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Abstract

The expectation that it should not be possible to gain experimental in-

sight on the structure of space-time at Planckian distance scales has been

recently challenged by several studies which have shown that there are a few

classes of experiments with sensitivity suÆcient for setting signi�cant limits

on certain candidate Planckian pictures of space-time. With respect to quan-

tum space-time uctuations, one of the most popular predictions of various

Quantum-Gravity approaches, the experiments that have the best sensitivity

are the same experiments which are used in searches of the classical-physics

phenomenon of gravity waves. In experiments searching for classical grav-

ity waves the presence of quantum space-time uctuations would introduce a

source of noise just like the ordinary (non-gravitational) quantum properties

of the photons composing the laser beam used in interferometry introduce

a source of noise. The sensitivity to distance uctuations achieved (or be-

ing achieved) by modern interferometers and resonant-bar detectors is here

described in terms of the Planck length, hoping that this characterization

may prove useful for theorists attempting to gain some intuition for these

sensitivity levels. While theory work on Quantum Gravity is not yet ready

to provide de�nite noise models, there are some general characteristics of

Quantum-Gravity-induced noise that could be used in experimental studies.
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1 Introduction

Work done in the last two decades [1, 2] and particularly over the last few years [3,

4, 5, 6, 7, 8] has corrected an old misconception that it would not be possible to

gain experimental insight on the structure of space-time at Planckian distances and

on the interplay between General Relativity and Quantum Mechanics. The rele-

vant area of theoretical physics is often called \Quantum Gravity" reecting early

expectations that it might have to be based on some sort of quantization of Gen-

eral Relativity. The pessimistic expectations for \Planck-length phenomenology"1

which one �nds in traditional Quantum-Gravity reviews basically rely on two sim-

ple observations. First one observes that the interplay of General Relativity and

Quantum Mechanics can be the dominant element in the analysis of a physical

context only if this context involves strong gravitational forces and short distances.

This is a condition that was realized in the early stages of evolution of the Uni-

verse, but we would not be able to realize similar conditions experimentally. The

second observation is based on the fact that in the contexts that we can study ex-

perimentally, which only involve length scales much larger than the Planck length

(Lp �
p
�hG=c3 � 10�33cm), all e�ects induced by Quantum Gravity would be

very small. Since Lp is proportional to both the gravitational constant, G, and the

Planck contant, �h, Lp should set the strength of the new e�ects induced by the

interplay between General Relativity and Quantum Mechanics. The dimensionless

quantities that should set the magnitude of these e�ects are very small numbers,

given by some power of the ratio between the Planck length and a characteristic

length scale of the process under investigation.

Even without any detailed analysis of the interplay between General Relativity

and Quantum Mechanics it is easy to see that these two observations are not suf-

�cient for concluding that there is no hope for Planck-length phenomenology. We

even have a well-kown counter-example within fundamental physics. Grand uni�ed

theories of the electroweak and strong interactions predict large new e�ects for col-

lision processes involving particles with wavelengths of the order of 10�30cm (which

of course we do not even dream of realizing) but predict only very small e�ects

for the type of processes we can access experimentally. For example, the dimen-

sionless ratio characterising the strength of the proton-decay processes predicted

by granduni�cation is extremely small, since it is given by the fourth power of the

ratio between the mass of the proton and the granduni�cation scale. In spite of

such a strong suppression, experimentalists are managing to set signi�cant bounds

on proton decay by keeping under observation a large number of protons (so that

the experiments measure the probability that one among many protons decay).

As the analogy with proton decay in granduni�cation suggests, Planck-length

phenomenology is not impossible, but it is extremely hard. While opportunities

1I �rst proposed [9] to use the name \Quantum-Gravity phenomenology" for studies of the

experimental signatures of the properties of space-time at Planckian distances. More recently,

it appeared more appropriate [10] to use the name \Planck-length phenomenology" in order to

reect the fact that we know little or nothing about the relevant physical processes and therefore

it may be even premature to assume that quantization should play a role.
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to test experimentally the nature of the interplay between General Relativity and

Quantum Mechanics remain extremely rare, the handful of proposals now avail-

able [1, 2, 3, 4, 5, 6, 7, 8] represents a signi�cant step forward with respect to the

expectations of not many years ago.

In this Lecture I review some of the recent developments in Planck-length phe-

nomenology, with emphasis on the proposal put forward in Ref. [6] (and more

recently discussed in various papers, e.g. Refs. [11, 12, 13, 14]) which is based on

the properties of modern interferometers and resonant bars.

2 Status of Planck-length phenomenology

In giving a brief overview of the proposals that have been made in Planck-length

phenomenology, let me start from the possibility of studies of the type of Quantum-

Gravity e�ects which should have been present in the early Universe. The only

proposal of this type that I am aware of has been made in Ref. [3] and concerns

residual traces of some strong Quantum-Gravity e�ects (speci�cally String-Theory

e�ects [15]) which might have occurred in the early Universe.

Some information on the behaviour of Quantum Mechanics in presence of strong

(but classical) gravitational �elds has been obtained in studies of the quantum

phases induced by large gravitational �elds [1, 4]. These experiments explore a very

special regime of Quantum Gravity, the one in which the space-time aspects of the

problem can be analyzed within classical physics.

Both the type of proposal considered in Ref. [3] and the type of proposal consid-

ered in Refs. [1, 4] do not explore the possibility that the description of space-time at

Planckian distances would require a drastically new formalism. The proposals con-

sidered in Refs. [1, 4] do not explore any candidate non-classical property of space-

time (but, as mentioned, provide insight in the way in which Quantum Mechanics

behaves when strong classical gravitational �elds are present). Also for the proposal

discussed in Ref. [3] space-time can be treated as classical: Quantum-Gravity e�ects

basically amount to the introduction of new particles (the gravitons). However, one

central issue for theoretical work on Quantum Gravity is indeed whether or not there

are aspects of the structure of space-time at Planckian distances which do not allow

description in terms of new particles propagating in a classical space-time. General

arguments [16, 17, 18] as well as speci�c proposals based on space-time discrete-

ness or noncommutativity [19, 20, 21, 22] provide motivation for the exploration

of this \non-particle" possibility. [In the following I shall denominate \quantum

space-time" a space-time whose structure at Planckian distances does not allow

description in terms of new particles propagating in a classical space-time.]

For what concerns the development of a corresponding phenomenological pro-

gram the most promising opportunities for the exploration of the possibility of

quantum space-times come from contexts in which there is no (classical) curvature.

If the interplay between General Relativity and Quantum Mechanics requires that

at a fundamental level space-time is not classical, then this should in particular

be true for the space-times that are perceived by our low-energy probes as at
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and classical. A space-time that appears to be Minkowski when probed by low-

energy probes, would be perceived as \quasi-Minkowski" [11, 17] (some appropriate

\quantum deformation" of Minkowski space-time) by probes of higher energies. [An

example of such space-times has been discussed in Ref. [21] and references therein.]

One of the e�ects that could characterize a quasi-Minkowski space-time is quan-

tum uctuations of distances. These are the focus of the present Lecture and will

be discussed in detail in the following Sections. In the remainder of this Section I

want to consider another important property of quasi-Minkowski space-times: the

symmetries that characterize a deformation of Minkowski space-time are of course

a deformed version (deformed algebras) of the symmetries of Minkowski space-time.

This realization has led to renewed interest in certain symmetry tests, as indirect

tests of the short-distance structure of space-time.

In particle physics the symmetries of Minkowski space-time lead to the emer-

gence of CPT symmetry. CPT tests have been discussed in relation with Quantum

Gravity for more than 15 years [2, 23, 24, 25, 26]. The present upper limits on

violations of CPT symmetry (see, e.g., Ref. [27]) have reached a level which is sig-

ni�cant for the study of the structure of space-time at Planckian distances. This is

basically due to the fact that limits on the neutral-kaon \ÆMK0=MK0", one of the

CPT-violation parameters that can be introduced in the analysis of the neutral-kaon

system, have reached the level ÆMK0=MK0<10�19�LpMK0 .

There are two classes of sensitive tests of certain types of deformations of Lorentz

invariance that could be induced [5, 24, 28, 29] by non-trivial structure of space-

time at Planckian distances. One class of studies is based [5, 30] on the fact that

observations of the gamma rays we receive from distant astrophysical sources allow

to establish that there is no anomalous e�ect (within the achieved experimental

accuracy) leading to relative delays between the times of arrival of simultaneously

emitted photons. A second class of tests is based [7, 8, 31, 32] on the fact that

a deformation of Lorentz symmetries would of course a�ect our estimates of the

threshold energies required for certain particle-production processes (those thresh-

olds are basically kinematical). Recent experimental results concerning this second

class of Lorentz-symmetry tests have led to some excitement. In two energy regimes,

photons around 10 TeV and cosmic rays around 1020eV , certain puzzling data ad-

mit interpretation as a manifestation of a departure from ordinary Lorentz invari-

ance [7, 8, 32, 33]. As I shall emphasize again in Section 6, the way in which these

exciting results on \threshold anomalies" [8] have emerged can provide encourage-

ment for Quantum-Gravity studies using interferometers and resonant detectors.

3 Operative de�nition of space-time foam

The present Lecture focuses on tests of the possibility that the short-distance proper-

ties of space-time would induce quantum uctuations of distances. As a preparatory

exercise, in this Section I give an operative de�nition of such uctuations.

A prediction of nearly all approaches to the uni�cation of gravity and quantum

mechanics is that at very short distances the sharp classical concept of space-time
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should give way to a somewhat \fuzzy" (or \foamy") picture (see, e.g., Refs. [34,

35, 36]), but these new concepts are usually only discussed at a rather formal level.

If we are to test this prediction we must de�ne space-time fuzziness in physically

meaningful (operative) terms.

Interferometers are the best tools for monitoring the distance between test

masses, and I propose as an operative de�nition of the distance uctuations that

could be induced by Quantum Gravity one which is expressed directly in terms of

strain noise in interferometers.2 In achieving their remarkable accuracy modern

interferometers must deal with several classical-physics strain noise sources (e.g.,

thermal and seismic e�ects induce uctuations in the relative positions of the test

masses). Importantly, strain noise sources associated with e�ects of ordinary quan-

tum mechanics are also signi�cant for modern interferometers: the combined min-

imization of photon shot noise and radiation pressure noise leads to a noise source

which originates from ordinary quantum mechanics. The operative de�nition of

fuzzy distance which I advocate characterizes the corresponding Quantum-Gravity

e�ects as an additional source of strain noise. A theory in which the concept of dis-

tance is fundamentally fuzzy in this operative sense would be such that the read-out

of an interferometer would still be noisy (because of Quantum-Gravity e�ects) even

in the idealized limit in which all classical-physics and ordinary-quantum-mechanics

noise sources are completely eliminated. In other words, just like the quantum prop-

erties of the non-gravitational degrees of freedom of the apparatus induce noise (e.g.

the mentioned combination of photon shot noise and radiation pressure noise) it is

of course plausible that noise be induced by the quantum properties of the gravi-

tational degrees of freedom of the apparatus (e.g. the distances between the test

masses).

Another simple way to discuss this operative de�nition of distance fuzziness is

the following. Let us assume that we have established experimentally the exact

dependence on all relevant physical observables of the total noise present in an

interferometer. The resulting strain noise spectrum will include terms that are

independent of both the Planck constant �h and the gravitational constant G, terms

that depend either on �h or on G, and there could also be terms that depend on

both �h and G. This last class of contributions to noise, depending on both �h and

G (possibly on the particular combination of �h and G given by the Planck length

Lp), is here being de�ned as the Quantum-Gravity contribution to noise.

2Since modern interferometers were planned to look for classical gravity waves (gravity waves

are their sought \signal"), it is reasonable to denominate as \noise" all test-mass-distance uctu-

ations that are not due to gravity waves. I choose to adopt this terminology which reects the

original objectives of modern interferometers, even though this terminology is somewhat awkward

for the type of studies I am proposing in which interferometers would be used for searches of

Quantum-Gravity-induced distance uctuations (and therefore these uctuations would play the

role of \signal"). A di�erent terminology was adopted in Ref. [37].
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4 Description of the sensitivity of interferometers

and resonant bars in terms of the Planck length

Various arguments providing a relation between Planck-length pictures of space-

time and the sensitivity of modern interferometers and resonant bars have been

discussed in Refs. [6, 9, 11, 38]. Here I shall review the most intuitive elements of

those anlyses.

A basic observation is that the sensitivity of modern interferometers and res-

onant bars is reaching (in certain frequency windows) the level corresponding to

strain noise power spectrum3 of the order of 10�44Hz�1 and this is naturally de-

scribed [9, 38] as the ratio of the Planck length versus the speed-of-light constant:

Lp=c � 10�44Hz�1. It is quite amusing to notice that these sensitivity levels have

been reached in response to classical-physics thoretical studies showing that the

strain noise power spectrum should be reduced at or below the level 10�44Hz�1 in

certain frequency windows in order to allow the discovery of classical gravity waves.

It is a remarkable numerical accident that the result of these classical-physics stud-

ies, involving several length scales such as the distance between the Earth and

potential sources of gravity waves, has pointed us toward a sensitivity level which

is so naturally [9, 38] associated with the intrinsically quantum scale Lp=c.

An intuitive characterization of the fact that sensitivity at the level Lp=c can

be suÆcient to start the investigation of the structure of space-time at Planckian

distances can be obtained through an illustrative argument. Let us consider the

possibility that the distances L between the test masses of an interferometer could

be a�ected by Planck-length (10�33cm) uctuations of random-walk type occurring

at a rate of one per Planck time (� 10�44s). It is easy to show [6, 9, 11, 38] that such

uctuations would induce strain noise with power spectrum given by LpcL
�2f�2 (f

is the frequency at which the interferometer is being operated). For f � 100Hz and

L � 1Km (as for some modern interferometers) this corresponds to strain noise at

the level 10�37Hz�1, well within the reach of the sensitivity of modern interferome-

ters (actually, as observed in Refs. [6, 9, 11, 38] and illustrated in Figure 1, the sen-

sitivity achieved by interferometers and resonant bars already in operation [39, 40]

rules out the presence of excess noise down to the level 10�42Hz�1).

The fact that uctuations genuinely at the Planck scale (the example I used

involves Planck length uctuations occurring at a rate of one per Planck time) can

lead to an e�ect that (while being very small in absolute terms) is large enough

for testing with modern interferometers originates from the fact that random-walk

uctuations do not fully average out. They have zero mean (in this sense they do av-

erage out) but the associated standard deviation grows with the time of observation

(with the random-walk-characteristic
p
t dependence which translates [9, 11, 38, 41]

into the f�2 dependence of the power spectrum). A reasonable scale to characterize

the time of observation in interferometry is provided by f�1 which, for f � 100Hz,

3Here and in previous studies [38] I discuss noise levels in terms of the power spectrum. Other

authors, particularly within the experimental community, use the amplitude spectral density, which

is just the square root of the power spectrum.
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Figure 1: A qualitative (at best semi-quantitative) comparison between the sensitivity of cer-

tain interferometers and the types of strain noise power spectra (�h) considered here. We expect

signi�cant progress from the level of sensitivity (\PRESENT") of interferometers already in oper-

ation, to the �rst phase of LIGO/VIRGO interferometers (\LIGOI"), then to the second phase of

LIGO/VIRGO (\LIGOII"), and �nally to LISA (\LISA"). The horizontal line marks the noise level

corresponding to Lp=c. The line \RW1" is representative of the random-walk scenario discussed in

Section 4, with magnitude suppressed linearly by the Planck length. In spite of the Planck-length

suppression the line RW1 is above (and therefore inconsistent with) the noise levels achieved by

\PRESENT" interferometers (and by resonant-bar detectors already in operation such as NAU-

TILUS [40], which achieved sensitivity 5�10�43Hz�1, near 924Hz). The �gure also shows that

with LISA we will achieve the capability to start the exploration of some scenarios with quadratic

suppression by the Planck length: the line \RW2" corresponds to one of the possibilities [38] for

random-walk noise quadratically suppressed by the smallness of the Planck length.

is much larger than the Planck time. [(100Hz)�1=10�44s � 1040 and therefore over

a time of order (100Hz)�1 the standard deviation can become much greater than

the Planck length.]

The example of random-walk uctuations is quite interesting since various Quan-

tum-Gravity scenarios have random-walk elements [11, 42, 43]. However, the random-

walk case was analyzed here only as an example in which the classical space-time

picture breaks down on distance scales of order Lp � 10�35m, but the nature of this

breaking is such that an interefometer working at a few hundred Hz is sensitive to

a collective e�ect of a very large numer of minute uctuations. [Here the analogy

with the strategy adopted in proton-decay experiments is very direct.] It may well

be that the uctuations induced by Quantum Gravity are not of random-walk type,

but it appears that interferometers (and possibly resonant-bar detectors) should

have signi�cant sensitivity to various scenarios in which the uctuations average

out only in the sense of the mean and not in the sense of the standard deviation.

In closing this Section let me comment again on the fact that the Quantum-

Gravity noise considered here would be a property of the apparatus. Just like the

noise induced by the conventional quantum properties of the non-gravitational de-

grees of freedom is well known to depend on the speci�c detector being used, one

also expects a similar dependence for the noise induced by the conjectured quantum
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properties of the gravitational degrees of freedom. It may therefore be inappropri-

ate to compare the limits on Quantum-Gravity-induced excess noise obtained by

interferometers with the ones obtained by resonant detectors. It may also be in-

appropriate to compare the limits obtained by interferometers with di�erent arm

lengths; in fact, it is plausible [11, 38] that Quantum-Gravity noise would depend

quite strongly on the length of the arms of the interferometer.

5 Challenges for theoretical physics

The characterization of the sensitivity of modern interferometers and resonant bars

discussed in the preceding Section shows that these experiments have a �ghting

chance to uncover quantum properties of space-time. Some general criteria for

the identi�cation of the quantum-gravity-induced excess noise will be discussed in

the next Section, but the searches would have much greater chances of success if

theory work could provide detailed models of the noise spectrum to look for. Un-

fortunately, an analysis of this type within the most promising Quantum-Gravity

approaches is still beyond our technical capabilities. The development of two pop-

ular approaches, \Critical Superstrings" [44] and \Loop Quantum Gravity" [45],

has been progressing at remarkable speed over the last few years; however, even

within these approaches we are still quite far from being able to perform the type of

\realistic" analysis required for noise estimates. These approaches took as starting

points the conceptual and technical diÆculties involved in the uni�cation of Gen-

eral Relativity and Quantum Mechanics, and until very recently the main focus of

the relevant research programmes has been on testing the mathematical and logical

consistency of the proposed solutions for these diÆculties. Insight on the quantum

properties of space-time predicted by these approaches has started to emerge only

recently (see, e.g., Refs. [19, 22]), but much work is still needed for the development

of suÆciently robust physical pictures.

While waiting for some Quantum-Gravity approaches to reach the level of matu-

rity required for a detailed quantitative description of the noise induced by the quan-

tum properties of space-time, we can attempt to extract at least some qualitative

information. In this sense, as emphasized in the preceding Sections, one key point

is the one of establishing whether some of these better developed Quantum-Gravity

approaches predict a genuinely quantum space-time, i.e. establishing whether the

emerging picture of space-time requires something beyond the propagation of gravi-

tational particles in an otherwise classical space-time. The latest results on Critical

Superstrings and Loop Quantum Gravity provide encouragement for the idea of a

genuinely quantum space-time. These results suggest that at a fundamental level

space-time has some elements of discreteness and/or noncommutativity [19, 22], and

it appears unlikely that these features could be faithfully described by the propaga-

tion of some new particles in an otherwise classical (continuous and commutative)

space-time.

Another issue which could be discussed already at the qualitative level concerns

the key point of the discussion in the preceding Section: could space-time uctua-
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tions be of a type that averages out only in the sense of the mean and not in the

sense of the standard deviation? The mentioned Quantum-Gravity scenarios with

some random-walk elements [11, 42, 43] provide encouragement for this possibility,

but more work is needed, especially in order to develop new e�ective theories suit-

able for the description of this possibility. [In the formalisms we ordinarily consider,

such as the one of �eld theory, e�ects on very short distances do not leave any trace

on larger scales, not even in the sense of the standard deviation. This is a key aspect

of the renormalization procedure and of certain types of coarse graining.]

One more point that deserves mention is the one concerning whether or not

there are some \energy constraints" that could be imposed on the structure of

the Quantum-Gravity-induced noise power spectrum. Had we been considering

noise that could be attributed to gravitons then standard energy constraints would

apply, and these can be quite restrictive [38]. However, as discussed above, the type

of quantum properties of space-time that could lead to signi�cant noise cannot be

attributed to gravitons. For \non-graviton" gravitational degrees of freedom energy

considerations are non-trivial. These subtleties of Quantum Gravity (inherited from

analogous subtelties of the general-relativistic description of classical gravity) with

respect to energy considerations have been reemphasized in the recent Ref. [18].

One more complication in this respect is the fact that the noise considered here

is a property of the apparatus (rather than \empty" space-time) and therefore

it is plausible that bounds based on energy considerations should involve some

estimate of the energy that the uctuations carry locally at the lab site (rather

than considering some integration over the whole Universe).

6 Challenges for experimental studies

As for the other proposals of Quantum-Gravity tests, the one concerning distance

uctuations and the associated noise must be only interpreted as an invitation to

experimentalists to keep a vigilant eye on possible anomalies that could be inter-

preted as manifestions of the short-distance structure of space-time. Quantum-

Gravity models are not yet ready for making de�nite predictions: one can at best

extract some qualitative aspects of a candidate new phenomenon and then make

dimensional-analysis considerations in order to establish whether relevant experi-

ments have a (possibly remote) chance to uncover e�ects originating at Planckian

distances. At least in one case, the mentioned studies of observed threshold anoma-

lies, the fact that experimentalists were alerted by this type of considerations has

led to exciting developments [7, 8, 31, 32].

In the case of interferometers and resonant bars the task of keeping a vigilant

eye on possible Quantum-Gravity anomalies is particularly challenging. In fact,

Quantum Gravity motivates the search for excess noise, but excess noise of non-

Quantum-Gravity origin is very common in these experiments. Experimentalists

make a large e�ort of predicting all noise sources, but when the machines are �nally

in operation it is quite natural to �nd that one of the noise sources was underesti-

mated. Upon encountering excess noise the �rst natural guess is that the excess be
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due to ordinary/conventional physics rather than new physics.

In this respect one �rst point to be remarked is that even just the determination

of upper bounds on Quantum-Gravity-induced noise can be signi�cant at this stage

of development of Quantum Gravity. This research �eld has been for a long time a

theoretical exploration of a territory that was completely uncharted experimentally.

It is therefore quite important that a few experiments are now providing at least

some guidance in the form of upper limits naturally expressable in terms of the

Planck length [2, 5, 6]. Conservative upper limits on Quantum-Gravity-induced

excess noise can be set straigthforwardly [6, 9, 11, 38] by making conservative (lower

bounds) estimates of conventional noise and observing that any Quantum-Gravity-

induced noise could not exceed the di�erence between the noise observed and the

corresponding conservative estimate of conventional noise.

While upper limits are important, the possibility of discovering Quantum-Gravity-

induced noise would of course be more exciting. As mentioned, the diÆculties in-

volved in accurate predictions of noise levels of conventional origin combine with

the scarse information on the structure to be expected for Quantum-Gravity noise

in a way that renders such discoveries very problematic; however, it is worth notic-

ing that there are certain characteristics of Quantum-Gravity-induced noise which

could plausibly be used in order to identify it. For example, from the description

given in the preceding Sections it is clear that an interferometer Quantum-Gravity-

induced noise might roughly look like a stochastic background of gravity waves

with the important characteristic of the absence of long-distance correlations. Ex-

cess noise in the form of a stochastic background of gravity waves is also predicted

by other new-physics proposals4 but typically these other new-physics proposals

predict long-distance correlation [3, 37]. This important di�erence could be used

to distinguish experimentally between Quantum-Gravity-induced noise and other

excess-noise new-physics proposals.
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