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In this paper, we studied the string theory in its original form of Nambu—Goto. We found that
the calculation of the variation of the Nambu—Goto action with respect to the metric of the word
sheet leads to a nonlinear action which is not strictly equivalent to the Polyakov action. Then the
equation of motion corresponding to this action is nonlinear. This was the reason why we decided
to solve the nonlinear Nambu—Goto equation of motion directly. This has been done for a string
interacting with a constant, antisymmetric tensor field B in the Nambu-Goto formulation, and we
derive the noncommutativity among the string end points coordinates.

Key words: string theory, Nambu—Goto formalism, noncommutative geometry.

DOI: https://doi.org/10.30970/jps.23.1103

PACS number(s): 11.25.Yb; 11.25.—w; 11.25.Hf; 02.40.Gh; 11.25.Uv

I. INTRODUCTION

In mathematical physics, noncommutative geometry
[1] studies the geometry of “quantum space” [2], in which
the coordinate functions are noncommutative, satisfying
a noncommutative algebra of the form:

[X*, XV] = i0M, (1)

where ©#" is an antisymmetric constant tensor.

String theory [3, 4, 5, 6], is a quantum theory of
one-dimensional objects called strings which are of two
different types: open and closed. Geometrically, open
strings are characterized by free endpoints, whereas
closed strings are characterized by connected endpoints.
The study of noncommutativity has a long history in
physics, and it attracted much attention in the past few
years owing to the inspiration from the string theory
(for a review and more references see [7, 8, 9, 10, 11,
12, 13, 14]). In the presence of an antisymmetric ten-
sor background field B,,, an open string moving with
mixed Neumann and Dirichlet boundary conditions will
make the spacetime coordinates noncommutative, which
is manifested in the noncommutativity at the end points
of the string which are attached to D-branes and obey
canonical commutation relations (1). Different approach-
es have been adopted to obtain this result [15, 16, 17, 18,
19, 20, 26]. We establish explicitly that the Polyakov ac-
tion is not strictly equivalent to the Nambu—Goto action,
so we have to solve the nonlinear equation of motion of
Nambu—Goto action directly, and derive the noncommu-
tativity from the string end points coordinates.
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II. NAMBU-GOTO AND POLYAKOV STRING
ACTIONS. ARE THEY STRICTLY
EQUIVALENT?

A string is a 1-dimensional object moving in a D-
dimensional space-time (1 time, D — 1 space dimen-
sions). As the string moves in time, it sweeps out a 2-
dimensional area in a D-dimensional space-time; this is
called the worldsheet of the string denoted . This string
is parametrized by a parameter o, (0 < ¢ < [ for some
finite 7). As the string moves in time, every point on the
string describes a trajectory in space-time, this trajecto-
ry can be parameterized by a variable 7. 7 could have the
range —oo < 7 < +00. Every point on the worldsheet is
parameterized by the pair (o, 7). In the Lagrangian for-
malism, one can consider maps

x: X — XM (2)

The space-time position of a point (7,0) on the string
worldsheet ¥ is given by the function X*(7,0),(p =
0,1,...,D—1).

Let us consider that the action for the Nambu—Goto
string (A = ¢ = 1) in a space-time with the flat
Minkowskian metric 7, is proportional to the area of
the world-sheet swept out by the string during its mo-
tion:

o2 T
Sng = — T/ dT/ do+/—h(r,0), L=-TvV—h,
ol 0
(3)
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where T' = ﬁ is called the string tension and
—h = —det(hg) = (XX")? — X2X"2 > 0, (4)
X? Xx'
hab = (aaXualel) = (XXI (X/)Q ) 9 avb = 07 1.
()
1 X2 _XX/
ab _ — - >

Here, the “dot” and “prime” denote derivatives with re-
spect to time 7 and the space coordinate o, respectively,
as follows:

"= 9o XH = 9X" /T, (7)
XM =9, X" = X" /do. (8)

The condition —h > 0 means that the surface swept out
by the string in the space-time is everywhere time-like or
null. The strip 0 < o < 7 is mapped on the world-sheet
spanned by the string in the Minkowski space, which is
described by the coordinates X (7,0) in an arbitrary in-
ertial frame.

det(hap) = gtrin(has)
det( ab + 6hab)

The Polyakov action is:
T 2 ab o “w
=5 d“oV —=hh® g, 0, X" 0, X" (9)

In the Minkowski space h*® = n*® =
have:

diag (1,—1) we

T
Se == / 2oV —=hh g, 0, X" 0 X"

Varying the action (9) with respect to the metric h
yields the stress energy tensor Ty

— X% d (10)

T
= / o (6(V=R)h™ + v/ —=hSh®®) g, 0, X 0 X 1.

2
(11)
To calculate the variation of this action, where there is

a square root in its form, we first prove that §(v/—h) =
%\/—hhab(?h“b as follows:

0S8, =

etrin(hap+8hay) _ gtrinfhay(1+hg, W 0hap)]

— etrln(hab)—&-trln(l—i-h;bléhab) — det(hab>etrln(1+h;b1+6hab)

= det(hgp)e

tr(h_, Shap)

= det(hap) (1 + tr(h; hay +...))

det(hap 4 0hap) = det(hap) + det(hap)h® (Shap)det(hap 4+ 6hap) — det(hap)
= —det(hap)Shaph®,
odet(hap)
SR — —det(hap)hab,
Ohes det(hap)hab
9/ —det(hqay)  19(—det(hap)) 1
Ohab 2 Ohab —det(hap)
1
= ——det(hgp) ——=.
g det(ha) —dot(hap)
Finally,
ov—h -1
= 2/ “hha. 12
Ohos 5 hhqp (12)
Now we can vary the Polyakov action with respect to the metric h®?,
5S =T (OvV—h Ohre
=— hP? + vV —h—— | g, 0 X" O X",
Sheb ~ 2 ( onat Bhab>g” 0a X"y
= V= P74\ —h XH9, X"
2 ( habh + 8h b)guuaa 81) 3
= ;\/—h(aaX“aqu - 2hab(h””8pX“8UXu)). (13)
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Then we have the stress energy tensor T,p:
1
Top = 0, X" 0, X, — ihab(hp"'apX“&,Xu) (14)
1
To = Gap — ihab(h”"GW)7 (15)
where Gab = &lX“abX“.

Now, the equations of motion for field h*® follow from
setting the variation of action S, with respect to h®
equal to zero, 0S5, = 0, which gives:

1
Tab - Gab - ihab(hpaGpo) - 07
1
Gab - §hab(hpgapa)a
1
G = h(h*Gap)?, (16)

where G = det(Gep), b = det(he) and Gop =
00X, 03 X*. We than conclude:

V=G = V=hh®hy, (17)

and
/ V-Gd?c = % / V—=hh®G, d*o. (18)
b)) b

In the Minkowski space

T/ \/(XX’)2 — X2(X")2d%0 = %/(X2 - X% d%0.
h b
(19)

The right-hand side of (19) is the Polyakov action. But
this is not strictly true because vGd?c is a surface ele-
ment of the worldsheet. Indeed we have:

V-G = %\/fh | h%Glap | . (20)
And then:

/\/—Gd%: %/\/—h|h‘“’Gab | d%0. (21)

In the Minkowskian space

T/\/(XX’)2 _ X2(X')2d0 = %/| X2~ (X)? | d.

(22)

Then the equation of motion corresponding to (22) is
nonlinear. This was the reason why we decided to solve
the nonlinear Nambu—Goto equation directly.

III. INTERACTING STRING IN THE
NAMBU-GOTO FORMALISM: SOLUTIONS OF
EQUATIONS OF MOTION OF THE NAMBU
STRING

The string sweeps out a worldsheet which may be
parametrized by two parameters 7 and . The Nambu—
Goto action for a bosonic string moving in the presence
of a constant background Neveu-Schwarz two-form field
B, reads [21, 22]:

+oo T +oo ™ - - +oo ™ .
Snag = fT/ dT/ doL = —T/ dT/ da\/(XX’)2 — (X)2(X")2 - T/ dT/ do eB,,X"X'". (23)
—o0 0 —o00 0 0

From the variation of this action, we obtain the follow-
ing equations of motion and the boundary conditions:

or, o1,

il e 24
or + Jdo 0 24
Hll, ‘0':0,77: 0. (25)
where:
po=- L pLo(xX, (X)X,
0X,
+TeB,, X'v (26)
3L —1 ¥ N\ v 7\2
I, = _QXL = -TL ' ((XX") X, — (X) Xu)
—TeB,,X". (27)

Note that P, is the canonically conjugate momentum to
X, which satisfies the identities:

— 00

(P —TeB,,X")2 + T*(X")2 =0, (28)
P, X" =TeB,, X" X", (29)
(T +TeB,, X*)* + T2 X? =0, (30)
HMX“ _ —TeBWX“X”, (31)
X' =Tv—h—TeB,, X"X", (32)

(I, + TeB,, X)(P, — TeB,, X") = N>°XX', (33)

(P, — TeB,,X"")X =TV —h. (34)
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So the equation of motion is given by:
o [ xxnx, - (),
o |\Jkxn? - (G2
o (XX’)XH—(X)QX’

+ 5= . ——— L | =0. (35)
07 |\ Jkxne - ()22

%L TX"

WHv 5| - hn,ul/ + (XI)ZX;LXU + XQX/[I.X/I/ _

T 9X,0X, (—h)?

X*(r,0) and X'*(r,0) are the null eigenvectors of the
Hessian for every value of o except the end values
o = 0,7. The non-null eigenvalues are degenerate for
o # 0,7 and are equal to:

T(X")%(r,0) 37
—h(t,0) . (37)

The variational principle for the action (23), with varia-
tions 0o X (7, 0) vanishing at 7 = 7y, 7o is:
T2 ™ T2
0SS = / dT/ doL, 00 X" — / drII, 60 X* |§=0
71 0 71
(38)

and gives the following Euler-Lagrange equations and
boundary conditions:

LA (r.0) = PP 4 1

U le 1 . . .

=W+ [Xu + <7 (X2X! — 2(XX/)X[,)}
= Tdo(V—hh*PosXH) = 0. (39)
I, =7TL '((X)?X], - (XX")X,,) — TeB,,X"| =0.

0 0
(40)
We have:
I, X" =v-h-eB,X"X"| =0  (41)
0 0

The restriction from (40) to (41) is due to the require-
ment that a variation of the boundaries must not violate
the condition —h > 0; instead, in the frequently used or-
thogonal gauge (O.G.) it is defined by a choice of param-
eters which satisfy, besides —h(, o) > 0, the conditions

X2+ X?=(XX")=0= (42)
. 1 0 .
:hab:ﬁ(o—l)’ X2 >0.
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At this point the main problem in the classical theory
is that the equation of motion is highly nonlinear and
incredibly complicated to solve.

What is to be done at this stage is to impose the or-
thonormal gauge, that is a choice of the parametrization
of the string worldsheet.

The Hessian Matrix is:

(XX)(XPX"Y + XXV, (36)

[

The equation of motion now is reduced to the well-known
D’Alembert equation:

LF=T(XF-X")=0 = X+ - X""=0, (43)

with the Boundary Conditions (BC), the Hessian matrix
and the canonical conjugate momentum to X* respec-
tively

| = X"+ B, X" =0, (44)
0 0
T . ..
WHY = —ﬁ(x%W — XHFXY + XX, (45)
" = T(X + B, X"). (46)

At the end points, the usual conditions of the O.G. are

X"M(r,0)=X"(r,7) =0 = XQ(T,O) = XQ(T, ) =0.
(47)

This in particular means that at the end points the in-
duced metric hgp has a zero rank. Let us remark that if
one chooses coordinates such that

X%(r,0) >0, X?(r,0) <0, (48)

then the condition A = 0 implies two possible situations
at the end points:

1. X? <0, X2 =0, (XX') =0, and X* and X'*
independent and X* = 0. This is a regular case
(the Jacobian of the map (7,0) = X* has a max-
imal rank 2). In this case the rank of the induced
metric hgp is 1, and the end points of the string de-
scribe null surfaces [23]. There is the possible case
X* = 0, which is a singular case (the Jacobian of
the map (7,0) = X* has rank 1).
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2. X2 =0, X2 =0, (XX’) = 0, with X'# collinear
to X*. This is a singular case (where we may have
IT* # 0 as well as IT* = 0).

The case X'* = 0, corresponding to the O.G., may
be considered as a particular case of 2): O.G. is a
singular case.

As a consequence, to describe the solutions of the
classical equations of motion in a class of gauges
including as a special case the O.G., we have to
work with class 2), that is necessarily with singu-
lar coordinates.

Let us check if the boundary condition h’g = 0 is pre-
served in a singular case (since it was deduced in the reg-
ular one), We may perform a transformation from regular
coordinates to those which will become singular at the
end points, in the interior of the interval (0, ), that is
from the class 1) to the class 2). As shown in ref.[24] and
more explicitly in sect. I1 of appendix I of Ref. [25], the
Jacobian of the transformation vanishes as /o in o =0
(and in an analogous way in £7), so ensuring, a fortiori,

XM (1,0) = b + afT + bl U+Z
n#0

the vanishing of the new h at the end points.

So we will assume the boundary conditions (44), with a
choice of coordinates falling into class 2).

In order to completely define the physical hypotheses, we
will assume that the total momentum P* of the string
is such that P? > 0, with P* # 0. As shown in sect. 12
appendix I of Ref. [25], this ensures a unique solution at
the end points of the string with P* and II* finite.

The previous discussion and the boundary conditions
(40) suggest the usefulness of the following extension
from the interval (0, 7) to (—m,m):

XH*(r,0) = X¥(r,—0), (49)
and to the real line with 27 periodicity. Let us stress
that, with this kind of boundary conditions, function
X'"(7,0), extended to the whole real axis, may be dis-
continuous in o = 0, 7.

Using the Fourier expansion, the general form of the
equation of motion (43) is given by:

By imposing boundary conditions (44) on (50) we get the following solution:

XH(r,0) =xh +

IV. QUANTIZATION AND
NONCOMUTATIVITY OF STRING END
POINTS COORDINATES

In this section, we quantize an open string attached
to D-brane in the presence of the antisymmetric back-
ground B-field to see how the noncommutativity of space
coordinates appears at the string end points.

We will use the solution (51) and the expression of the
conjugate momentum given in (46) to obtain the com-
mutation relation of the form (1).

The conjugate momentum is:

" = T(X + B, X"). (52)

Using (52), the mode expansion for momentum is then:

T(af + Za e cos(no)) MM, (53)

n#0
where M;; = n;; —B; kBkj. We define the Poisson brack-
et between functions G and K as:

0G 0K
ot DET”

(G, K} = Qi (54)

(ahT — B afo) + Z
n#0

(iaﬁ cos(no) + b sin(na)) . (50)
(iaﬁi cos(no) — Bbalo sin(na)). (51)
[
A symplectic form is defined as:
Q= La,dei nde
= 58%;dS" N dg, (55)

where dé* A d&? forms a basis for 2, and d&' A d&? =
—d&? NdE'. The Poisson bracket is obtained from the in-
verse of €. For the usual field theory with fields ¢,, we
have
Q= / d¥x dIT, (t,x) A dba(t,x). (56)
We can also apply this method to our discussion. The
symplectic form is given by
Q:/ do dP, NdX". (57)
0
We can use the given symplectic form. The modification

to the Poisson bracket at the boundaries will be seen
from a mode expansion. For consistency, we require that

dQ)

== (58)
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Using the equation of motion and the boundary con-
ditions, we see that this is actually the case. We have
explicitly

1 i i T pj k

0= M{Mijdpo A (dx + §BJ +apg)

+> %(Mijdaﬁl Ada’,, + dal A da‘in)}. (59)
n>0

Here we have used the symmetric property of M;;, the
antisymmetric property of wedge product A and the fol-
lowing formulas

/ do cosmo = T, 0, (60)
0

/ do cosno cosmo = g(&n,m +0n—m)s (61)
0

/ do cosnosinno = 0, (62)

0

/ do sinnosinmo = g(én’m —Op—m)- (63)
0

The Poisson bracket is obtained from the inverse of Q.
We now do the canonical quantization by promoting all

modes to operators, and make the Poinsson bracket be-
come commutators {, } — [,]/¢. The commutation rela-
tions for the modes are therefore:

(64)
[0, 93] = 0, [#,Bp] = i2a/ M1,
(65)

26, 55%] = i2ra/ (M~ 'B)4.

Then we calculate the commutation relations for open
string coordinates and momenta. We use commutation
relations for the modes and note that

Z f(n)=0, for f(n)=—f(—n), (66)
n#0
and that ) £0 % is an anti-periodic extension to
m — x, over the range [0, 27],

1. 0, xz=0,2m.
%nsmnm - { m—z, x€(0,2n). (67)

We obtain

[P'(r,0), P (7,0")] =0 (68)
2mia/(M~1B)¥, 0 =0’ =0
[(Xi(r,0), X7 (1,0")] = { —2micd/(M™'B)¥, 6 =0’ =n (69)
0, otherwise
[(X(r,0), PI(1,0")] = iné(0,0"), (70)

V. CONCLUSION

From the result, we see that the string coordinates
become noncommutative at the string end points. This
situation becomes even more difficult in the case of a to-
tally noncommutative phase space-time; where the whole
phase space becomes noncommutative, the noncommu-
tativity affects not just the space coordinates but also
the momentum coordinates to lead to the so-called to-
tall noncommutativity. However, in a totally noncom-
mutative phase space, neither the coordinate space rep-
resentation nor the momentum space representations are
allowed. So in order to study the physics in a totally non-
commutative phase space, we may propose to use the
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generalisation of the phase space quantization. Howev-
er, it is difficult to construct a quantum field theory in
a totally noncommutative phase space. This is because
we normally view fields as functions in either spacetime
or momentum space. However, we are now forced to use
phase space functions. We might need to first construct
a quantum field theory in a usual phase space. Then the
next step will by easy: as the fields are already functions
of phase space, we may use a star-product to give the
details of a totally noncommutative phase space. Alter-
natively, we may first try to understand some physics by
studying quantum mechanics in a totally noncommuta-
tive phase space. This might provide some useful insights
into constructing aquantum field theory in a totally non-
commutative phase space.



STRING THEORY IN THE NAMBU-GOTO FORMALISM AND NONCOMMUTATIVITY

[1] A. Connes, Noncommutative Geometry, led. (Academic
Press, 1994).

[2] H. S. Snyder, Phys. Rev. 71, 38 (1947); https://doi.
org/10.1103/PhysRev.71.38.

[3] K. Wray, An Introduction to String Theory,
https://math.berkeley.edu/ kwray/papers/string_
theory.pdf (2011).

[4] M. B. Green, J. H. Schwarz, E. Witten, Superstring The-
ory, (Cambridge University Press, 1987).

[5] B. Zwiebach, A First Course in String Theory, 2nd ed.
(Cambridge University Press, 2009).

[6] R. Blumenhagen, D. Lust, S. Theisen, Basic Con-
cepts of String Theory (Theoretical and Mathematical
Physics), (Springer, 2012); https://doi.org/10.1007/
978-3-642-29497-6.

[7] E. Witten, Nucl. Phys. B 268, 253 (1986); https://doi.
org/10.1016/0550-3213(86)90155-0.

[8] R. Blumenhagen, Fortschr. Phys. 62, 709 (2014); https:
//doi.org/10.1002/prop.201400014.

[9] N. Seiberg, E. Witten, J. High Energy Phys.
1999(JHEP09), 032 (1999); https: //doi .org/10. 1088/
1126-6708/1999/09/032.

[10] L. Dolan, C. R. Nappi, International Conference on
Superstring Theory. 12-15 Aug 2002, Hangzhou, Chi-
na. Proceedings, edited by K. Liu, S. T. Yau, C. Zhu
(Somerville, International Press, 2008), p. 69; preprint
arXiv:hep-th/0302122 (2003).

[11] A. Connes, M. R. Douglas, J. High Energy Phys.
1998(JHEP02), 003 (1998); https://doi.org/10.1088/
1126-6708/1998/02/003

[12] Chong-Sun Chu, in Encyclopedia of Mathematical
Physics (Academic Press, 2006), p. 515.

[13] C. Hofman, E. Verlinde, J. High Energy Phys.
1998(JHEP12), 010 (1998); https://doi.org/10.1088/

1126-6708/1998/12/010.

[14] C.-S. Chu, P.-M. Ho, Nucl. Phys. B 550, 151 (1999);
https://doi.org/10.1016/50550-3213(99)00199-6.
[15] F. Ardalan, H. Arfaei, M. M. Sheikh-Jabbari, Nucl.
Phys. B 576, 578 (2000); https://doi.org/10.1016/

50550-3213(00)00096-1.

[16] Zheng-Wen Long, Jian Jing, Phys. Lett. B 560,
128 (2003); https://doi.org/10.1016/S0370-2693(03)
00375-7.

[17] Won Tae Kim, J. J. Oh, Mod. Phys. Lett. A 15, 1597
(2000); https://doi.org/10.1142/50217732300002127.

[18] Xiao-Jun, preprint arXiv:hep-th/0503111 (2005).

[19] Chong-Sun Chu, Pei-Ming Ho, Nucl. Phys. B 568,
447 (2000); https://doi.org/10.1016/S0550-3213(99)
00685-9.

[20] F. Ardalan, H. Arfaei, M. M. Sheikh-Jabbari, J. High
Energy Phys. 1999(JHEP02), 016 (1999); https://doi.
org/10.1088/1126-6708/1999/02/016.

[21] S. Gangopadhyay, A. G. Hazra, A. Sahab, Phys.
Rev. D 74, 125023 (2006); https://doi.org/10.1103/
PHYSREVD.74.125023.

[22] R. Banerjee, Phys. Rev. D 70, 026006 (2004); https:
//doi.org/10.1103/PhysRevD.70.026006.

[23] D. C. Salisbury, K. Sundermeyer, Nucl. Phys. B 191,
250 (1981); https://doi.org/10.1016/0550-3213(81)
90300-X.

[24] D. G. Boulware, E. T. Newman, Phys. Lett. B 174,
378 (1986); https://doi.org/10.1016/0370-2693(86)
91020-8.

[25] F. Colomo, G. Longhi, L. Lusanna, Int. J. Mod.
Phys. A 5, 3347 (1990); https://doi.org/10.1142/
S0217751X90001471.

[26] N. Mansour, E. Y. Diaf, M. B. Sedra, Electron. J. Theor.
Phys. 14, 21 (2018).

TEOPISA CTPYH ¥V ®OPMAJII3MI HAMBY-TOTO TA HEKOMYTATUBHICTH
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V uiit pobori My BuBYAIM Teopito cTpyH y nepsicuii popmi Habmy-Toro. BeraHoBiIeHO, M0 PO3PaXyHOK Bapi-

auil aii Ham6y—T0To 3a METPHKOIO CBITOBOIO JIMCTa, IPU3BOAUTD A0 HEJIHIHHOI [ii, Ka HEe € CTPOro eKBIBaJIEHTHOIO

il ITonsikoBa. Tomi piBHsSIHHS pyXy, IO Biamosimae wiit ail, € Hesinitaum. Came TOMYy MM BUPIIIAIA PO3B’SI3aTH
Hejtiniiine pisusmus pyxy Hamby Toro Gesmocepensno. e 6ymmo 3pobaeHo 1uIs CTPYHI 31 CTAIMM aHTHCHMETPHY-
HUM TeH30pHUM 1ojeM By dbopmaiizmi Ham6y-Toro. My BUBeJIM HEKOMMY TATHBHICTD Mi?K KOODAMHATAME KiHIB

CTPYHH.
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