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Corrections to Newton’s gravitational law inspired by extra dimensional physics and by the exchange of light
and massless elementary particles between the atoms of two macrobodies are considered. These corrections
can be described by the potentials of Yukawa-type and by the power-type potentials with different powers. The
strongest up to date constraints on the corrections to Newton'’s gravitational law are reviewed following from
the E9tvos- and Cavendish-type experiments and also from the measurements of the Casimir and van der Waals
force.

1 Introduction ever, the low energy (high compactification length) unifi-
cation schemes were proposed [4, 5]. In the framework o
these schemes the “true”, multidimensional, Planckean er
ergy takes a moderate vallé, = 103 GeV=1TeV and the

value of a compactification scale belongs to a submillimetel
range. Itis amply clear that in the same range the Yukawa

It is common knowledge that the gravitational interaction is
described on a different basis than all the other physical in-
teractions. Up to the present there is no unified description
of gravitation and gauge interactions of the Standard Model . X e
which would be satisfactory both physically and mathemati- YPE COITECtions to the Newtonian gravitation are expecter
cally. Gravitational interaction persistently avoids unifica- [6: 7] @nd this prediction can be verified experimentally.
tion with the other interactions. In addition, there is an Much public attention given to non-Newtonian gravita-
evident lack of experimental data in gravitational physics. tion is generated not only by the extra dimensional physics
Newton’s law of gravitation, which is also valid with high The new long-range forces which can be considered as co
precision in the framework of the Einstein General Relativ- rections to the Newton’s law of gravitation are produced alsc
ity Theory, is not verified at the separations less than 1 mm.by the exchange of light and massless hypothetical elemer
Surprisingly, at the separations less thammi corrections  tary particles between the atoms of closely spaced macrec
to the Newton’s gravitational law are not excluded experi- bodies. Such particles (like axion, scalar axion, dilaton,
mentally that are many orders of magnitude greater than thegraviphoton, moduli, arion etc.) are predicted by many ex-
Newtonian force itself. What this means is the general be- tensions to the Standard Model and practically inavoidable
lief, that the Newton’s law of gravitation is obeyed up to inthe modern theory of elementary particles and their inter-
Planckean separation distances, is nothing more than a largactions [8]. The long-range forces produced due to the ex
scale extrapolation. It is meaningful also that the Newton’s change of hypothetical particles can be considered as son
gravitational constar@ is determined with much less accu- corrections to the Newton’s gravitational law leading to the
racy than the other fundamental physical constants. In spitesame phenomenological consequences as in the case of ex
of all attempts the results of recent experiments on the pre-spatial dimensions.

cision measurement @f are contradictory [1]. In the present report we summarize the best constraint
Prediction of non-Newtonian corrections to the law on the corrections to Newton’s gravitational law obtained
of gravitation comes from the extra dimensional unifica- from the recent laboratory experiments (we do not con-
tion schemes of High Energy Physics. According to this sider the astrophysical constraints or satellite experiments i
schemes, which go back to Kaluza[2] and Klein [3], the true preparation). The main attention is paid to the gravitationa
dimensionality of physical space is larger than 3 with the experiments of the &@vos- and Cavendish-types. The new
extra dimensions being spontaneously compactified at theconstraints following from the Casimir and van der Waals
Planckean length-scale. At the separation distances severdbrce measurements are briefly discussed (see also Ref. [9
times larger than a compactification scale, the Yukawa-type The paper is organized as follows. In Sec. Il the types of
corrections to the Newtonian gravitational potential must potentials describing the corrections to Newton’s gravita-
arise. This prediction would be of only academic interest tional law are briefly outlined. In Sec. Ill the best con-
if to take account of the extreme smallness of the Planck- straints on the parameters of these potentials following fron
ean lengthlp; = VG ~ 10733cm (we use units with  the gravitational experiments obE/os- and Cavendish-type
h = ¢ = 1) and the excessively high value of the Planck- are summarized. In Sec. IV the constraints following from
ean energyMp; = 1/v/G = 10" GeV. Recently, how-  the Casimir and van der Waals force measurements are cc
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lected. In Sec. V several conclusions are formulated. Thewherer > 1/k and1/k is the so-called warping scale. He
laboratory experiments are demonstrated to have the potenthe correction to the Newton’s gravitational law depends
tial for obtaining more strong constraints on the corrections the separation distance inverse proportionally to the t
to Newtonian gravitation in near future. power of separation.

As was mentioned in Introduction, many extensi
Pt : to the Standard Model predict the hypothetical long-ra
2 DeSCI’IptIOH of the Corrections to forces, distinct from gravitation and electromagneti

Newtonian Gravitation in Terms of caused by the exchange of light and massless eleme

. particles between the atoms of macrobodies. Under
Potentials propriate parametrization of the interaction constant tt
forces also can be considered as some corrections t
Newton’s gravitational law. The velocity independent
of the effective potential due to the exchange of hypott
cal particles between two atoms can be calculated by m
of Feynman rules. For the case of massive particles
massu = 1/X (X is their Compton wavelength) the effe
tive potential takes the Yukawa form

The usual Newton'’s law of gravitation is only valid in a 4-
dimensional space-time. If the extra dimensions exist, it will
be modified by some corrections. In models with large but
compact extra dimensions (like those proposed in Ref. [4])
the gravitational potential between two point particles with
massesn; andmsy separated by a distanee> R., where

R. is a compactification scale, is given by [6, 7]

Gmim _
Vi) =-"="- (1+age). @) Vyu(r) = —aNi Ny Lo/ )
T

The first term in the right-hand side of Eq. (1) is the New-

tonian contribution, whereas the second term represents thgvhere N, », are the numbers of nucleons in the atomic

Yukawa-type correction. Her€' is the Newton's gravita-  clei, « is a dimensionless interaction constant. If to int
tional constanty is a dimensionless constant depending duce a new constante = o/(Gm2) ~ 1.7 x 10%%a (m,,

on the nature of extra dimensions akds the interaction  being a nucleon mass) and consider the sum of potenti

range of a correction. and Newton’s gravitational potential one returns back to
At small separation distances< R. the usual New-  potential (1).

ton's law of gravitation should be generalized to For the case of exchange of one massless particle tt

Gygpnmime fective potential is just the usual Coulomb potential wh
T @ is inverse proportional to separation. The effective po
tials inverse proportional to higher powers of a separa
distance appear if the exchange of even number of p
h doscalar particles is considered. The power-type poter
with higher powers of a separation are obtained also ir
exchange of two neutrinos, two goldstinos or other m:
less fermions [12]. The resulting interaction potential ac
between two atoms can be represented in the form[13]

Vi(r) =

in order to preserve the continuity of the force lines in a
(4 + n)-dimensional space-time. He&,, ,, is the underly-
ing multidimensional gravitational constant connected wit|
the usual one by the relatiad, ,,, ~ GR?.

In fact the characteristic energy scale in multidimen-
sional space-time is given by the multidimensional Planck-

ean masd/, = 1/Gi/+(2+">, and the compactification scale
is given by[4]

2/ Ur) = — ANy Ny (’“O)H (6)
1 M n - = TNV — | )
R, = Pl ~10%17cm, () rAT
M, \ M,
_ —1n—15 ic i
where Mp; = 1/4/G is the usual Planckean mass, and wherero = 1F=10"""m is introduced for the proper d

M, = 103 GeV as was told in Introduction. Then, for= 1 mensionality of potentials with different, and A; with

(one extra dimension) one finds from Eq. {8) ~ 10 cm. =1, 2, 3,...are the dimensionless constants.

If to take into account that, as was shown in Refs. [6, 7],  If to introduce a new set of constamt§ = A;/(Gmz)
ag ~ 10 andX ~ R,, this possibility must be rejected and consider the sum of (6) and Newton’s gravitational
on the basis of solar system tests of Newton’s gravitational tential one obtains

law [10]. If, however,n = 2 one obtains from Eq. (3)

R, ~ 1 mm, and fom = 3 R, ~ 5nm. For these scales the Gmima a (To\!™!
corrections of form (1) to Newton'’s gravitational law are not Ui(r) = T {1 + A (f) } :
excluded experimentally.

The other type of multidimensional models considers
noncompact but warped extra dimensions. In these mod-
els the leading contribution to the gravitational potential is
given by[5, 11]

()

r

This equation represents the power-type hypothetical ir
action as a correction to the Newton'’s gravitational law. -
potential (4) following from the extra dimensional phys
is obtained from Eq. (7) with = 3. Note that the case= 3

Ur) = ~ Gmimg ( n 2 ) 7 ) corresponds also to two arions exchange between elec

3k2r2 [12]

r



Brazilian Journal of Physics, vol. 34, no. 1A, March, 2004 213

3 Constraints from Gravitational Ex- which is equal exactly to zero in the case of pure New-

: ton’s gravitational force. For example, in Refs. [22, 23]
perlments le] < 10~* at the separation distances~ 1072 — 1 m.

This can be used to constrain the size of corrections to th

Constraints on the corrections to Newton'’s graV|tat|onaI Newton’s gravitational law. The results of the most recent

law can be obtained from the experiments @ft¥s- and iy : .
Cavendish-type. In thedvos-type experiments the differ- Cavendish-type experiment can be found in Ref. [26],

bet inertial and itational f 2 bodv i Let us now outline the strongest constraints on the cor:
ence between inertial and gravitational masses of a Dody 1S,q g to Newton’s gravitational law obtained up to date

measured, €. the_equwalence p_rlnC|pIe IS ve_nfle_d. The X trom the gravitational experiments. The constraints on the
istence of an additional hypothetical force which is not pro- arameters of Yukawa-type correction, given by Eq. (1), are

T e g Do e 1o epesented n Fig. 1. I s fgur, h reqons o i -
ppeare . plane above the curves are prohibited by the results of th
gravitational masses. Therefore some constraints on hypo-

thetical interactions emerae from the experimentsaivas experiment under consideration, and the regions below th
etical interactions emerge 1ro € experiments curves are permitted. By the curves 1 and 2 the results ¢

type. . . . the best Btvos-type experiments are shown (Refs. [19] and

The t_yp|ca_l result of the &lvos-type experiments IS that [18], respectively). Curve 4 represents constraints obtaine
the relative difference between the accelerations imparteds, -, e Cavendish-type experiment of Ref. [26]. At the in-
by the Earth, Sun or some Iaporatory attractor to various o section of curves 2 and 4 the better constraints are give
substances of the same mass is less than some small nungsy, ¢rve 3 following from the results of older Cavendish-
ber. Many Btvos-type experiments were performed (s€e, v, eyxneriment of Ref. [25]. As is seen from Fig. 1, rather

eg. Refs. .[14'.17)' By way of examp'e’ in Ref. [16] the strong constraints on the Yukawa-type corrections to New:
above relative difference of accelerations was to be less thar}on’s gravitational law ¢ < 10-7) are obtained only

—11
107 L ) within the interaction range > 0.1 m. With decreasing
The results of the most precis@os-type experiments ) yhe strength of constraints falls off, so thatat 0.1 mm

can be found in Refs. [18, 19]. They permit to obtain the , . 10, By the beginning of curve 5 the constraints are

best constraints on the constants of hypothetical long-rangespqwn following from the Casimir force measurements (see
interactions inspired by extra dimensions or by the exchangegq.. V).

of light and massless elementary particles (see Fig. 1). Now we consider constraints on the power-type correc

tions to Newton’s gravitational law given by Eq. (7). The
best of them follow from the &vos- and Cavendish-type

logag| experiments. They are collected in Table 1.

6

5

4 Constraints on the constants of power-type potentials.

2 4 I [At]max |AY [ imax Source

0 1 6x107*8 1x107°  Ref.[27]
_2 2 24x1073%0 4x108 Ref. [18]

3 3 7x10717  1.2x1022 Refs.[25,28,29]
-4 5 4 75x107* 1.3x10% Refs.[23,29]
6 L 5 1.2x19° 2 x 1047 Refs. [23, 29]
-4 -2 0 2 4 Forl = 1, 2 the constraints presented in Table 1 are ob-
log(A/1m) tained from the Btvos-type experiments, and foe 3, 4, 5

from the Cavendish-type ones. It is seen that the strength ¢

Figure 1. Constraints on the Yukawa-type corrections to New- constraints falls greatly with the increaselof

ton’s gravitational law. Curves 1, 2 follow from thed&os-type

experiments, and curves 3, 4 follow from the Cavendish-type ex-

periments. The beginning of curve 5 shows constraints from the 4 Constraints from Casimir and van
measurements of the Casimir force. Permitted regions\pn.&)-

plane lie beneath the curves. der Waals Force Measurements

The constraints under consideration can be obtained alsdS i seen from Sec. IIl, for larger interaction distances the
from the Cavendish-type experiments. In these experimentsbest constraints on the corrections to Newton’s gravitationa
the deviations of the gravitational forde from Newton's  [aw follow from the Ebtvos-type experiments and for lesser

law are measured (see, e.g., Refs. [20-25]). The characterisi-meraCtiO” distances from the Cavendish-type ones. Witl
tic value of deviations in the case of two point-like bodies a the further decrease of the characteristic interaction distanc

distance- apart can be described by the parameter the strength of constraints following from the gravitational
experiments greatly reduces. Within a micrometer sepa

1d,, rations, the Casimir and van der Waals force [30-32] be-

ST Far (T ) (8) comes the dominant force between two macrobodies. A
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was shown first in Ref. [33] for the case of Yukawa-type extra dimensions Eq. (3) gives, ~ 5nm, and the interac
interactions in the interaction range < 10~*m and in tion range) is of the same order.

Ref. [34] for the power-type ones, the measurements of the  Recently, the new physical phenomenon, the lat
van der Waals and Casimir forces lead to the strongest conCasimir force, was demonstrated first [48, 49] acting |
straints on non-Newtonian gravity (see the.dISCUSS!On.abQUtween a sinusoidally corrugated gold plate and large spl
the Casimir effect as a test for non-Newtonian gravitation in Thijs force acts in a direction tangential to the corruge
Ref. [35]). surface. The experimental setup was based on the al

ment of the Casimir and van der Waals force has been peryne |ateral Casimir force. The measured force oscillate

formed (see Ref. [36] for a review). Also the extensive theo-
retlcai study ofﬁﬁferenft. c'orrect|gns 'go.the fCaslmlrJorce dueltwo corrugations in agreement with theory with an am
o srtace ougness, e conducit of s oundan) Metuge o2« 101N at separaton ditance 221

. perature g 1€ PO y 10 pu small value of force amplitude measured with a resul
theoretical value of this force with high precision. At the

—13 . 0 . .
moment the agreement between theory and experiment at gbsolut_e_ err_o()‘77 x 107N .[49] with a 95% co_nflden
level of 1% is achieved for the smallest experimental sep- probability gives the opportunity to obtain constraints on

aration distances [36]. This permitted to obtain stronger respective lateral hypothetical force which may act betw
constraints on the corrections to Newton’s gravitational law cOrrugated surfaces.
from the results of the Casimir force measurements [37-44].
Here we briefly present thg strongest qonstrai.nts of this type loglog|
(see Ref. [9] for more detailed discussion of different exper-
iments and prospects for future). 15.5
15
14.5
log |arg| 14
13.5
13
12.5
12

nusoidally as a function of the phase difference betweer

-7.1 -7 -6.9 -6.8 -6.7 -6.6 -6.5
lo

Figure 3. Constraints on the Yukawa-type corrections to Newt
-8 -7 -6 .5 -4 gravitational law from the measurement of the lateral Casimir f
log(/1m) between corrugated surfaces (solid curve). For comparisot
short-dashed and long-dashed curves reproduce curves 6 an
Figure 2. Constraints on the Yukawa-type corrections to Newton’s Fig. 2, respectively, obtained from the meausrements of the nc
gravitational law. Curves 5-8 follow from the Casimir, and curve 9 Casimir force between dielectrics and between gold surfaces.
from the van der Waals force measurements. The typical prediction
of extra dimensional physics is shown by curve 10. The obtained constraints [9, 49] are shown in Fig. <
the solid curve. In the same figure, the short-dashed c
indicates constraints obtained from the old Casimir fc
measurements between dielectrics (curve 6 in Fig. 2),
the long-dashed curve follows from the most precision n
surement of the normal Casimir force between gold
faces [46] (these constraints were already shown by ¢
7 in Fig. 2). The constraints obtained by means of
lateral Casimir force measurement are of almost the s

In Fig. 2 the strongest constraints on the Yukawa-type
correction to Newton’s gravitational law in the interaction
range\ < 10~* m are presented. This figure is complemen-
tary to Fig. 1 and coveres the interaction ranges with smaller
A. The numeration of curves continues Fig. 1. By this means
curve 4 is the end of the curve 4 in Fig. 1, and curves 5a,b

obtained forag > 0, respectivelyag < 0 are the Con- gyanaih as the ones known previously in the interac
tinuations of curve 5 in Fig. 1. Curve 6 which bridges a range 80nm: A <150nm. However, with the increa:

gap between modern experiments follows from old Casimir o accuracy of the lateral Casimir force measurements r
force measurements between dielectrics[36]. Curve 7 WasSpromising constraints are expected.

obtained[42] by the use of the most precision new exper-  As is seen from Figs. 2, 3, the present strength of ¢
iment of Ref. [46]. Curve 9 follows[41] from the experi- straints is not sufficient to confirm or to reject the prec
ment of Ref. [47], and curve 9 presents the constraints ob-tions of extra dimensional physics with the compactifica
tained from old van der Waals force measurements betweerscaleR, < 0.1 mm. However, Fig. 2 gives the possibility
dielectrics[36]. By a straight line 10 a typical prediction of set constraints on the parameters of light hypothetical
extra dimensional theories is shown. Remind that for threeticles, moduli, for instance. Such particles are predicte
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superstring theories and are characterized by the interaction [9] G. L. Klimchitskaya and U. Mohideen, Int. J. Mod. Phys. A

range from one micrometer to one centimeter [50].

5 Conclusions

17, 4143 (2002).

E. Fischbach and C. L. Talmadg&he Search for Non-
Newtonian GravitySpringer-Verlag, New York, 1999).

L. Randall and R. Sundrum, Phys. Rev. L8R8, 4690 (1999).

(10]

(11]

The above discussion permits to conclude that the laboratory[12] V. M. Mostepanenko and I. Yu. Sokolov, Phys. Rev4D

experiments of the &vos- and Cavendish-type, and also on
measurement of the Casimir and van der Waals force give
the possibility to constrain corrections to Newton’s gravita-
tional law. Until recent times rather strong constraints were
obtained within the interaction range> 1 mm. For smaller

A large work should be done in order to obtain stronger con-
straints. In this respect the experiments on the Casimir and

van der Waals force measurements deserve more attention.
So far these experiments were not especially designed to

obtain stronger constraints on the corrections to Newton’s
gravitational law. The obtained strengthening up to 4500
times [42] is only a by-product of the recent Casimir force
measurements.

A great deal needs to be done before more strong con-
straints could be gained from the Casimir force measure-

ments. The most evident suggestion is to use the test bodie$L8]

of larger size, made of heavier metals at increased separa
tion distance. Also a new dynamical experiment was pro-

posed [35, 42] designed specifically to search for the new
forces rather than to test the Casimir force. There is evi-
dently a great potential in the possibility to obtain stronger

constraints on the corrections to Newton’s gravitational law

from the laboratory experiments of different kinds.

Thus, recently the new measurement of the Casimir
force was performed by means of a microelectromechanical
torsional oscillator [51]. By the results of this experiment
the constraints on the Yukawa-type hypothetical interactions
were strengthened in more than 10 times [51].
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