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Abstract

In this paper, we study the coupling constants of quantized gravitational
waves during its scattering and absorption by the black hole in string
theory. In string theory, the quantized gravitational waves are closed
strings of Planck size which are usually graviton particles in quantum
gravity having spin 2. The coupling constants calculated in this paper
in terms of winding number of the closed string have been found
to form a particular sequence and have shown that they are cyclic
vectors. We have calculated various sequences of the coupling
constants of gravitational waves which come under the area of metric
spaces. We have used the concepts of both T-duality and S-duality
in order to explain both scattering and absorption of gravitational waves
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Introduction

Finding out the coupling constants of quantized
gravitational waves in string theory are interesting
problem of theoretical physics. Gravitational
waves are ripples in space-time."?3%4 Several
phenomena regarding the absorption and scattering
of gravitational waves by the black hole are
discussed in refs.>2¢ Various explanations about
quantized gravitational waves in quantum gravity
and loop quantum gravity are given in refs.?7-3¢
The quantized wavelength, time period and energy
of the gravitational wave can be written as A =2mnL,

P =2mnT, E =1/nE,n=1,23... where L, T and E,
are Planck length, Planck time and Planck energy
respectively, and E,=M, c?in which M, is defined as
Planck mass.?*3%3¢ Quantized gravitational waves
are gravitons having spin 2 . Graviton is considered
to be quantized form of the gravitational wave
to be studied in quantum gravity and is a spin-2
particle.*=*" Absorption of gravitational waves by the
black hole are discussed in references.48495°

In quantum gravity, a graviton is considered as
a point particle having zero size with spin 2.3
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Whereas, in string theory, particles are considered
as strings which are extended objects having one
dimension and hence a graviton®' is considered as
a closed string with spin-2 having Planck size. In
both the cases they have spin 2. In string theory,
gravitational waves are closed loops of energy each
having spin 2. The energy of closed string depends
upon its winding number i.e. higher the winding
number, higher the energy and during scattering of
gravitational waves or absorption of gravitational
wave there is change in winding number of closed
string which corresponds to the change in energy
of closed string. String theory can be explained with
strings and branes.5':253545556 Ag given in reference
53, a string is a one-dimensional brane whereas a
point particle is zero-dimensional brane and two-
dimensional brane is called as membrane. We are
living in three-dimensional brane i.e. all the bigger
things we see around us lie in a three-dimensional
brane. This means the visible universe with the
naked eye is three-dimensional brane. This also
means that we are living in the world in which 6
dimensions are compactified out of 9 dimensions
in 10-dimensional string theory. In string theory, we
have universal gravitational constant G=Ip2 but the
coupling constant g is a dimensionless quantity,
so we have Ip~g|s.Here, I, is length of closed string
having one winding number around one dimensional
circle of radius R in which 25 dimensions are
compactified to one dimensional closed string having
circumference 2TR in 26 dimensional bosonic string
theory. According to T-duality in theoretical physics,
the theories describing the strings propagating
in a circle of radius R in space-time is equivalent
to the theories the strings propagating in a circle
of radius 1/R in space-time.57:%85980 |n particle
physics and quantum gravity, elementary particles
are considered as point particles possessing
certain coupling constants. But in string theory,
all elementary particles are either one dimensional
open string or one-dimensional closed string in
which 25 dimensions in 26-dimensional string
theory are compactified to one dimension or 9
dimensions in 10-dimensional string theory are
compactified to one dimension and their coupling
constants are different from those of point particles.
In other words, an elementary particle is a single
harmonic oscillator whereas in string theory, a string
consists of infinite number of harmonic oscillators.
In reference 60, T-duality has been explained in

10-dimensional string theories which is compactified
in order to obtain theories with lower number of
space-time dimensions d and one of the simplest
compactifications are toroidal compactification
which possess internal manifold as a n-dimensional
torus T" (n=10-d) leaving supercharges unbroken.
Using T-duality, we can easily measure the winding
number represented by the function as Fourier
series@ (8)=wR6+x+3 _ ., c,e" where w is winding
number of the closed string curved around the circle
of radius R. The closed strings are wind around the
circle of radius R once, twice, thrice or many times.
It can also be unwind around the circle and hence a
closed string has a certain winding number w. Since,
quantized gravitational waves are closed strings in
string theory, during the interaction of gravitational
waves with the black hole, there is change in the
winding number of the quantized gravitational wave.
The winding numbers of the closed strings can be
w =0, 1, 2, 3.... If the turns are counterclockwise,
then the winding number is positive whereas if the
turns are clockwise, we have negative winding
numbers. Also, the we can express the Hamiltonian
of the string as: H=wR/1 2 )+(nl2yR+} |¢ [*+n? |c
|2, where w is winding number of the string curving
around a circle of radius R and n/R represents the
momentum of the closed string around the circle of
radius 1R along with this c_ is time dependent. In
string theory, the coupling constants of the string is
dependent upon the string’s oscillation modes called
as dilaton whose exchange is also the exchange
of large coupling constants with small coupling
constants and this symmetry is known as S-duality.
According to S-duality, we have a theory with weak
coupling constant same as the theory with strong
coupling constant where we cannot understand
strong coupling by using perturbation theory, but we
can understand weak coupling by using perturbation
theory. Hence, using S-duality,®¢'6263 ynderstanding
of string theory having strong coupling is equivalent
to understand string theory having weak coupling.
In this paper, we have utilized closed string winding
numbers to compute the coupling constants of
gravitational waves. The reason behind this is that
the energy of closed string corresponds to winding
number of closed strings. Since different coupling
constants of gravitational waves as closed strings
have different energies determine the dependence
of coupling constant of gravitational wave on winding
number of the closed string. As given by reference
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63, the strong coupling regime in the quantum
equivalence of two perturbatively distinct theories
A and B, of A has mapping with the weak coupling
regime of B. The perturbative excitations of Ais to be
mapped with the non-perturbative excitations of the
dual theory and vice-versa. In this paper, we have
utilized closed string winding number to compute
the coupling constants of gravitational waves. The
reason behind this is that the energy of closed string
corresponds to winding number of closed strings.
Since different coupling constants of gravitational
waves as closed strings have different energies
which determine the dependence of coupling
constant of gravitational wave on winding number of
the closed string. Our work regarding scattering and
absorption of gravitational waves by the black hole
can also be explained using superstring theory.52:5563

In section 2 and section 3 of this paper, we discuss
the change in winding number of the closed string
during the scattering and absorption of gravitational
waves by the black hole in string theory. In section
4, coupling constants of gravitational waves in string
theory in terms of winding number of closed string
with cyclic vectors and metric spaces using S-duality
and T-duality in string theory are calculated. Finally,
we present our conclusions in section5.

Scattering of Gravitational Waves by the Black
Hole in String Theory

In the scattering of gravitational waves with a
black hole, three cases arise. In the first case,
the gravitational wave will scatter with the winding
number lesser than the winding number initially it has.
In the second case, it will scatter with winding
number greater than initially it has. In third case, it will
scatter with winding number equal to the winding
number initially it has. Considering quantized
gravitational waves as closed strings in string theory,
from the equation given by:

1L=9, w, .=, w, |, (1)

we will get the coupling constant of the closed string
incident on the black hole as:

g.=lw, 1. .(2)
The gravitational wave will return back after collision

with the black hole possessing winding number
lesser than, greater than or same as the winding

number initially it has, so the coupling constant of the
closed string scattered by the black hole is given
below as:

82 = - ...(3)

(a) In the first case, when the gravitational wave is
scattered with winding numberlesserthaninitially it has,
then we have

W,<W,.. ..(4)
In this case, the difference in the winding number
between incident gravitational wave and scattered
gravitational wave as closed strings in string theory
is given by,
1 1)\!

Aw=w, —w, =(——=]2L

1 2 81 gz) ls (5)
In this case, the winding number of the closed string
is decreased. The change in Hamiltonian energy of
the closed string can be given as:

8H = AwR/1? + Anl?Z/R. ...(6)

Also, we have Aw=Anusing T- duality of string theory
i.e. w~nin equation (6) and time-dependent term is
cancelled out since the time-dependent term will be
same for both incident and the scattered gravitational
waves by the black hole. So, the Hamiltonian energy
difference for the scattered gravitational waves for
this case can be given using equations (5) and (6):

=(r_=* 22/

SH = (gl gz) R/E+E/R)E A7)
(b) In the second case, when the gravitational wave
is scattered with winding number greater than initially
it has, then we have

W,>W, . ..(8)
In this case, the difference in the winding number
between incident gravitational wave and scattered
gravitational wave as closed strings in string theory
is given by,

1 1\ 1
Aw=w,—w, =|———)2 (9

w W2 e g2 gl) ls ( )
In this case, since the winding number of the closed
string is increased. Using T- duality of string theory
i.e. w~n in equation (6), the Hamiltonian energy
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difference for the scattered gravitational waves for
this case can be given using equations (6) and (9):
—(L_1 24 2/R)2
oH = (== Z) R/ + 2/R) L. (10)
(c) In the third case, when the gravitational wave is
scattered with the same winding number initially it
has, we have
W, =W, =W. ..(11)
In this case, the difference in the winding number

between incident gravitational wave and scattered
gravitational wave is given by,

.(12)

Equation (12) gives us the value of the coupling
constant g,=g,=gof the quantized form of gravitational
wave as closed string which is scattered by the black
hole. In this case, since the winding number doesn’t
change, the Hamiltonian of the string remains
unchanged. Here also using T- duality of string
theory i.e. w~n in equation (6), the Hamiltonian
energy difference for the scattered gravitational
waves for this case using equations (6) and (12)
will be 8H=0.

Absorption of Gravitational Waves

Like scattering, during absorption of gravitational
waves, winding number of the incident gravitational
wave as closed string becomes zero after its
absorption by the black hole. After absorption of
gravitational wave by the black hole, the winding
number will be:

w,=0.

.(13)

The difference in the winding number between
incident gravitational wave and absorbed gravitational
wave is given by,
AW=w -0=w,. ..(14)
In equation (14), we have to take the absolute value
of Aw since w, can be positive or negative depending
upon whether the field is moving counter-clockwise
or clockwise along the closed string. And the

coupling constant of the gravitational wave absorbed
by the black hole is given below as:

9,=1/w, .. ...(15)
In equation (15), when w,=0,g,=. The change in
Hamiltonian energy of the closed string in the case
of absorption of gravitational waves by the black hole
can be given using equation (6) as:
OH=(w, RAI2)+n, (IAR. ...(16)
In equation (16), we take absolute value of w, since
it may be positive or negative. And hence, using
T- duality of string theory i.e. w~n in equation (16)
the Hamiltonian energy difference for the absorbed
gravitational waves by the black hole can be given as:
SH=1/g, (RAIZ )+(IAHR) 1/, . ..(17)
Using S-duality in equation (17), the Hamiltonian
energy difference for the absorbed gravitational
waves by the black hole in string theory having
strong coupling constant g .=1/g, is equivalent to
string theory having weak coupling constant g,.
Thus, the Hamiltonian energy difference for the
absorbed gravitational waves by the black hole using
S-duality in string theory can be given by replacing
1/g, with g_ in equation (17) as:
SH=g, (RAI2 )+(IZYR) I/ ...(18)
In equation (18), as g_~1/g, we will have to reverse
1/, as /1.

Coupling Constants of Gravitational Waves in
String Theory in Terms of Winding Number of
Closed String using S-Duality and T-Duality with
Cyclic Vectors and Metric Spaces

In the scattering of gravitational waves by the black
hole, we have winding numbers of the closed string
w,,w,#0. So, the coupling constants of the closed
string incident on the black hole is calculated as
g,=l/w, |, and the value of the coupling constants
of the closed string for gravitational waves scattered
by the black holes calculated g,=I /w, |.. We will take
the values of winding numbers during the scattering
of gravitational waves by the black holew,,w,=1,2,...
So, the values of the coupling constants of the
closed strings will be g,, gz=Ip/IS [1/1,1/2,1/3,] which
are weak coupling constants during the scattering
of gravitational waves by the black hole gives us
a sequence of cyclic vectors. Other values of w,
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and w, which we can take in equations (2) and (3)
are w,, w,=12,22, we can also take the values w,,
w,=1%,23, and finally the values of w, and w,can
be generalised as w,, w,=1°,2°, In equations (2)
and (3), other values of the coupling constants of
the closed string incident on the black hole can be
given as g,,9,=Ip/I_[1/12,1/22 ,1/3?, we can also take
the values g1,gz=Ip/IS [1/13,1/23,1/3%, and finally the
values of g, and g, can be generalised as g,, gz=lp/
I, [1/1°,1/2°,1/3. So, the weak coupling constants
of gravitational waves as closed strings during
the scattering of gravitational waves by the black
hole can be generalised as metric spaces. Using
S-duality, we can say that we will have equivalent
string theory of strong coupling constants given
as g.,=1/g, and g_,=1/g, So, we will have string
theory having strong coupling constants equivalent
to string theory having weak coupling constants
existing during the scattering of gravitational waves
by the black hole using S-duality. We can get the
generalised values of the strong coupling constants
g,, & g, corresponding to weak coupling constants
g,and g, as g,,, 9,=I/I, [17,2°,3°] which is the case
of absorption of gravitational waves by the black
hole. The various sequence of gravitational wave
coupling constants obtained from the calculations
predicts the various sequence of energies of the
gravitational waves which depend upon the winding
number of the closed string. Our results also provide
us clues to the various gravitational coupling
constants as explained in reference 64 predicting
variations in gravitational coupling constants with
the variations in interactions.

Conclusions

Coupling constants of gravitational waves in string
theory in terms of winding number of closed string
with cyclic vectors and metric spaces using S-duality
and T-duality in string theory have been found in this
paper. During the scattering of gravitational waves,
we always have non-zero value of the winding
numbers. During the scattering of gravitational
waves, either the winding number is increased
or decreased or remains same as that of the
incident gravitational wave. The coupling constants
of gravitational waves with black hole for all the
three cases during the scattering of gravitational
waves by the black hole considering gravitational
wave as closed string has been calculated by us
using equations (2) and (3). Equation (12) gives

us the value of the coupling constant g, =g, =g of
the quantized form of gravitational wave as closed
string which is scattered by the black hole with the
same winding number initially it has. The values of
the coupling constants of the closed strings can be
generalised as metric spaces. During the absorption
of gravitational wave by the black hole, the winding
number of closed string becomes zero and the
coupling constant of the gravitational wave absorbed
by the black hole tends to infinity. Scattering of
gravitational waves by the black can be studied
in 26-dimensional bosonic string theory. But 26
dimensions is not enough to study the absorption.
So, there is need of one extra dimension to study
absorption of gravitational waves by the black hole in
bosonic string theory. Using T- duality of string theory
i.e. w~n in equation (6), the Hamiltonian energy
difference for the scattered gravitational waves for
the first two cases are given in equations (7) and
(10) whereas 6H=0 in third case during scattering of
gravitational waves by the black hole. The change
in Hamiltonian energy of the closed string in the
case of absorption of gravitational waves by the
black hole has been given in equation (16).Using
T- duality of string theory i.e. w~n in equation (16)
the Hamiltonian energy difference for the absorbed
gravitational waves by the black hole as given by
equation (17). We have got our results that using
S-duality in equation (17), the Hamiltonian energy
difference for the absorbed gravitational waves
by the black hole in string theory having strong
coupling constant g.=1/g, is equivalent to string
theory having weak coupling constant g, and hence
the Hamiltonian energy difference for the absorbed
gravitational waves by the black hole using S-duality
in string theory can be given by replacing 1/g, with
gs in equation (17) which is given by equation (18).
We can also study the scattering of gravitational
waves by the black hole in 10-dimensional string
theory. But we will need one extra dimension to
explain the absorption of gravitational waves by the
black hole which can be explained in 11-dimensional
superstring theory or M-Theory. Finally, we have
conclusion that the scattering of gravitational waves
by black hole and absorption of gravitational waves
by the black hole can be explained as two different
aspects of the same string theory using S-duality
that are equivalent to each other. We hope that these
results will be verified soon.



Kumar, Orient. J. Phys. Sciences, Vol. 9 (1) 19-26 (2024) 24

Acknowledgement

We thank the reviewers for constructive comments
and suggestions which improve the quality of our
paper. We acknowledge the National Institute
of Technology Durgapur and T. D. B. College,
Raniganj, West Bengal, India for providing library
and computational facility.

10.

1.

12.

References

Varma V., Gerosa D., Stein L. C., Hebert F.
and Zhang H., High-accuracy mass, spin and
recoil predictions of generic black hole merger
remnants, Physical Review Letters,122(1),
011101 (2019).

Israel W., Event horizons in static
electrovac space-times, Communications in
MathematicalPhyics,8, 245 (1968).

Carter B., Axisymmetric black hole has only two
degrees of freedom, Physical Review Letters,
26(6),331 (1971).

Heusler M., Black holeuniquenesstheorems,
Cambridge UniversityPress(1996).

Dolan S. R., Scattering and absorption of
gravitational plane waves by rotating black
holes,Classical Quantum Gravity,25(3),235002
(2008).

Hildreth W. W.,The Interaction of Scalar
Gravitational Waves with the Schwarzschild
Metric, PhD Thesis, Princeton University (1964).
Matzner R. A., Scattering of massless scalar
waves by a Schwarzschild singularity, Journal
of Mathematical Physics, 9(1), 163-170 (1968).
Matzner R. A. and Ryan M. P.,Low-frequency
limit of gravitational scattering, Physical Review
D, 16(6), 1636 (1977).

Handler E. A. and Matzner M. A., Gravitational
wave scattering, Physical Review D, 22(10),
2331 (1980).

Sanchez N. G.,Scattering of scalar waves
from a Schwarzschild black hole, Journal of
Mathematical Physics, 17(5), 688-692 (1976).
Sanchez N.,Wave scattering and absorption
problem for a black hole, Physical Review D,
16(4), 937 (1977).

Sanchez N.,Absorption and emission spectra of
a Schwarzschild black hole, Physical Review D,
18(4), 1030 (1978).

Funding
There is no funding or financial support for this
research work.

Conflict of Interest
The authors have no conflict of interest.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Sanchez N. G., Elastic scattering of waves by
a black hole, Physical Review D, 18(6), 1798
(1978).

Matzner R. A. and Ryan M. P.,Scattering of
gravitational radiation from vacuum black holes,
Astrophysical Journal. Supplement Series, 36,
451-481 (1978).

Chrzanowski P. L., Matzner R. A,,Ryan M. P.
and Sandberg V. D., Zero-mass plane waves
in nonzero gravitational backgrounds, Physical
Review D, 14(2), 317 (1976).

Futterman J. A. H., The scattering of massless
plane waves by rotating black holes, PhD
Thesis, University of Texas, Austin(1981).

Logi W. K. de and Kovacs S. J., Gravitational
scattering of zero-rest-mass plane waves,
Physical Review D, 16(2), 237 (1977).
Futterman J. A. H., Handler F. A. and Matzner
R. A., Scattering from black holes, Cambridge
University Press(1988).

Andersson N.,Scattering of massless scalar
waves by a Schwarzschild black hole: A phase
integral study, Physical Review D, 52(4),1808
(1995).

GlampedakisK. and Andersson N.,Scattering of
scalar waves by rotating black holes, Classical
Quantum Gravity, 18, 1939-1966 (2001)[gr-
qc/0102100].

Peters P. C., Differential cross sections for
weak-field gravitational scattering, Physical
Review D, 13(4), 775 (1976).

C. J. L. Doran and Lasenby A. N., Perturbation
theory calculation of the black hole elastic
scattering cross section, Physical Review D,
66(2), 024006 (2002)[gr-qc/0106039].

Dolan S. R.,Scattering of long-wavelength
gravitational waves, Physical Review D, 77(4),
044004 (2008)[arXiv: 0710.4252].



24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kumar, Orient. J. Phys. Sciences, Vol. 9 (1) 19-26 (2024)

Unruh W. G.,Absorption cross section of small
black holes, Physical Review D, 14(12), 3251
(1976).

Ford K. W. and Wheeler J. A.,Applications of
semiclassical scattering analysis, Annals of
Physics, 7(3),287-322 (1959).

Vishveshwara C. V., Scattering of gravitational
radiation by a Schwarzschild black hole, Nature,
227, 936-938 (1970).

Kiefer C., Quantum Gravity,Oxford University
Press (2007).

Rovelli C.,Black hole entropy from loop quantum
gravity,Physical Review Letters,77(16), 3288
(1996) [arXiv: gr-qc/9603063].

AshtekarA. et. al.,Quantum geometry and black
hole entropy,Physical Review Letters, 80(5),
904 (1998)[arXiv: gr-qc/970007].

Meissner K. A., Black hole entropy in loop
quantum gravity, Classical Quantum Gravity,
21, 5245 (2004)[arXiv: gr-qc/0407052].

Hoyle C. D., Kapner D. J., Heckel B. R.,
Adelberger E. G., Gundlach J. H., Schmidt U.
and Swanson H. E., Sub-millimeter Tests of
the Gravitational Inverse-square Law, Physical
Review D 70(4), 042004 (2004)[arXiv: hep-
ph/0405262].

Beane S. R., On the importance of testing
gravity at distances less than 1 cm, General
Relativity Gravity, 29, 945 (1997) [arXiv: hep-
ph/9702419].

Sundrum R., Fat Gravitons, the Cosmological
Constant and Sub-millimeter Tests, Physical
Review D,69(4), 044014 (2004) [arXiv: hep-
th/030616].

Chagas-Filho W. F., Gravitational Waves and
Loop Quantum Gravity[arXiv: 1910.11029
[gr-qc]].

Rovelli C., Quantum Gravity, Cambridge
University Press (2004).

RovelliC. and Vidotto F., Covariant Loop
Quantum Gravity,Cambridge University Press
(2015).

Perkins S. and Yunes N., Probing Screening
and the Graviton Mass with Gravitational
Waves, Classical Quantum Gravity,36(5),
2055013 (2019).

Rham C. de, Heisenberg L. and Ribeiro
R. H., Quantum Corrections in Massive
Gravity,Physical Review, D 88(8), 084058(2013)
[arXiv: 1307.7169 [hep-th]].

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

25

Park M., Quantum Aspects of Massive Gravity,
Classical Quantum Gravity, 28, 105012 (2011)
[arXiv: 1009.4369 [hep-th]].

Park M., Quantum Aspects of Massive Gravity II:
Non-Pauli-Fierz Theory, Journal of High Energy
Physics,10, 130 (2011)[arXiv: 1011.4266 [hep-
th]].

Chamseddine A. H. and Volkov M. S.,
Cosmological solutions with massive gravitons,
Physics Leters B,704, 652-654 (2011)[arXiv:
1107.5504 [hep-th]].

D’Amco G.,Rham C. de, Dubovsky S.,
Gabadadre G.,Pirtskhalava D. and A. Tolley
A. J., “Massive Cosmologies, Physical Review
D,84(12), 124046(2011)[arXiv: 1108.5231
[hep-th]].

Rham C. de, Gabadadze L., Heisenberg L.
and Pirtskhalava D., Cosmic Acceleration and
the Helicity-0 Graviton, Physical ReviewD,
83(10),103516(2011)[arXiv: 1010.1780 [hep-
th]].

Finn L. S. and Sutton P. J., Bounding the mass
of the graviton using binary pulsar observations,
Physical ReviewD,65(4), 044022 (2002)[arXiv:
gr-qc/0109049].

Brito R., Cardoso V. and Pani P., Massive Spin-2
fields on black hole spacetimes: Instability of the
Schwarzschild and Kerr solutions and bounds
on the graviton mass, Physical ReviewD,
88(2),023514 (2013)[arXiv: 1304.6725 [gr-qc]].
Goldhaber A. S. and Nieto M. M., Mass of the
graviton,Physical ReviewD,9(4),1119 (1974).
Will C. M., Solar System vs. gravitational-
wave bounds on the graviton mass, Classical
Quantum Gravity Letter, 17LT01 (2018) [arXiv:
1805.10523 [gr- qc]].

Sanchez N. G.,Wave scattering and absorption
problem for a black hole, Physical Review D,
16(4), 937 (1977).

Sanchez N. G., Absorption and emission
spectra of a Schwarzschild black hole, Physical
Review D, 18(4), 1030 (1978).

Unruh W. G.,Absorption cross section of small
black holes, Physical Review D, 14(12), 3251
(1976).

Bedford J. An Introduction to String Theory”
Imperial-TP-JAPB-01-2011 (2012) [arXiv:
1107.3967 [hep-th]].

Polchinski J. An Introduction to the Bosonic
String & Superstring Theory and Beyond,



53.

54.

55.

56.

57.

58.

Kumar, Orient. J. Phys. Sciences, Vol. 9 (1) 19-26 (2024)

Cambridge University Press (1998).

Evans N., String Theory meets QCD, Physics
World, 35 (2003).

Aharony O. et. al., Large N field theories, string
theory and gravity, Physics Reports 323(3-
4),183-386 (2000).

Maldacena J.,The large N limit of superconformal
field theories and supergravity, Advanced
Theoretical Mathematical Physics, 2, 231-252
(1998).

Witten E., Anti-de Sitter Space and holography,
Advanced Theoretical Mathematical Physics,
2,253-291 (1998).

Sathiapalan, Bala, Duality in Statistical
Mechanics and String Theory, Physical Review
Letters, 58(16), 1597 (1987).

Candelas, Philip et al., Vacuum configurations
for superstrings, Nuclear Physics B,258, 46-74
(1985).

59.

60.

61.

62.

63.

64.

26

Harvey, J. A., String Duality and Nonsupers-
ymmetric Strings, Physical Review D, 59(2),
026002 (1998).

Forte S., Louis J., Duality in String Theory,
Nuclear Physics B,61(1-2), 3-22 (1985).

Duff M., Khur R., Four-Dimensional String/String
Duality, Nuclear Physics B,411, 473-486 (1994).
Sen A., String String Duality Conjecture in Six
Dimensions and Charged Solitonic Strings,
Nuclear Physics B,450, 103-114 (1985).

Duff M. et al., Eleven-Dimensional Origin in
String/String Duality: A Open Loop Test, Nuclear
Physics B,452, 261-282 (1995).

Haug E.G., A Note on The Dimensionless
Gravitational Coupling Constant, Quantum
Gravity and String Theory. viXra:1604.0198
(2016).



