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Some implications of quantum gravity and string
theory for everyday physics

C. Svaram

Quantum gravity is still an enigmatic and exotic subject and overhelming opinion would indicate
that it could possibly have no impact whatsoever on the workings of everyday physics governed
by classical, statistical and quantum mechanics. Moreover there are several different approaches
to the problem of quantizing gravity and a fully consistent, acceptable theory is yet to emerge.
Even in the absence of such a complete theory, we point out that several model independent inter-
esting implications of quantum gravity exist for a wide variety of phenomena in everyday physics.
These include universal upper bounds on field strengths (including electric and magnetic fields),
temperature, acceleration, particle energies and properties of bulk matter like density, elastic
strength, surface tension, etc. as well as absolute upper limits on computational and information
processing rates power generation, etc. Also lower limits on temperature (in a non-inertial
frame), and on particle magnetic moments are discussed along with some recent ideas on large
quantum gravity effects and vacuum entropy. Again possible implications of string theory for
propagation of high energy photons from gamma ray bursts and other sources enable constraints
to be put on string parameters. There are also effects from presence of extra spatial dimensions
for deviations from Newton’s gravity law, for corrections in atomic spectroscopy, etc. which are
discussed. Possible effects in interferometry, gravitational wave detectors, k-meson decay, as well
as implications for clock and computer performance are also discussed.

ALTHOUGH there has been a considerable spurt of recent
interest in research in several formal aspects of quantum
gravity including considerable mathematical progress,
the subject still remains enigmatic and remote from
other areas of physics. Despite several suggestions and
complex models, no clear cut consistent consensus on
uniting quantum theory and gravity has emerged. It

the number of gravitons (Ng) emitted in an asymmetric
explosion of energy E as (ref. 3).
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would appear as if quantum gravity has no implications
or impact on the rest of everyday mundane physics
which depends on measurement or observation of well
defined physical quantities or properties that character-
ize a system or a substance. We shall see that this is not
strictly true. It is possible to carry out calculations of
the effects of quantum gravity on certain systems and
come out with numbers! This has been known for some
time especialy in the case of a weak field in a lin-
earized theory. For instance, one can estimate' that in
the sun from Coulomb collisions in the core plasma
10° W of thermal gravitational radiation can be gener-
ated. For the degenerate matter in white dwarfs this is
10" W and from a newly born neutron star this could be
as high as 102 W in high frequency gravitational radia-
tion>. It is amusing that one could actually estimate
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(7 is Planck’ s constant).

For a hundred-megaton nuclear explosion, this im-
plies for instance®, a dimensionless strain (at a suitably
defined distance) of h ~ dl/l ~ 107,

As another example one can estimate the lifetime (i.e.
probability) of a 3d ® Is transition in hydrogen with
emission of a graviton®? to be

GM g 4 35
~ W qa ~10% s,
he hyd

where m, is the electron mass, wiyg the frequency roughly
corresponding to the 3d ® Is transition (~ 12 V), a the
fine structure constant). Implications of this transition
for detection of high frequency gravitational radiation
(~ 10" Hz) have been discussed in ref. 2. There are
many other similar examples of low energy manifesta-
tions of quantum gravity. Gravitational quantum effects
are very small at ordinary energies when #ic/E >>
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GE/c*, but as easily seen a natural cut off energy arises
at E.~ (1/G)Y2 ~ 10" GeV, when the particle is trapped
in its own gravitational field! This for instance implies
an upper limit to cosmic ray particle energies ~ 10%® eV,
a few orders larger than the highest energies seen so far
~10* eV in experiments such as the Fly’s Eye. This
also tells us that virtual particles in quantum electrody-
namics and other field theories cannot have arbitrarily
high energies, so that self-energy integrals get truncated
giving finite values for quantities like the electron mass
of the form a ~ In(:c/GM.?) explaining the smallness of
G relative to a. The wavelength corresponding to E.
implies a maximal curvature of Ky ~ c/hG which im-
poses the ultimate quantum limits on geometrical meas-
urements giving a smallest spatial resolution ~K¥2 . No
physical experiment, however ingenious, can overcome
this limit.

The maximal curvature implies in the language of ge-
ometry and gauge theory a maximal field strength of°.
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(by the equivalence principle, this is also the maximal
permissible physical acceleration).

Eqg. (2) implies that for a gravitating body of mass M,
the minimal radius to which it can collapse in a comov-
ing frame is given by:
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Enex @S0 implies the existence of a maximal density of
I max ~ (C>/G?h). This among other things gives an upper
bound on strength of magnetic fields as Bpa ~C"%/
Gh'? ~ 10° G as also on electric fields. These limits are
independent of any detailed form quantum gravity the-
ory might take. There is also an upper limiting tempera-
ture  of Tma ~ (1C/G)Y3(1/Kg) ~ 102 deg and a
corresponding maximal pressure. In turn this imposes
limits on bulk elastic properties such as a limiting sur-
face tension of s, ~ 10 dyne/cm? and a maximal elastic
modulus of ~ 102 dyne/cm.

The smallest spatial resolution mentioned earlier, also
implies a smallest time interval of (#1G/c®)?~10"%s
which in turn imposes a limiting angular frequency
Wiax ~ 10% Hz. The cutoff energy and the limiting tem-
poral resolution then give the highest power that can be
emitted or generated by any physical system as:

Pox= C°/G ~3" 10% ergs/s. (4)

An astronomical object emitting at this luminosity
would have an absolute bolometric magnitude of —58
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and even at a distance of ten gigaparsecs would have a
flux comparable to the moon’s brightness. This limiting
power in turn implies a universal bound on information
processing rate or rate of computation as given by in-
formation theory as:

f= /PmTaXrlo‘”bits/s (5)

Black hole thermodynamics implies a maximum infor-
mation content of (energy E) | £ 2pER/Aic In2 (ref. 6),
but the size of the system also enters (R). However eq.
(5) is an ultimate upper bound giving f = (c*/Gh) bits/s
(independent of energy or size of system), a quantum
gravity limit. As is well known, through Hawking’s
work’ a manifestation of quantum gravity is the evapo-
ration of black holes, with a time scale t ~ (G*M®/ac?)
(limit #® 0O gives infinite time for a classical black
hole). Black holes in the mass range 10**-10" g are
interesting as they have a lifetime comparable to the
Hubble age and could be observable as a burst of
gamma rays. Many experimental searches have been
initiated to observe such events. So far limits have been
put on the space density of such objects. A 10** g black
hole (t~10Ys), has a power generation of
~10* ergs/s, coincidentally comparable to the total
commercial power generated on Earth! The temperature
is proportional to the surface gravity and thus scales
inversely with the black hole mass. The equivalence
principle would thus suggest that temperature should
also be associated with an accelerated frame. Indeed a
detector uniformly accelerated through Minkowski
Vacuum is heated due to interactions with the vacuum
fluctuations and would detect radiation with a thermal
spectrum with a temperature given by T= (ha/2pcKg)
(a being the acceleration). Fora = 1g, T = 107 deg.!
Thus it is impossible to cool to absolute zero in an ac-
celerated frame, i.e. there is a fundamental limitation
imposed by quantum gravity as to how low a tempera-
ture one can achieve! The effect could be observable in
situations involving very high accelerations such as in
particle storage rings. Indeed Leinaas® suggested that
electrons in a storage ring polarized spontaneously but
not completely, the maximum polarization had been
found to be P = 0.92. The departure from full polariza-
tion can be interpreted as due to heating of the electrons
caused by their acceleration. Another possible manifes-
tation is a cut off in the transverse momenta of colliding
hadrons in high-energy experiments®. The Global Posi-
tioning System (GPS) has already brought GR to the
masses and fractional frequency shifts of 1 part in 10
are measureable’®. GR effects are 4.5 parts in 10%,
equivalent to missing a heart beat in a lifetime! As tem-
perature is also dependent on the local gravitational
field (like time) and we can now achieve a few
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nanokelvin, it is conceivable that in the future, limita-
tions in achieving lowest temperatures in gravitational
fields can actually be monitored! There is also an argu-
ment for a minimal acceleration™, based on the opera-
tional requirement that the gravitational self energy of a
particle be measurable over a Hubble time (Ho™) which
is the same as the a, in theories like MOND which have
been proposed as an alternative to the existence of dark
matter in galaxies and clusters with impressive results'?.

Again the riddle of blackhole entropy, may be tied up
with another well-measured phenomenon, i.e. the
Casimir force in which two conducting parallel plates
are attracted by zero point vacuum fluctuations. The
black hole entropy becomes a Casimir entropy, an en-
tropy associated with a thermal contribution of zero-
point modes™. For two parallel plates separated by a
distance a, a Casimir entropy is essentially equal to the
number of squares of edge ‘a’ required to fill the area of
the plate™. Remarkably for a black hole the entropy is
the number of planck squares required to fill the area of
the horizon! This is again connected to the quantization
of area in quantum gravity. A quantized Schwarschild
black hole has energy levels of the form E, =+vNEp.
For rotating and charged black holes, the mass formulae
mutatis mutandis resemble well-known mass formulae
for mesons and baryons and things like Regge trajecto-
ries in a chew-Frautschi plot’. This also holds
for strings. In fact based on this, new mass formulae
for particles have been suggested. A maximal energy
E, aso implies a lowest magnetic moment of
nlcyG ~10"% my, m, is the Bohr magneton®. Recently
it has been pointed out that large quantum gravity ef-
fects can occur even in low curvature regimes, i.e. the
qguantum fluctuations in the geometry can be large
unless the number and frequency of'®> photons satisfy
N(ZGwW)? << 1, i.e.

&Dgp, QTeN(th)2
§< Orr @

We briefly consider situations where this condition can
be realized, i.e. N(#Gw)? > 1, to induce large geometry
fluctuations. If there is a source of high energy gamma
rays, withw = 10%! Hz, then one requires

1

~ ~10%
(hGw)?

or a source with total energy emission of ~ 10* ergs.
Many astrophysical sources can produce this kind of
energy, and if the source is a neutron star, the curvature
is small. If we have a laboratory source of 10* TeV par-
ticles, then one needs N ~ (AGw)™? ~10% and a total
energy of ~ 10%° ergs, not too inconceivable in the fu-
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ture to produce large quantum gravity effects even in
very low curvature regimes. The large number of exam-
ples given suggest implications for quantum gravity in
several areas of everyday physics'®.

Talking of gamma ray bursts, it must be mentioned
that recently it has been suggested that in a large class
of quantum gravity approaches'’ (in which the existence
of a minimum length | yin ~ Eqg is assumed) a deformed
photon dispersion arises which can possibly yield ob-
servational constraints and effects based on gamma ray
bursts (GRBs). Specially this is assumed to be of the
form* "8,

PC = E T+ E/ Eoe,

where Eqg is the quantum gravity scale, which could be
as low as 107 Epanck, i.e. Eqe > 10" GeV. One of the
consequences could be that high energy photons, would
not travel at the speed of light, but at a speed of:

Thus we can write for dt (for two photons of energies E;

- D i D
Cl- E/Eqs) CQ- E/Eqe)

®E O
- Egiﬁ for E, >> E,. (7
CeEyo

In the case of GRB 990123, where optical detection
followed hardly 20 s after the gamma ray burst, this was
shown to imply*® a lower limit as:

Eoo >D—§1 =5 10% Gev.
C

Similar constraints exist from TeV flares and other
GRBs.

In the case of superstring theory, the same dispersion
relation arises but with Eqc now related to the string
scale ls. As well known, duality invariance | ® (all),
implies a minimal length scale | for string theory. So
eg. (7) could be translated into a constraint on the super
string scale as:

ls<3" 10 cm< 200 L, (8)

(corresponding to the string scale Es> 5" 10 GeV).
Essentially for the first order effects, i.e. effects going
asin first power of E/E5 one gets the corresponding lim-
its imposed by superstring theory simply by substituting
Es in place of Ey (in all the above quantum gravity im-
posed limits), i.e. highest CR energies would now be
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~10% eV, upper limiting temperature (early universe,
etc.) ~ 10% deg. etc.

It must be emphasized that just because one has a
string scale (related to the string tension and gauge cou-
pling as discussed below), this does not imply a funda-
mental length, which in the earlier literature was a very
arbitrary quantity. Here as argued below, the duality
invariance (a feature of string theories) implies a mini-
mal length scale and a modified quantum uncertainty
principle (to be discussed below), and a mixed commu-
tator (see eq. (13)). It is to be noted that just a funda-
mental length arbitrarily proposed cannot give a
modified Born-Infeld electrodynamics or give correc-
tions or deviations to Newton's laws at submillimetre
ranges. Nor can the above estimates of high frequency
gravitons or fundamental limits on temperature follow
from a fundamental length.

The string (or quantum gravity) modified dispersion
relation could also have drastic effects on the propaga-
tion of TeV and PeV photons in intergalactic space. For
instance, if Eqg or Eq~ 10™ GeV, photons with even a
few TeV energy could travel freely (with reduced pho-
ton—photon scattering a higher order process) through
any soft background of microwave or infrared pho-
tons'®.

Degradation by pair creation appears kinematically
forbidden when energy of such a high energy photon
exceeds E,, ~ 2, /E,E;, E; isthe theory of the soft back-

ground photon (say 3°k background). For disintegration
into pairs of mass m and momentum p, (e.g. through
g+g® e +e ® I"+ 17, etc.), the modified dispersion
relation implies:

m?c* + pc® = E? + EY/Es.

With this modification, it can be shown that pair crea-
tion is allowed only if:

Em £ 2(2E,/Eq)"?, (9)

(an equivalent way of looking at it is that there is a
modification of standard Lorentz kinematics, i.e. ex-
plicit breaking of Lorentz invariance (for point parti-
cles) at the string scale Ig). This is similar to the
situation in k distorted Poincare group®. The above re-
lations when applied to the process of TeV photons (E,)
with soft IR background photons with E, ~ 0.5 eV, im-
plies no pair creation (for the process g, + g, ® €' +€)
unless

Em £ 400 TeV (EJEy)"% (10)
For the above constraint on Es (from eq. (8)),
En <30 TeV. This shows that the string or quantum
gravity modified dispersion relation implies that gamma
photons larger than ~ 30 TeV energy would not be de-
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stroyed by pair creation onto soft background photons
of eV energies. Thus powerful sources of TeV radiation
from black hole binaries or AGNs could be detectable
up to large red shifts. This would also have implications
for the GZ cut off at high energies for the CR spectrum
by interaction with the CMB background, i.e. we could
have photons with energies ~ 10%° eV or larger.

Again it is to be remarked that the above dispersion
relations have an energy dependence quite distinct from
that in conventional electromagnetic plasmas®, which
decreases with increasing energy. For grays of a MeV
range if one assumes an effect of ~ I/l , one gets for the
effect a time shift in the waves ~ 10~ s. For instance,
features of about 1 ms have been reported in bursts of
0.1 s width so that is possible to look for some of these
effects in noisy data. In addition to the above dispersion
relations induced for example by stringy effects, it
has been suggested that the polymer-like nature of
space time predicted by canonical quantum gravity
models could also lead to biregringent effects. See
also ref. 23. Corrections to Maxwell equations are ob-
tained as:

d,E=-N"B+ NZ2B,

VEoc

N2E.

d4B=R" E-

(11)

JEoc
If one seeks solutions with a given helicity:
E. = Re((8 tigy)e (Wt - k.x),
one finds

We ~ (K)(1 + 2l [K]). (12)
The group velocity has two branches, and the effect is
of a shift of one I per wavelength. For TeV grays, if is
of fractional order ~ 10™*?. Gravitational waves would
also be affected by the above type of distortions. For
space-based GW detectors with laser interferometers,
because of the long wavelengths the effects are of
~ 107 or less, too small unfortunately to be detected.
Superstring theory also implied a modification of the
uncertainty principle. The uncertainties in the string
position and momentum are:

Dx = (n/T)Y?and Dp = (AT)"?,

(where T is the string tension).

A similar situation exists for the harmonic oscillator
where the position and momentum uncertainty behave
rather symmetrically both scaling like the square root of
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the planck constant. The duality invariance | ® 1™ im-
plied existence of a minimum string scale and gives rise
to extended uncertainty principles given as:

b=l + 2P

The existence of a minimal length may be related to a
non-commutative geometry.

At aformal level arather general procedure of modi-
fying the uncertainty principles is provided by change
of the mixed commutator in the Heisenberg algebra®

[, pj] = ih(d;; + gpip; + gjijpz)

= ih(d; + goip; + gdip?), (13)
where g=12/h? is a deformation parameter introducing
the minimal length scale Is. In the first perturbative or-
der in g, the consequences of this minimally modified
algebra on the H-atom spectrum has been recently stud-
ied®. The result for the corrected energy eigen values
can be put in the form?.

® 1 5§20 4n- (1 +1/2
Eni]. = B(;_ _+4§;9 _L

a%g n*(l+1/2) (14)

The correction is always +ve and is maximal for the
ground state, leading to a relative decrease E_ =
—20(l4/a)? of the hydrogen ionization energy (a is Bohr
radius) within each multiplet, effect is maximal for
1 =0 levels. DE, ¢/Eqo = —4(I4a)*(8n — 3)/n”. The accu-
racy in the frequency data for the 1s— 2s transition is
~ 1 kHz. The precision in the energy difference between
the two levels is thus about 10™? eV which thereby im-
plies 1< 0.01 fermi. This would put atomic physics
constraints on large extra dimensions, (Is >> Ly) now in
vogue®™. For |s= Ly, relative effect in Rydberg energy
~10™ (<) and for the Eqe constraint from gamma ray
burst this is of ~ 10™. The large extra dimensions pos-
tulated in many recent papers, imply deviations from
Newton's law at submillimetre ranges. For n > 1, extra
space dimensions, the long-range corrections can be
approximated by a Y ukuwa type interaction with a po-
tential as”

vr>R-Rin(1+ on’ &R, (15)
r

where r is the distance and R a common compactifica-
tion radius of n extra dimensions. We can compare
these modifications, with the usual parametrization of
the extra long-range forces in the literature (e.g. ref.
30): V(g) a(l/g)(1 + ae?") and get a definite prediction
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for the strength a of Yukawa type gravitational correc-
tions, in the case of one extra compact dimension it is
a =2. Using the a-l plot of ref. 31 which gives the
experimentally determined region, one can conclude®?°
that the allowed radius has an upper bound of the order
of | =R~1mm, see also ref. 32. It has recently been
pointed out that new dimensions may have a size R
much larger than the string scale perhaps as large as a
millimetre®®®. This has the effect of diluting the
strength of the 4D gravity observed at >> R. The 4D
Planck scale is determined by the fundamental Planck
scale M by Gauss's law M,? ~ M?*"R", n is the number
of new dimensions. Large dimensions are not in conflict
with experiment if the standard model fields are con-
fined to a 3-brane. In the extra dimensions they lead to
corrections to the Newtonian potential ~(TeV "2 g™
at all distances. Within the realm of the ordinary 3 + 1
dimensional space-time an important consequence of
the existence of large extra dimensions would be the
presence of a tower of Kaluza-Klein modes associated
to gravitons. The weakness of the coupling between
gravitons and other particles can be compensated by the
large number of KK modes when the experimental en-
ergy resolution is much larger than the mass splitting
between the modes, which for a small number of very
large extra dimensions can be a weak reguirement (e.g.
for 6 mm wide extra dimensions®, the mass splitting is
afew MeV). This can lead to observably large effects at
planned particle-physics colliders, particularly CERN’s
LHC. Thisisirrelevant at large distances but dominates
the Newtonian potential at distances smaller than R
where M,* ~ (TeV)™?R". For n3 2, Ris < 1 mm and so
long distance Newtonian gravity is not affected. For an
early suggestion of large extra dimensions in connection
with strong gravity see ref. 32 and for a early connec-
tion to dual resonance see ref. 34. A large extra dimen-
sion at the TeV scale would also give a correction to the
magnetic moment ~ G2, G is the Fermi constant™.
Again there can be corrections to the wave function and
the energy spectrum of quantum particles due to the
presence of the string tension. This introduces a generic
modification of the energy spectrum® as

2
12 16

a%a? (4a2)r+25

E:gam2+k2+

where a is related to the string tension, k, m are the
momentum and mass, | is the angular quant. no., a is
radial distance from the string. The Schrédinger equa-
tion can also be solved in the string background space
time, with the string tension entering into the centrifu-
gal barrier term as a correction and energy difference
between any excited level and the ground state is
~1?/2ma?a®. Again the appearance of a Born-Infeld ac-
tion is a key ingredient in string theory. For the dynam-
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ics of a Dy-brane embedded in space time of small cur-
vature compared to |2 we can write aterm of the form

éjp+]ne_f J' det(Gab = ISZFab)+2

by comparing with the B—I action of form

& 1F 0
?ZE,?W:

(ironically Born and Infeld proposed their modified
electrodynamics with a maximal or limiting field
strength to avoid divergences in classical electron self
energies). Here the limiting field strength is connected
to I through E,, ~g%12, where g is the gauge cou-
pling. This would give a finite size to collapsing
charged configurations. There are clearly implications
for the early universe®.

In superstring cosmology the universe starts from a
state of very small curvature, then goes through a long
phase of dilaton-driven inflation reaching nearly Planck
energy density and eventually reaches standard radia-
tion dominated evolution. For areview see ref. 38. For a
cosmology based on critical superstrings see ref. 39.
The period of nearly Planckian energy density plays a
crucial role in making the quantum gravity effects
observable. The string cosmology involves a period in
which quantum gravity effects are actually quite large
and planned gravity-wave detectors such as LIGO might
be able to detect faint residual traces of these effects™®.
The effects of the dilaton and antisymmetric fields in
the superstring inflation phase could have left their im-
prints in the COBE spectrum and indeed the tilt of
COBE can constrain aspects of superstring geometry as
discussed in ref. 40.

Some additional notes
(Conceptual issues, consequences, etc.)

1. Aswas noted above, existence of a minimum string
scale gives rise to an extended uncertainty princi-
ple. Thus combining general relativity with quan-
tum mechanics is bound to lead to a reformulation
of a very basic tenet of quantum physics, i.e. the
uncertainty principle.

2. A well-tested aspect of classical GR is the Einstein
equivalence principle. This implies among other
things that orbits of classical test particles are inde-
pendent of their mass (i.e. mass of test particle (m)
cancels out in the force equation, mv¥/r = GMm/r?,
M being the source mass). Now if we invoke Bohr-
Sommerfeld type ‘quantized’ stationary orbits (i.e.
guantization of angular momentum, mvr = n#), it is
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clear that the radii of the ‘allowed’ Bohr orbits are
given by: (n the principal guantum no.)

nZhZ

Gm*M ’

So that we can infer the mass of a test particle from
its orbital radius in contrast with the classical case.
Evidently we perhaps need an extended equivalence
principle implying that this principle does not hold
for particles in stationary ‘gravitational Bohr orbits’
(GBO), where the particles do not radiate (i.e. do
not collapse unlike the classical situation) and en-
ergy transitions are only between these states. One
can of course solve the relevant Schrodinger equa-
tion (with the gravitational potential) and get all the
energy levels. So analogous to the usual correspon-
dence principle, the classical situation (where the
equivalence principle is valid) holds for only large
gquantum numbers n ® a. Area gquantization, anal o-
gous to energy level quantization has been proposed
so that quantized area changes lead to discrete en-
ergy changes.

In the superstring approach we have a minimal
length () as felt above, whereas in loop quantum
gravity we have a minimal area (analogous to mini-
mal action 7 in the Bohr—Sommerfeld rule).

In any case since in quantum mechanics a particle
of mass m cannot be localized to a distance < #/mc,
i.e. we have extended particles which are not
strictly test particles, so that the equivalence princi-
ple cannot exactly hold.

If two quantum particles come closer and closer till
they are separated by a distance r, then the uncer-
tainty principle implies that their mutual gravita-
tional force scales are:

BB e

we have a 1/r* dependence rather than the classical
1/r%. So at short distances, the gravitational force
would be very different from the classical case.
Same kind of arguments hold for interaction be-
tween strings which are extended objects of mini-
mal size comparable to I, the string scale. The
equivalence principle does not hold for extended
objects. The tidal acceleration on an extended quan-
tum particle will go as 1/m, the mass of the particle.
As the ‘wavelength’ (de Broglie) of particles scales

1/2
with temperature as I~(2niT) , it follows that

very low temperatures, would give a large wave-
length which in turn would imply alarge r tidal ac-
celeration which could probably be tested by cold
atoms falling freely (Peters et al., Nature, 1999,
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400, 849). The gravitational force between such
wave packets would scale as ~ m°T (a temperature
dependent force). Recently it has been shown that
the classical gravitational self-energy obeys equiva-
lence principle to a part in a thousand (Baessler et
al., PRL, 1999, 83). As noted above, gquantum
gravitational self energy would introduce new
features which could be tested in future experi-
mengs. For superstrings the tidal force would scale
asls~.

In experiments probing aspects of interplay between
gravitation and quantum mechanics (like that of
neutron interferometry) the description of matter
dynamics (with wave function y (r)), in presence of
the earth’s gravitational potential f(r) is given by
the appropriate Schrodinger equation where the ki-
netic term (#%/2M,)N? and the potential Mgf (r), in-
volve M, and Mg, the inertial and gravitational
masses respectively. This again raises a puzzle with
respect to the equivalence principle of general rela-
tivity, as even for M, = Mg, the test mass does not
cancel out in the quantum evolution equation. The
above problem has not been fully addressed even
within the most popular quantum gravity ap-
proaches, i.e. critical superstrings and canonical or
loop quantum gravity. It is still not clear what role
and which formulation of the equivalence principle
would or should hold in quantum gravity.
Generalization of the Bohr Rosenfeld analysis to
the measurability of gravitational fields of course
confront the fact that the ratio between gravitational
charge (mass) and inertial mass is fixed by the
equivalence principle. This strongly suggests that
the mechanics on which quantum gravity is based
should accommodate a somewhat different relation-
ship between ‘system’ and ‘measuring apparatus’
and should not rely on the idealized ‘measuring ap-
paratus which plays a central role in ordinary
guantum mechanics (e.g. the ‘Copenhagen interpre-
tation’). As mentioned above, interplay between
gravitational and quantum properties of devices af-
fects the measurability of distances. If one consid-
ers the gravitational properties of devices a conflict
with ordinary quantum mechanics immediately
arises because the classical device (infinite mass)
limit is inappropriate for measurements concerning
gravitational effects. As the devices get more and
more massive they disturb the gravitational (geo-
metrical) observables. This conflict between the in-
finite-mass classical formalism of ordinary quantum
mechanics to describe outcome of experiments and
the nature of gravitational interactions has not been
addressed in both superstring and loop gravity ap-
proach. For completion one should mention the
suggestion of Penrose that the reduction of the
wave function in quantum measurements is initiated
by quantum gravity effects. Again as noted above in
guantum gravity any measurement that monitors a
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distance L for the time t° is affected by an uncer-
tainty dL £ ./I.Ctys, Owing to the extended uncer-
tainty principle.

In a time of observation as long as the inverse of
the typical gravity-wave interferometers frequency
of operation, an extremely large number of minute
quantum fluctuations could affect the distance be-
tween the test masses. The standard deviation in-
creases with the time of observation while the
displacement noise amplitude spectral density in-
creases with inverse of frequency. The dynamical
behaviour of superstrings in the very localized
space-time fluctuations of a fuzzy space-time is yet
to be formulated. It is plausible that the ‘advanced
phase’ of LIGO achieves a displacement noise

spectrum of less than 10 m/v/Hz near 10% Hz and
in principle this could proble valves as small as
10~ cm (~ lo). The present bound is believed to be
at the level of ~ 107" cm (ref. 41). In this connec-
tion it is of interest to note that in certain ‘ M-theory
motivated’ scenarios with an extra length scale as-
sociated to the compactification from eleven to ten
dimensions a hierarchy of quantum gravity scales
may be involved which the above noise spectrum
may probe in principle. Existing noise-level data
obtained at the Caltech 40 m interferometer which
has achieved® displacement noise levels with am-

plitude spectral density lower than 107 m/+/Hz
for frequencies between 200 and 2000 Hz. Again it
has been conjectured that an effective large-
distance description of some aspects of quantum
gravity might involve quantum symmetries and
non-commutative geometry. As noted above, the
type of in vacuo dispersion which can be tested us-
ing observations of distant gamma ray sources is
naturally encoded within a consistent deformation
of Poincare symmetries. Evidence has been found
in Liouville strings supporting the validity of de-
formed dispersion relations with the deformation
going linearly with the Planck/string length.

Recent neutral-kaon experiments such as the ones
performed by CPLEAR® have set significant
bounds on quantum gravity associated CPT-
violation effects and forthcoming experiments may
improve bounds further. While in the interferome-
try-based and the GRB-based experiments the ap-
proach is to put together many quantum gravity
effects, in the case of neutral-kaons the crucial ele-
ment is provided by the very delicate balance of
scales that characterizes the system. Particularly it
happens that the dimensionless ratio setting the or-
der-or-magnitude of quantum-gravity effects in the
linear suppression scenario which is cZM|,SIEp| ~
2 10™ is not much smaller than some of the di-
mensionless ratios characterizing the neutral kaon
system, i.e. ratio |m_ — mg/m_s ~ 10™ and the ratio
(9 - g)/M s~ 107
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8. For extended objects like strings, Wigner's quan-
tum inequalities may also be appropriate Wigner's
first inequality giving the maximum time over
which a clock of dimension L and mass m can re-
main accurate (i.e. tma < (L>M/7)) gets modified in
the superstring case to:

/2
t
L :éﬁ—l\rﬂnas +|529 s
e

using for the position spread of a ‘string’ clock, the
relation (DL=L+aM 1L1+12LY) and a similar
relation for the bound on the clock mass (second
inequality)®.

9. There are also implications of string theories for
computer capabilities as noted above. We saw
above that classical gravity gives an upper limit as
the amount of information (data) that can be stored
in a system of linear dimension L and total energy
E. While quantum gravity gives the minimal infor-
mation processing rate possible in a gravitating sys-
tem. For a solar mass gravitating computer, the
maximum data that can be stored is ~ 10" bits,
while the lowest processing rate ~ 1 megabit. In-
deed the above Wigner clock inequalities do pro-
vide strongest constraints on the ultimate capability
of femto-computer technologies involving accu-
rately time-ordered sequences. The maximal rate of
computation (f) with a mean input or supply of
power P can be expressed as (this is independent of
the hardware technology).

f £ (P/n)Y2.

This gave rise to the ultimate upper quantum gravity
bound of ~10* bit/s. Superstring theory gives the
modified relation between the power input P required
for a processing rate f as:

,® 12120
P £ nf gi+—2+(f <<c/ly).
cc o

However, if the particle spectrum invoked in the quan-
tum computer is described by string degrees of freedom,
the number of states grows exponentially with mass as
n~m~ exp(m/T) and this would imply a maximal proc-
essing rate a few orders smaller than the upper limit
above™. Product of P and f is an upper limit of

~(i°IGh).(141,)>.

1. Weinberg, S., Gravitation and Cosmology, Wiley, New Y ork,
1972.
. Sivaram, C., Bull. Astron. Soc., 1984, 12 350; Weber, J. (private
communication).

. Misner, C. et al., Gravitation, Freeman, 1973.

. Sivaram, C., Preprint 1993, Private communication E. Teller.

Sivaram, C., Found. Phys. Lett., 1993, 6, 561.

Bekenstein, J., Gen. Rel. Grav., 1982, 14, 355.

. Hawking, S., Nature, 1974, 246, 30.

. Leinaas, J., Europhys. News, 1991, 22, 78.

Sivaram, C., Phys. Rev., 1989, D16, 1975; Sivaram, C. and

Salam, A., Mod. Phys. Lett., 1993, 8, 321.

10. Ashby, N., Mercury, 1996, 5, 23.

11. Sivaram, C., Am. J. Phys., 1982, 50, 279.

12. Milgrom, M. and Sanders, R. H., Nature, 1993, 362, 25.

13. Belgiorno, F. and Liberati, S., GRG, 1997, 29, 1181.

14. Revzen, M. et al., J. Phys., 1997, 30, 7783.

15. Ashtekar, A., Phys. Rev. Lett., 1996, 77, 4864.

16. Sivaram, C., 1998, in preparation.

17. Amelino-Camelia, G. et al., Nature, 1998, 396, 400.

18. Sivaram, C., Bull. Astron. Soc., 1999, 27, 627; Mod. Phys. Lett.
(in press).

19. Kluzniak, W., Astropart. Phys., 1999, 11, 117.

20. Lukierski, J. et al., Ann. Phys., 1995, 243, 90.

21. Sivaram, C., Astropart. Phys., 2000, in press; 1999, 11, 69.

22. Gambini, G. and Pullin, J., GRG, 1999, 31, 1611.

23. Sivaram, C. and de Sabbata, Spin and Torsion in Gravity, World
Scientific, Singapore, 1995.

24. Amati, D., Phys. Lett., 1987, B197, 81.

25. Kempf, G. et al., Phys. Rev., 1995, D52, 1108.

26. Kempf, G., J. Phys., 1997, A30, 2093.

27. Nieto, |. et al., Mod. Phys. Lett., 1999, 14, 2463.

28. Antoniadis, N. et al., Phys. Lett., 1998, B436, 257.

29. Floratos, E., Phys. Lett., 1999, B465, 95.

30. Cook, A., Cont. Phys., 1987, 282, 159.

31. Long, G. C., Nucl. Phys., 1999, B539, 23.

32. Sivaram, C. et al., Int. J. Theor. Phys., 1989, 28, 1425.

33. Guidice, G. F. et al., Nucl. Phys., 1999, B544, 3.

34. Sivaram, C. and Sinha, K. P., Phys. Rep., 1979, 51, 711.

35. Sivaram, C. and de Sabbata, Nuovo. Cim., 1990, B105.

36. Green, M., Class. Quan. Gav., 1999, Millennium issue.

37. Sivaram, C., Found. Phys. Lett., 1993, 6, 561.

38. Maggiore, M., 1999, gr-qc/9909001; Amelino-Camella, G.,
1999, gr-qc/9910089.

39. Veneziano, G., Phys. Lett., 1991, B265, 287.

40. Sivaram, C., Bull. Astron. Soc. India, 1997, 25, 389. (Hon. Men-
tion Gravity Essay, 1996).

41. Abramovici, A. et al., Science, 1992, 256, 325.

42. Abramovici, A. et al., Phys. Lett., 1996, A218, 157.

43. Ellis, J. et al., Phys. Lett., 1995, B364, 239.

44. Wigner, E. P., Rev. Mod. Phys., 1957, 29, 255.

45. Sivaram, C., 2000, in preparation.

N

©COND U AW

ACKNOWLEDGEMENTS. | thank Prof. N. Kumar for encourage-
ment.

Received 16 February 2000; revised accepted 28 July 2000

420

CURRENT SCIENCE, VOL. 79, NO. 4, 25 AUGUST 2000



