluctuations (or similarly higher moments) before and after the bounce
is very sensitive to small changes in the chosen state such as the precise
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squeezing [36]. Observations at one side of the bounce could not be pre-
cise enough to determine the precise form of the wave function of the uni-
verse, making it impossible to determine completely what the state of the
universe was before the big bang [35].

Most importantly for future developments, a solvable model of this type
can, just as the harmonic oscillator in particle physics, be used as zeroth
order of systematic perturbation expansions. This has been started for self-
interacting or massive matter in [37]. Completion of this program will re-
sult in effective equations for cosmological structure formation which can
be used to determine the potential of cosmological observations of quan-
tum gravity effects at least in an indirect manner.

Conclusions

Loop quantum gravity establishes a discrete fundamental picture of space
based on a well-defined canonical quantization of gravity. Its resulting
space-time dynamics is more complicated but can be analyzed in cosmo-
logical models. Then, one obtains a dynamical equation for quantum states
which is free of big bang singularities. Thus, there is a direct route from a
discrete space to non-singular evolution and time before the big bang.

The absence of a singularity is realized independently of the precise form
of matter, but details do play a role in the transition. In particular orienta-
tion reversal takes place at the classical singularity. Thus, parity violating
matter affects how pre- and post-big bang physics connect. In addition,
quantum effects such as the spreading of states can imply further differ-
ences between pre- and post-big bang states.

Parity violating matter is yet to be put into equations, where especially
the torsion coupling in a first order theory of gravity is to be taken into
account. (See [25, 38, 39] for canonical descriptions.) Effective equations
allow a more straightforward analysis and show the possibility of parity
asymmetric solutions even from gravity itself: a state spreads during evo-
lution, making fluctuations in general non-symmetric [33]. Surprisingly,
the asymmetry depends on initial values of the state in a highly sensitive
way, presenting a form of cosmic forgetfulness which shrouds any precise
statements one could make about the quantum state before the big bang
[35].
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Expectation and Challenges from Future CMB Science
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Abstract: We review the cosmological concordance model and the
most important observations which are consistent with its predic-
tions. We focus on the status of Cosmic Microwave Background (CMB)
anisotropy observations, describing how the traces of processes oc-
curred in the early universe are stored, and pointing out those w hich
still evade our knowledge, as well as the most important expectations
and obstac les concerning forthcoming and future experiments.

Introduction

The term “precision cosmology” has finally come to a common use among
cosmologists and theoretical physicists in general, meaning that observa-
tions have being progressing so much in the recent years to allow the mea-
sure of the main cosmological observables with percent precision. Those
observations concern the abundance of primordial elements in the early
universe, as well as the early and late stage of the evolution of cosmo-
logical structures, as seen in the image brought to us by the Cosmic Mi-
crowave Background (CMB) and in the present distrubution of large scale
structures, respectively. The technology, data acquisition, reduction and
interpretation in modern cosmology are without any doubt one of the
main achievements of this century for physics as a whole. On the other
hand, still it has to be remembered that the extraction of physical infor-
mation from cosmological measurements is extremely complex even in the
sort of easy context provided by the linearization of general relativity, i.e.
small deviations around the homogeneous and isotropic picture, known
as Friedmann Robertson Wolker (FRW) spacetime. Thus, the interpreta-
tion of a given experiment in cosmology relies on a variety of hypotheses
and assumptions, and often does depend on complementary data, so that
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practically any claim in cosmology is possible only by combining different
datasets. On the other hand, the variety and independence of the main cos-
mological observables make us confident that the picture we have reached
is solid, to the point of being called “cosmological concordance model”,
although from the point of view of its theoretical understanding it poses
unanswered and outstanding questions for physics as a whole. In the next
section we review the basic properties of the cosmological concordance
model; in section 3 we point out the role that the CMB is having in its esta-
bilishment, pointing out the future expectations and challenges posed by
the next generation experiments trying to progress in the unveiling of this
observable. In section 4 we make some concluding remarks.

Cosmological concordance model

From the point of view of a pure description, i.e. giving up our ambi-
tion to understand it theoretically, the present cosmological picture is rela-
tively simple. The expansion is described by assuming an highly symmet-
ric spacetime on large scales, isotropic and homogeneous as described by
the FRW metric, say larger than the biggest cosmological structures, galaxy
clusters, extending over tens of Mpc. Other than that, the cosmological
concordance model is specified by three main characters: perturbations,
components and geometry.

The description of perturbations is supported and simplified by the evi-
dence of small perturbations with respect to the mean temperature of the
CMB photons; as it is well known, fluctuations are of the order of one part
over 105 with respect to the mean 2.7 K, over the whole sky and down to the
smallest angular scale probed so far. This evidence supports the assump-
tion that in their mathematical description only small deviations from ho-
mogeneity and isotropy are allowed [1]. Those perturbations are supposed
to originate in a phase of quasi-exponential expansion in the very early uni-
verse, the inflation, driven by a non-zero vacuum energy similar to a cos-
mological constant provided by the potential energy of one or more funda-
mental fields: quantum vacuum states on microscopic scales are stretched
by the expansion itself, approaching the scale corresponding to the Hub-
ble expansion rate, where they appear as perturbations, via a mechanism
which is simular to the Hawking process for black hole evaporation, and
related to the non-invariance of the vacuum for quantum field in curved
spacetimes [2]. Other than that, linear cosmological perturbations are spec-
ified by a distribution, which the quantum nature within the inflationary
picture predicts to be Gaussian, i.e. specified only by the two points cor-

224



TIME AND MATTER 2007

relation function, which is conveniently described in terms of their power
spectrum in the Fourier domain. Since inflation is essentially specified by
a single scale which sets the amount of vacuum energy responsible for the
expansion itself, it predicts a sort of white spectrum, also known as scale
invariant or Harrison Zel’dovich, i.e. with the same power on all scales;
more precisely, the perturbation variance in the energy density on a given
scale when the latter equals the Hubble expansion rate is a constant [3].

At least three different cosmological components are required. Relativistic
matter is made by photons and neutrinos, while non-relativistic species,
forming galaxies and their clusters is fundamentally divided into two sub-
classes. The matter belonging to the standard model of particle physics,
dominated in mass by baryons and constituting the luminous part of cos-
mological structures, and the Cold Dark Matter (CDM), interacting at most
weakly with the rest, and characterized by a kinetic energy which is neg-
ligible with respect to the mass, forming the dark haloes around galaxies
and galaxy clusters. Recently, a third, and actually dominant cosmological
component has been discovered and added to the picture, as some kind of
vacuum or dark energy similar to the one driving inflation and imprinting
an acceleration to the cosmic expansion during the last couple of billion
years. The simplest description, also consistent with the present data, is
the cosmological constant; this is not the first time that such a term was
considered and studied: it was actually appearing and disappearing from
the Einstein equations several times in this century, initially introduced
by Einstein himself, wrongly asking for stationarity of the universe, and
later by quantum mechanical arguments, predicting it to correspond to the
value obtained combining fundamental constants, which is about 123 or-
ders of magnitude larger than the cosmological density today; caused by
our incapability of explaining this discrepancy, this issue is known since
tens of years as the cosmological constant problem, probably related to our
ignorance in describing the vacuum in physics. Although the cosmological
constant is a viable candidate for the dark energy, it cannot be for inflation,
as the latter has to finish and decay in order to allow structures to form and
grow, and therefore cannot be constant; this brought cosmologists to guess
that the dark energy responsible for the acceleration today may be simi-
larly dynamical, and most of the cosmological probes today are oriented
to constrain such a dynamics. In terms of relative weight, baryons and
leptons constitute about 4 % of the total cosmological density, dark matter
about 20 %, while the dark energy is at the level of 76 %.

Let us come to geometry now. That is also most simple, in the sense that
inflation predicts it to be zero within errors, and indeed so far that is the
case in the cosmological observations. Simply, the curvature term in the
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Figure 1: A representation of the angular power spectrum of CMB
anisotropies as predicted by the cosmological concordance model, as a
function of the angular scale at which it is measured. Also, the main pro-
cesses activating the different regions of the spectrum are highlighted.

Friedmann equation describing the expansion gets more and more irrele-
vant as the inflationary expansion proceeds, as it happens in any physical
system being stretched in size. As there is no reason to consider a particu-
larly short amount of inflation, the generic prediction is that the expansion
lasts enough to make the curvature irrelevant.

Observationally, several independent observables support the cosmolog-
ical concordance model. The Abundance of light elements, which is the
earliest observable we have at the moment, probing the Nucleosynthesis
epoch through the abundance of light elements measured today in nearby
structures [4]. The CMB anisotropies, subject of the next section, culmi-
nating with the observations from the Wilkinson Microwave Anisotropy
(WMAP) probe [5]. The Large Scale Structure, reconstructing the pattern
of cosmological perturbations at present via large redshift surveys made
of three dimensional maps of millions of galaxies, extending in a volume
which measures several hundreds of Mpc [6, 7, 8], as well as from weak
distortion that background light undergoes due to the lensing generated
by forming cosmological structures [9, 10]. The Type Ia supernovae, origi-
nated in a star binary system in which the actual explosion threshold of the
supernova is reached gradually due to the accretion from the companion
star, and thus known to possess an almost constant luminosity, regardless
of the enviroment or epoch in which they explode, probing the cosmic ge-
ometry from their location to us [11].
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Cosmic microwave background

Photons decouple from the rest of the system at a temperature of about
3000 K, corresponding to an age of the universe of about 300 000 years.
They bring to us the records of cosmological perturbations at that epoch, in
the form of anisotropies in their black body distribution. The latter possess
temperature fluctuations, as well as linear polarization, since the Thom-
son scattering onto free electrons at the decoupling epoch is able to trans-
form an anisotropic incident radiation into an outgoing lineary polarized
wave, characterized by its total intensity T and Stokes parameters Q and
U, function of the direction in the sky. Anisotropies are sensitive to all
kinds of cosmological perturbations, which according to general relativity
may be scalar, like density perturbations, vector, like vorticity, and ten-
sor, equivalent to gravitational waves [1]. The Stokes parameters may be
combined together into a gradient or E component, affected by all kinds
like the intensity T, and a curl one, also labeled as B, sensitive to vectors
and tensors only [12, 13]. Since the growth of vectors is suppressed by the
cosmological expansion, detecting a B component would be a strong indi-
cation of the existence of gravitational waves of cosmological origin. The
cosmological information from the CMB are usually extracted in the har-
monic domain, i.e. considering the coefficients of harmonic expansion on
the sphere, aT,E,B

ℓm , and compressing them in order to reduce the effects of
noise and systematics, in the quantities

CXY
ℓ

=
1

2ℓ + 1 ∑
m

aX
ℓm(aY

ℓm)∗, X, Y = T, E, B. (1)

The multipole ℓ is conveniently expressed in terms of the angular scale θ

at which it probes the anisotropy power, i.e. θ ≃ 200/ℓ degrees. In figure
1 the prediction of the Cℓ distribution from the cosmological concordance
model is shown, together with the main cosmological processes activating
the different parts of the spectrum. From top to bottom, the curves repre-
sent CTT

ℓ
, CTE

ℓ
, CEE

ℓ
and CBB

ℓ
; the correlation between T and E is so strong

because the E polarization modes are activated by the same density fluc-
tuations at decoupling, which dominate the T modes. On large angular
scales, the TT spectrum is dominated essentially by the unperturbed per-
turbations generated in the early universe, generating the long plateau on
ℓ ≤ 100. On sub-degree angular scales, corresponding to scales lower than
the sound speed for photons at decoupling, a series of oscillations is ob-
served, the so called acoustic peaks; those are activated by photons tightly
coupled to charged particles via Thomson scattering falling into the poten-
tial wells provided by the dark matter, and bouncing back due to their own

227



FUTURE CMB SCIENCE

pressure; therefore, they are most sensitive to the amount of baryonic mat-
ter. The angular scales corresponding to the transition between the plateau
and the acoustic oscillations, marked by the peak at ℓ ≃ 200 is one of the
most important standard ruler in cosmology; its physical scale corresponds
to the CMB sound horizon at decoupling, when the effects of curvature or
dark energy are negligible; the angle it subtends depends therefore on the
distance from last scattering, which is sensitive precisely to curvature or
dark energy effects on the cosmic expansion at low redshifts. The angular
scales at which the first peak is observed, together with the type Ia super-
novae and large scale structure data, is the basis of the evidence for the
acceleration in the cosmic expansion. Acoustic oscillations also occur in
the component of the polarization which is correlated with T, i.e. the EE
and TE spectra, because of the strong correlation between the two pro-
cesses. Since polarization is caused by CMB photons hitting a last scatterer
electron with anisotropic intensity, the polarization exists only on scales
corresponding to the mean free path at last scattering, i.e. less than one de-
gree in the sky. On the other hand, large bumps are visible on the EE and
BB spectra on multipoles corresponding to tens of degrees in the sky; the
reason is the re-scattering process of CMB photons onto electrons coming
from the rionization process occurring at redshift of about 10. The induced
polarization peaks on the scales subtended by the photon free path at the
corresponding epoch, which is sensibly larger, explaining why the reion-
ization bump occurs at such small multipoles. A leakage of EE modes in
BB due to gravitational lensing is well apparent in the broad peak in the lat-
ter spectra, resembling the EE with smaller amplitude; indeed, even a pure
E mode pattern of CMB anisotropy, passing through forming cosmologi-
cal structures and getting deflected via gravitational lensing, get distorted
acquiring a B component, as a result of the incoherence of the underlying
lensing structures, see [14] and references therein. Finally, a tensor com-
ponent with 10 % amplitude with respect to the scalar one has been added
and manifests as peak at a multipole of about 100 in the BB spectrum. This
is the imprint of the polarization anisotropies caused by the correspond-
ing gravitational waves at last scattering; the latter are massless, diffusing
as radiation on sub-degree angular scales, as their oscillations are not sup-
ported by interaction with any other component.

At the present, the main cosmological consequences are derived from the
knowledge of the TT and TE spectrum obtained up to about ℓ ≃ 500 from
satellite measurements, and up to ℓ ≃ 2000 in TT plus data on EE from
sub-orbital experiments, see [5], [15] and references therein. A large frac-
tion of the spectrum, including the EE and BB modes, remains hidden to
our knowledge. In addition, almost nothing is known about the remaining
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Figure 2: A representation of the improvement expected from Planck with
respect to WMAP over limited regions of the sky, in terms of instrumen-
tal sensitivity. The image is taken from the Planck blue book available at
www.rssd.esa.int/Planck.

statistical moments of the distribution of CMB anisotropies. Forthcom-
ing probes promise to reduce our lack of knowledge on CMB anisotropies.
The Planck satellite1 will be launched in late 2008, and will produce all
sky maps at 9 frequency channels, extending between 30 and 857 GHz,
with unprecedented angular sensitivity and resolution, reaching a signal
to noise ratio of a few on angular scales of a few arcminutes. The Planck
expectations concerning the measure of the CMB angular power spectrum
are shown in figur 3. Planck promises to be an imager, i.e. not limiting
its insights into the two point correlation function, but going to the higher
order statistics, detecting the distortion from gravitational lensing [9], as
well as a possible primordial non-Gaussianity. A glimpse of the progress
which is expected from Planck concerning the observation of the pattern of
CMB anisotropies is shown in figure 2. In addition, a number of sub-orbital
probes2 are ongoing or planned to look for polarization CMB anisotropies
on sub-degree angular scales and on low foreground regions of the sky, tar-
geting the E modes as well as having the potential sensitivity to detect the
B modes from cosmological gravitational waves if they are at least a few
percent of the scalar amplitude; figure 4 reveals the expectations of one
of those, the E and B experiment (EBEx3), a balloon borne probe sched-
uled for the North-American flight within 2008 [16]: the figure also reveals
one of the possible ultimate limitation to CMB observations, represented
by the diffuse emission from our own Galaxy, i.e. the synchrotron radia-
tion emitted by electrons spiralizing around the Galactic magnetic field, as

1www.rssd.esa.int/Planck
2lambda.gsfc.nasa.gov
3groups.physics.umn.edu/cosmology/ebex

229



FUTURE CMB SCIENCE

Figure 3: The forecasted Planck sensitivity, represented in 1σ bins in blue,
for the TT (top left), TE (top right), EE (bottom left) and BB (bottom right)
power spectrum observables. The images are taken from the Planck blue
book available at www.rssd.esa.int/Planck.

well as the thermal dust emission from magnetized dust grains. The latter
emission even in the frequency band of its minimum emission, might be
comparable to the cosmological signal across the whole sky [17]. Robust
data analysis techniques have to be designed in order to achieve a con-
vincing foreground cleaning before any claim for the detection of B modes
from primordial gravitational waves can be made [18]. If these observa-
tions are successful, in the control of instrumental systematics as well as
the removal of the foreground emission, a way toward a post-Planck CMB
satellite may open.

Concluding remarks

We briefly outlined the cosmological concordance model and the main ex-
perimental evidences on which it is based. The model is at odd with known
physics within the standard model of particle physics, and requires sub-
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Figure 4: The forecasted performance of the EBEx experiment for the mea-
surement of CMB polarization. The different components of the BB spec-
trum, namely lensing and the Inflationary Gravitational Background (IGB),
are also shown, as well as the forecasted foreground emission from the
Galactic dust in the sky area probed by the experiment [16].

stantial extensions. Known particles make only 4 % of the total density;
the remaining part is in some form of pressureless dark matter, about 20 %
of the total density, forming dark haloes around galaxies and clusters of
them, and about 76 % of a dark energy component which is causing the
expansion to accelerate, like a cosmological constant in its simplest form,
although no hint about how to relate its energy scales with the fundamen-
tal ones exists. Primordial perturbations are Gaussian and with almost
equal power on all scales, seeded by some form of accelerated expansion
occurring in the early universe as well, which we describe semi-classically
by means of a scalar field, the inflaton, driving and inflationary expan-
sion with its potential energy, eventually decaying in matter and radia-
tion. The cosmological concordance model is made credible and trusted
by the community due to the marked independence of the observations
leading to its estabilishment. Those are the measured abundances of pri-
mordial elements, microwave background radiaton, large scale distribu-
tion of galaxies, light coming from distant supernovae traveling cosmo-
logical distances. Most of these observables are still far from revealing
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their full potentiality. We focused on the case of the cosmological fossil
radiation, where plenty of experiments with markedly different strategies
are trying to catch the tiniest imprints of the cosmological perturbations
which are coded in those. This aspect, together with the compelling evi-
dence that the cosmological concordance model, if correct, is pointing to a
entirely new world for physics as a whole, puts us roughly in the middle
of the road toward the understanding of the messages which are stored in
the cosmological observables. Those are likely to unveil at least a fraction
of their hidden signatures in the forthcoming decades, the most spectacu-
lar ones coming probably in just a few years from the next generation of
satellite and sub-orbital missions for the study of the cosmic microwave
background anisotropies.
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Abstract: We review the motivations for an holographic duality be-

tween type IIB string theory on the space-time AdS5 × S5 and the
N = 4 conformal Yang-Mills theory on the boundary of the AdS5 fac-
tor. We illustrate a precise example of this correspondence constructed
by Lin, Lunin and Maldacena. We then show that a slight generalisa-
tion of the LLM solutions can lead to singular geometries and possible
closed time-like curves. This enables us to relate chronology protec-
tion in the string theory to properties of operators in the dual Super-
symmetric gauge theory, leading to the possibility of a holographic
proof of chronology protection.

Introduction

In any theory that contains general relativity, there is the possibility that the
solution space contains various space-times that present interpretational
difficulties. These difficulties are related to singularities and geometries
that contain closed time-like curves. Now these in turn can be divided into
two subclasses depending on whether they are naked or clothed. A singu-
larity clothed by a global horizon is commonly known as a black hole. It
is true that these also produce some problems when one looks at quantum
physics but at the classical level they are not so troublesome. Similarly one
can have a closed time-like curve in a space-time that cannot reach out into
the asymptotic regions and thus the causality violation is confined to a part
of the space-time again that is behind a global horizon.

The apparently more problematic structures are naked (time-like) singular-
ities and closed time-like curves that can pass through any point in space-
time. It turns out that these two can arise simultaneously in the case that

∗ martin.oloughlin@p-ng.si
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one has a rotating naked singularity and the classical example of this is the
negative mass Kerr black hole.

We will discuss in these proceedings some insights into these singular
structures of gravitational theories from the point of view of hologra-
phy, a conjectured relationship between gravitational theories and non-
gravitational theories in a lower space-time dimension (thus holographic
realisations of the higher dimensional gravitational theory).

To study these questions in more detail we will consider a class of solutions
to type IIB string theory that preserve 1/2 of the possible supersymmetries
and their known holographic dual conformal field theory (CFT) descrip-
tions. The basic trick of [1] is to note that assuming a certain amount of
symmetry in the ansatz for metric and five-form field strength, and de-
manding that one half of the total supersymmetry is preserved, the re-
maining equations of motions reduce to an elliptic equation for a scalar
function z on R

2 × R
+. The value of ρ = 1/2 − z on the 2-plane boundary

of R
2 ×R

+ can be interpreted as a semiclassical fermion density, thus pro-

viding direct contact to the CFT dual Yang-Mills theory on R × S3 [2, 3].
Indeed if this density takes on only the values 0 and 1 then the solutions
are guaranteed to be singularity free space-times.

In this proceedings we consider the most general allowed (on the super-
gravity side) boundary conditions for this elliptic equation. This means
that we study the full set of moduli of this sector of supergravity that con-

sists of metrics asymptotic to AdS5 × S5, with an SO(4) × SO(4) isometry
group and preserving half of the supersymmetry of type IIB string the-
ory. The supergravity solutions in general will be singular. The space-
time singularities appearing are always naked and fall into two distinct
classes: null and timelike. The null ones can be considered as seeded by
a fermion density between 0 and 1 and have been studied for example in
[4, 5, 6, 7, 8] together with the possible local quantum effects responsible for
their resolution - the singularity is due to an average over configurations
of N fermions in a gas with average density less than one. An individ-
ual configuration with the same asymptotics can actually be seen to have
as source a collection of N giant gravitons [9, 10] separated one from the
other. In the supergravity theory, the resolution of the singularity thus ap-
pears as a sort of space-time foam [11] while in the dual CFT one sees that
such a configuration corresponds to the Coulomb branch of the theory. As
such these null singularities are effectively not singular in the full quantum
theory.

The AdS/CFT correspondence has maybe something more interesting to
tell us about the fate of the timelike singularities which arise when the
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density ρ is greater than 1 and as such no longer has an interpretation as
a fermion density. The solutions with this kind of singularity are “patho-
logical”: they have closed timelike curves passing through any point of the
spacetime and they include unbounded from below negative mass excita-

tions of AdS5 × S5.

It has been conjectured, [12, 13, 14], that geometries with these features
should be considered as truly unphysical via global considerations in the
setting of a full quantum theory of gravity. The AdS/CFT correspondence
applied to the space-times of [1] suggests one particular mechanism for
the global removal of solutions containing timelike singularities. The de-
formations of the geometry which produce these singularities apparently
correspond to negative dimension operators in the dual field theory. The
unitarity of the representations of the superalgebra of N = 4 supersymmet-
ric Yang-Mills theory [15] indicate in particular that unitary operators must
have a positive conformal dimension. Our observations indicate that there
should actually exist a general proof of the chronology protection conjec-
ture [16] in this sector of supergravity. A first indication of this mechanism
linking unitarity to chronology protection can be found in [17] and in the
current context in [18, 19].

Extending these works, in this paper we discuss the theorem proven in [22]
that closed timelike curves (CTCs) are unavoidable in any solution with a
timelike singularity and that they are excluded in the case of regular and
null singular solutions, these being the spacetimes that can be represented
in terms of dual fermions, a result anticipated but not proven in [18]. This
provides a clear division between these two classes of singular spacetimes
which is also reflected in the two different mechanisms responsible for the
resolution of their respective spacetime singularities.

We begin with a review of the concept of holography as motivated by ’t
Hooft and Susskind in discussions of black hole entropy and black hole
evaporation. We then show how this led Maldacena to conjecture a precise
realisation of this holography concept relating string theory on a space-
time that includes an anti-de Sitter component to a conformal field theory
on the boundary of that space-time.

We then look more closely at a particular class of solutions found by Lin,
Lunin and Maldacena [1] and we show the most general allowed bound-
ary conditions for a supergravity solution satisfying the symmetry require-
ments. We clarify the role of the boundary conditions in determining the

mass of the solution in the asymptotic AdS5 × S5 and we show the relation
between the boundary conditions and the appearance of spacetime singu-
larities.
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We review the theorem of [22] regarding the appearance and the proper-
ties of CTCs and their genericity for the classes of solutions that contain
timelike singularities. Moreover we an overview of the proof of the the-
orem which relates the appearance of CTCs to the boundary conditions
responsible for these time-like singularities.

In the final section we return to a discussion of the meaning of these re-
sults, and in particular the possibility of proving the chronology protec-
tion conjecture for this class of geometries, by showing that the AdS/CFT
correspondence relates chronology protection to unitarity in the CFT.

Holography and quantum black holes

The possibility that quantum gravity may have an holographic description
was raised by ’t Hooft in his construction of models for quantum grav-
ity based on the properties of black holes and the demand that space-time
physics, even with the inclusion of quantum gravity, is unitary. The hy-
pothesis was then formulated in a more precise manner by Susskind, as
we will now discuss. An obvious problem arises in this context when one
considers the possibility of black hole evaporation which is a natural con-
sequence of the coupling of quantum fields to the black hole background.

We will begin therefore with a discussion of black-hole thermodynamics
which will lead us to a bound on the information (as characterised by en-
tropy) that can be contained in a given volume in space-time.

Classical black holes and their “almost” thermodynamics.

For a spacetime with a Black Hole there is a relationship between the
change in Mass, the surface gravity κ and the horizon area A, which is in
direct anology with the First Law of Thermodynamics upon identification
of κ with the temperature and the horizon area A with entropy,

dM =
κ

8π
dA + Ω dJ (1)

where Ω is the angular velocity and J the angular momentum. This is a
completely general relation that can be derived by calculating the change
in the mass and angular momentum of a black hole with given asymptotic
charges M and J and the dependence of these variations on the horizon
area. Comparing to the First Law of Thermodynamics (with a chemical
potential µ)

dE = T dS + µ dN (2)
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leads to the identification for black holes,

E = M, µ = Ω, N = J (3)

and the observation that the entropy is proportional to the area of the hori-
zon. However, without some additional information, this analogy is in-
complete because there is no classical sense in which the black hole can
have a non-zero temperature and there are no “classical” microscopic de-
grees of freedom that could lead to a statistical entropy. This is where one
needs to pass to quantum fields in the black hole background and in par-
ticular to the calculation of Hawking radiation.

Quantum fields in black hole - Hawking radiation

Hawking first calculated black-body radiation from a black hole by consid-
ering quantum fields in a background space-time that corresponds to a star
collapsing to form a black hole [23]. The correct treatment of the boundary
conditions on quantum fields in this background geometry, in particular
with respect to the definition of vacuum in the past and future reveals that
a past vacuum with collapsing star evolves to a black-hole with a flux of
radiation corresponding to that of a black body at the temperature

T =
κ

2π
, (4)

where again κ is the surface gravity of the black hole and is actually pro-
portional to the inverse of the mass for a Schwarzschild black hole. This
allows us to put another piece in the puzzle of the First Law of Black Hole
Thermodynamics giving the ratio between horizon area and entropy,

S =
A

4
(5)

This completes the analogy between the first law of thermodynamics and
black hole mechanics. To truly identify the horizon area with entropy how-
ever we should also demand that it satisfies the second law of thermody-
namics, that entropy always increases or remains constant in any physical
process. Furthermore, this picture would still not be completely satisfac-
tory without a means of identifying the microscopic degrees of freedom
that will give us a true statistical interpretation of the black hole entropy.
The completion of this picture is the subject of the next two subsections.
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Entropy and information

One can prove geometrically that the total horizon area of a collection
of black holes increases in any classical evolution and since we have just
found an identification between the area of a black hole and its thermody-
namic entropy we thus have a Second Law of Black Hole mechanics [25].
However one immmediately realises that this cannot be the full story as
quantum processes like Hawking radiation violate this principle. A black
hole evaporates due to the stream of black body radiation flowing from it.
This will cause the black hole to lose energy and subsequently mass. The
temperature is inversely proportional to the mass and the evaporation thus
accelerates as the black hole gets smaller. The total evaporation time can
be calculated and is proportional to the cube root of the initial black hole
mass.

Clearly this is problematic for the interpretation of the entropy as it violates
the Second Law of Thermodynamics which states that in every physical
process entropy remains constant or increases.

If we consider however the total entropy of black hole plus environment
then one can actually prove the Generalised Second Law of Black Hole
Mechanics [26]. More precisely it can be shown that including quantum
processes of particle creation in a gravitational field the total entropy of
fields plus black hole

ST = Sbh + Sfields = ∑
A

4
+ Sfields (6)

does indeed satisfy the second law,

∆ST ≥ 0 (7)

and thus the analogy between the laws of black hole mechanics and those
of thermodynamics is complete.

However, the result is surprising from a statistical mechanics perspective.
Entropy is usually an extensive quantity, related to information contained
in a physical volume. The laws of black hole mechanics seem to indicate
that this is no longer the case and that the entropy that is contained inside
a surface is bounded by the area of that surface not by the volume inside
that surface. There is a non-locality in the distribution of information in a
theory that includes gravitational degrees of freedom.
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Information and evolution

What are the microscopic degrees of freedom which could lead to a sta-
tistical picture of black hole entropy? Related to this question there is an-
other problem that arises from our above considerations and one that was
immediately noted by Hawking after completing the calculation of black
hole evaporation. This is the so called Information Loss Problem of black
hole physics and the reasoning that leads to this problem is based on the
fact that Hawking radiation is thermal which leads to a quantum evolution
involving a density matrix and subsequent loss of coherence. The space-
time containing an evaporating black hole in a semi-classical treatment of
quantum gravity is Cauchy incomplete. The conclusion that pure states
must evolve to a density matrix is unavoidable unless there is some type
of non-locality in the description of degrees of freedom in the gravitational
theory. This puzzle is commonly known as the Black Hole Information
Loss Paradox. That non-locality may be needed to fully understand quan-
tum gravity was already noted at the end of the previous section and a
more precise formulation of this non-locality can be found in the Hologra-
phy Conjecture.

Holography conjecture, (’t Hooft [30], Susskind [29]).

• As a consequence of the applicability of the laws of classical thermo-
dynamics to black-hole space-times, and in particular the generalised
second law, for a volume in space-time the true degrees of freedom

– are bounded by the area surrounding this volume with this
bound saturated when a black hole forms inside the volume
with horizon corresponding to the boundary

– It was further conjectured [29], by analogy with the physics of
D-branes that in string theory there should be a precise realisa-
tion of these degrees of freedom as corresponding to black hole
microstates

Thus there should be a holographic realisation of degrees of freedom in
theories that include gravitation.

AdS/CFT, a concrete realisation of Holography

In this section we will give an overview of the realisation of the Holog-
raphy conjecture in string theory via the AdS/CFT correspondence. For
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more details one should read the excellent review article [27] and the orig-
inal references cited there.

The first step towards a more concrete realisation of a holographic theory
was made in the study of properties of Dirichlet-branes in string theory.
Dirichlet branes are submanifolds of space-time on which string ends may
attach themselves. In a standard closed string theory this means that we
can also find open string states but only when the ends of the open string
are attached to a Dirichlet brane. The simplest example of such a brane is
the D3-brane, the world-volume of which is 3 + 1–dimensional Minkowski
space.

The first important step towards the construction of a holographic descrip-
tion of a gravitational theory was made when some very interesting sim-
plifications were observed in the calculation of string scattering from a D3-
brane. In particular such a scattering can be represented holographically in
a Super Yang-Mills theory on the D3-brane world-volume this in turn be-
ing the limit of a Dirac-Born-Infeld model. It was found that the grey body
factor for Hawking radiation from a black D-brane (a higher-dimensional
generalisation of a black hole), can be obtained from the near horizon ge-
ometry of the D3-brane or via a dual calculation in the world volume Yang-
Mills theory. The dual calculation involves the decay of a massive particle
into a pair of gauge bosons.

The greybody factor is the factor σabs in the formula for radiation from a
black hole

dΓemit =
σabs

exp(ω/T) ± 1

dnk

2πn
(8)

and represents the deviation of the radiation from a pure black body spec-
trum, due to the presence of non-trivial fields in the vicinity of a black hole.

The observation that the greybody factor can be calculated in the gauge
theory on the D3-brane and equivalently by a calculation in the geometry
produced by the D3-brane backreaction in spacetime, and the fact that fur-
thermore only the near horizon geometry is important in this calculation
led to a duality conjecture between string theory in the near-horizon space-
time and the quantum field theory of the four-dimensional gauge theory.

Near-Horizon limit

The metric for the extremal D3-brane is obtained by solving the equations
for type IIB supergravity. The metric has Lorentz symmetry in a 3 + 1–
dimensional submanifold and in the transverse space to the brane one
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finds a six-dimensional flat space which we will write in polar coordinates.

ds2 = f−1/2(−dt2 + dx2) + f 1/2(dr2 + r2dΩ2
5) (9)

where
F5 = (1 + ∗)dt ∧ dx1 ∧ dx2 ∧ dx3 ∧ d f−1 (10)

f = 1 +
R4

r4
, R4 = 4πgsα′

2
N (11)

and the functional dependence of f (r) can easily be found by plugging the
above ansatz into the equations of motion. In the near horizon limit (which
corresponds in these coordinates to r ≪ R) this geometry becomes that of

AdS5 × S5. This is easily seen by noting that in this limit

f =
R4

r4
, ds2 =

r2

R2
(−dt2 + dx2) +

R2

r2
(dr2 + r2dΩ2

5). (12)

which is precisely the metric of an AdS5 × S5 space-time with radius R.

Explicit mapping of AdS/CFT

A simple example of the holographic mapping is the coupling constant
of the Yang-Mills theory which is related to the string coupling constant
gs = exp φ by 4πgs = g2

YM. Therefore the marginal operator in the gauge
theory that corresponds to changing the coupling constant is related to the
boundary conditions on the dilaton field. The precise relation was conjec-
tured to be

〈exp
∫

φ0(x)O(x)〉CFT = Z [φ(x, z)|z=0 = φ0(x)] (13)

and this conjecture and generalisations to other fields has been supported
by a large number of calculations the details of which can be found in [27].

One half supersymmetric holography

In the beautiful paper of Lin, Lunin and Maldacena [1] a full holographic
mapping for 1/2 supersymmetric fields dual to non-singular geometries
was constructed. It was found that these correspond, via a simple con-
struction, to the class of marginal operators that are annihilated by half of
the supersymmetry generators. In slightly more detail the correspondence
of LLM is constructed in the following way.
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Asymptotically AdS5 × S5 geometries with 1/2 supersymmetry and re-
specting an SO(4) × SO(4) isometry can be found explicitly due to the
power of the preserved supersymmetries. The most general ansatz for such
a metric is

ds2 =−
1

h2
(dt + V · dx)2 + h2(dy2 + dx2)+

+ y eG dΩ2
3 + y e−G dΩ̃2

3 (14)

and a similar equation for the Ramond-Ramond five-form field. The condi-
tions imposed by the preservation of one half of the possible supersymme-
tries effectively linearise the non-linear Einstein equations rendering them
completely solvable in terms of Green Functions. The complete set of ge-
ometries that satisfy these conditions are given by one function Φ(x, y) that
satisfies the equation

(∂2
1 + ∂2

2)Φ +
1

y3
∂y(y3∂yΦ) = −4π2ρ(x) δ(4)(y) (15)

for which the solution has the form

Φ = π
∫

y=0

ρ(x′) d2x′

[(x − x′)2 + y2]2
(16)

where
ρ(x) = y2 Φ(x, y = 0) (17)

The functions, h, V and G and the five-form can all be found from the
solution for Φ.

The mass which is equal to angular momentum is given by

M =
1

8π2ℓ8
P

[

1

2π

∫

ρ(x)x2 d2x −

(

1

2π

∫

ρ(x) d2x

)2
]

(18)

Those geometries for which ρ = 1 or 0 at y = 0 are in one to one corespon-
dence, via AdS/CFT, to a class of operators in the boundary Superconfor-
mal Yang-Mills theory, which in particular are invariant under 1/2 of the
original supersymmetry transformations and all of these geometries have
M > 0. The mass of the space-time is equal to the conformal dimension of
the corresponding operator, M = ∆ = J. Actually, one can slightly relax
the boundary condition and require simply that ρ is always non-negative
and bounded by 1. All such geometries have a dual description in terms of
operators and the various Coulomb branches of the gauge theory. Indeed
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one can construct a precise mapping between the geometries and operators
by noting that ρ can be interpreted as a fermion density in an harmonic os-

cillator potential, and the gauge theory on a space-time of topology R × S3

(the topology of the boundary of AdS5) can be mapped to the same system
of free fermions.

Clearly outside the class of smooth and well-behaved geometries that are
discussed here there is a potentially large class of other singular geome-
tries. We would like to know precisely what such geometries could corre-
spond to in the dual gauge theory if we follow the usual dictionary of the
AdS/CFT correspondence.

Closed time-Like curves and causality/unitarity

Closed Time-Like curves are a feature of some interesting solutions to the
Einstein equations. The two most well-known and typical examples are the
Kerr metric and the Gödel space-time. In general such geometries contain
angular momentum, such being necessary to cause the light-cones to tip
over and effectively lie in the plane of what was a space-like region. In
particular we require, for the existence of closed time-like curves, that there
is some non-trivial time-like loop along which we can travel in such a way
as to return to our beginning. For a discussion of closed time-like curves in
Gödel and Kerr space-times see the beautiful treatise on General Relativity
by Hawking and Ellis [24] and for a general discussion of closed time-like
curves see the book by Visser [28].

Closed time-Like curves and singular geometries

This section is based on the paper Milanesi and O’Loughlin [22] where it is
proven that if one relaxes the boundary conditions then there are geome-
tries in the class of solutions based on the ansatz (14) of LLM that contain
closed time-like curves.

Sufficiently close to any region of the y = 0 boundary in which the local
density ρ(x) > 1, the light-cone tips over and lies in a coordinate hyper-
surface that is asymptotically space-like as shown in figure 1. In the case
that the region of ρ(x) > 1 is compact one can always find a closed time-
like curve that encircles this region as shown in figures 1 and 2. In the
free fermion picture (where ρ is the fermion density), we see that the pres-
ence of a closed-time like curve is associated with a violation of the Pauli
Exclusion Principle.
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Figure 1: Distributions corresponding to boundary conditions at y = 0.
The shaded region has ρ > 1, elsewhere ρ = 0.
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VLS

y

Figure 2: Cross section of rotationally symmetric configuration with ρ > 1
inside a disk. y2Φ = 1 on the boundary of the shaded region at y > 0. The
space-time does not extend past the time-like singularity on the boundary
of this shaded region.

The metric for these geometries has the same form as for LLM (14) and
a closed time-like curve will arise when a compact direction in the (x, y)
hypersurface becomes time-like. In the case of rotationally symmetric con-
figurations in x and with V = (0, Vφ), the relevant parts of the metric are

ds2 = −h−2dt2 − 2h−2Vφ dt dφ + (h2 − h−2V2
φ ) dφ2 + · · · (19)

and when the discriminant h2 − h−2V2
φ becomes negative a closed time-

like curve will form. The boundary of the region of CTCs is called the
velocity of light surface (VLS), and is indicated for this particular example
of rotational symmetry in figure 2 (ρ(x, 0) = β > 1).
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In the case of constant density ρ(x, 0) = β inside a disk of radius R0 and
zero outside this disk, the mass (as measured at infinity) is

M =
1

8π2ℓ8
P

[

1

2π

∫

ρ x2 d2x −

(

1

2π

∫

ρ d2x

)2
]

=
(βR2

0)
2

32π2ℓ8
P

(

1

β
− 1

)

(20)
and we see immediately that β > 1 corresponds to negative mass com-
pared to the vacuum (AdS5 in this case). We will refer to ρ(x) as the local
energy density and so:

Theorem[22]: Any solution of LLM type that has somewhere negative lo-
cal energy density, ρ(x1, x2) > 1, contains a Closed Time-like curve and a
Naked Singularity.

Unitarity and chronology protection

Now that we know what the closed time-like curves correspond to in the
boundary data of the string theory we would like to see what they would
correspond to in the dual gauge theory. A theorem of Dobrev and Petkova
[15] states that operators in N = 4 SYM theories with negative conformal
dimension are non-unitary.

In the previous section we have found that the conformal dimension of an
operator in the N = 4 SYM theory is mapped to the mass of the corre-
sponding geometry via the AdS/CFT correspondence. We arrive directly
at the result then that a deformation of the geometry to a locally negative
mass corresponds to a non-unitary operator in the boundary conformal
field theory.

So we see that there is good evidence that constraining the operators of
the CFT to be unitary corresponds in the holographic dual string theory to
chronology protection as it should guarantee the absence of closed time-
like curves.

The important role played by unitarity is not surprising as it is this same
constraint that leads to a possible resolution of the black-hole evaporation
puzzle. In fact, in that case unitarity of the holographic boundary the-
ory implies that black hole evaporation is unitary and thus holography
resolves the Information Loss Paradox of Black Hole physics at least for a
family of black holes in AdS space.
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Summary

The conjecture of holography for quantum gravity theories has lead to the
construction of a correspondence between gauge theory and string the-
ory. In the simplest case this maps string theory in a space-time that is
five-dimensional times a finite volume internal space to a gauge theory
in four-dimensions. The simplest model is supersymmetric which helps
us calculate many features analytically. Thus holography has provided us
with a powerful tool for the study of both gauge theory and string theory.

We have found in particular that unitarity of the dual gauge theory implies
chronology protection and actually cosmic censorship in the sector of the
theory that we have studied.

Our study leaves many questions unanswered in particular on the gen-
erality of these results as the explicit solutions that we studied can be
found thanks to the large number of preserved supersymmetries. It is true
however that naked singularities together with non zero angular momen-
tum often gives rise to the conditions required to produce closed time-like
curves and also naked singularities are usually related to the violation of
some positive energy condition. Furthermore, it appears to be quite gen-
eral that conformal dimensions in the gauge theory are related to mass (en-
ergy density) in the holographic dual string theory picture so maybe there
is a way by which holography together with well understood properties
of field theories may lead to a proof of chronology protection and possibly
also cosmic censorship.
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