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Extra space-time dimensions are predicted by String theory. However, up to date there are not any experimental
signals in favor of their existence. It forces to search for consistent string theory formulations in four space-time
dimensions. The task can be completed with extending the standard vector-type coordinates of four-dimensional
space-time with additional tensorial-type bosonic coordinates. The reason of introducing the new set of coordi-
nates is discussed, and calculations of the critical dimension in the Neveu-Schwarz-Ramond tensorial superstring
formulation are performed. It is also discussed the role of the new coordinates in the construction of the consistent
five-dimensional superstring formulation solely in terms of the tensorial-type coordinates and their world-sheet su-
perpartners. Properties of massless modes casting an open and a closed five-dimensional superstrings spectra are

considered in brief.

PACS: 11.10.Kk; 11.25.-w; 11.25.Pm

1. INTRODUCTION

One of the most fascinating predictions of String the-
ory is the existence of extra dimensions required for
quantum consistency of strings. Extra dimensions,
the presence of which was very sceptically conceived
at early days of String theory, have become the stan-
dard de facto in the construction of various Unifica-
tion models of fields and have received a lot of atten-
tion on the particle physics community side.

Searching for signals from extra dimensions on
modern experimental factories is a good way to put
String theory on the test. Unfortunately, up to date
there are not any experimental observations in favor
of extra dimensions. Therefore, a possibility of liv-
ing in the World without extra dimensions has not
a priori to be ruled out. This fact stimulates search-
ing for String based Unification models being already
consistent in the observed number of space-time di-
mensions.

In this notes I discuss models of supersymmet-
ric strings which fall into such a criterion. To make
the notes self-contained I begin with a brief discus-
sion of extra dimensions in frameworks of String the-
ory. Then, I discuss benefits and drawbacks of two
most popular scenarios of Unification models with ex-
tra dimensions, the Kaluza-Klein scenario and the
Brane World model. Next, I consider a formulation
of String theory which is consistent, i.e. anomaly
free, in D = 4, and outline some of features of the
construction. My conclusions with summary of the
results are collected in the end of the paper.

2. EXTRA DIMENSIONS FROM STRINGS

As I have noted in the above, the quantum con-
sistency of String theory implies living in extra-
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dimensional world. This conclusion comes from an
infinite-dimensional algebra of quantum operators [1]

(1)

[f/ma Ly = (m — n)]f/m-&-n + A(m)dmin,

1
A(m) = ED(m3 —m),
which corresponds to a classical infinite-dimensional
algebra

{Lmn,Lp} =i(m —n)Lyin, (2)

generating conformal transformations on a two-
dimensional strings’ world-sheet.

The difference between quantum and classical Vi-
rasoro algebras (1), (2) consists in the central ele-
ment of the algebra A(m). This term is absent in
(2), and appears after the normal ordering of quan-
tum oscillators entering the Virasoro generators L.
The central extension of (1) encodes the conformal
anomaly in the quantized theory, and it manifestly
depends on the space-time dimension. In fact, A(m)
is only a part of the total anomaly coefficient, since
the classical Virasoro operators generate the resid-
ual world-sheet symmetry after the conformal gauge
fixing. Following the Faddeev-Popov recipe ghosts
have to be introduced, and their contribution into
the anomaly coefficient is [1]

,C _ 1
AbC(m) = é(m — 13m?).

The total anomaly coefficient

Atotal(m) _ A(m) + Ab’c(m) + 2aopenm' (3)

also contains the contribution from the open string
intercept aopen.-
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The anomaly absence, i.e. A% (m) = 0, implies
the space-time dimension D=26 and the string inter-
cept aopen = 1. The same result holds for a closed
bosonic string [1].

In the case of Neveu-Schwarz-Ramond (open) su-
perstring (NSR superstring [2]) the Virasoro algebra
is modified with two additional graded commutators,
that leads to the set of two total anomaly coefficients.
Depending on boundary conditions on world-sheet
fermions two sectors of quantum oscillators appears:
the Ramond (R) sector with

Atotal(m) _ %mS 4 %( _ 13m3)
+5(11m? — 2m) + 245, m n
Btotal (m) = ? 5m + 2aopen ,

and the Neveu-Schwarz (NS) sector, where

Atotal (m) — _ 13m3)

D
8
+5(11m? +m) + 2aNS

open

Btotal(m) _ Q(mQ _ 1) 4 (; _ 5m2)

From A(m) = 0, B(m) = 0 it follows the critical di-
mension D=10 and the string intercepts aopen =0,
aopen = 1/2

Therefore, the presence of extra dimensions is
an intrinsic property of the consistently quantized
String theory. We get 22 space-like extra dimensions
in bosonic string theory and 6 extra spatial dimen-
sions for superstrings. The superstring case is more
preferable since we have not the tachyonic vacuum
state here: aé\;gn = 1/2 corresponds to the tachyonic
vacuum, while aopen = 0 leads to a well-defined zero-
energy vacuum state. Though we have aopen =1/2in
the Neveu-Schwarz sector of superstring, we get rid
off the tachyon state taking the Gliozzi-Scherk-Olive
(GSO) projection [3]. Once the GSO projection is
applied the spectrum of states in NS+R sectors pos-
sesses D=10 space-time supersymmetry. In what
follows I will mainly focus on the superstring case,

where the number of extra dimensions is 6.

3. LIVING WITH EXTRA DIMENSIONS

From the String theory point of view, our World
looks as follows (see Fig.1):
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Fig.1. The Stringy World

To make a contact of String theory living in ten-
dimensional world to observable physics in D=4 a
special procedure of compactifying the extra dimen-
sions has to be realized. There are many ways to this
end, but the right way, which would reproduce main
properties of the Standard Model (or its minimal
supersymmetric extension), is up to date missed.
Dealing with extra dimensions one may won-
der what is their size and what is the nature of
extra dimensions? In the Kaluza-Klein picture [4]
the extra dimensions have a small size that leads
to appearing very massive particles after the com-
pactification, with masses M ~ 1/lcomp. (lcomp. 1S a
characteristic length of a compactified dimension).
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Fig.2. The Kaluza-Klein picture

Massive modes coming from the Kaluza-Klein com-
pactification are too massive to be ever experi-
mentally observed, so the best one can do is to
consider massless modes, corresponding in part
to the gauge bosons of the SM symmetry group
SU(3) x SU(2) x U(1), or an extended symmetry
group including the SM group as a subgroup (see
Fig.2).

Common drawbacks of the Kaluza-Klein scheme
consist in:

o Unsatisfactory spectrum of particles appearing
upon the reduction which does not fit well the
spectrum of the SM fields. The desired spec-
trum of the Kaluza-Klein massless modes has
to be realistic. A part of this spectrum should
correspond to the gauge bosons of the Standard
Model that puts restrictions on the type of the
internal six-dimensional manifolds. However,
the way of getting masses for the rest of the
modes and establishing their correspondence to
other Standard Model fields is an open task [5].

e Gauge hierarchy problem still takes place. The
Kaluza-Klein scenario does not resolve the hi-
erarchy problem, the gravity scale still remains
near the Plank scale.

o Typically four rather than three generations of
quarks and leptons. The exact number of gener-
ations coming after the dimensional reduction is
strongly depended on geometrical and topolog-
ical characteristics of internal six-dimensional
manifolds. Roughly speaking, the number of
fermion generations is twice less than the main



topological number of the internal manifold
(the Betti number). It turns out that the min-
imal Betti number for phenomenologically rel-
evant internal manifolds is equal to 8 (Calabi-
Yau manifolds), hence the number of genera-
tions is 4. A way to resolve this problem is to
consider special manifolds of a Calabi-Yau type
with the relevant Betti number [6], or to re-
duce on orbifolds [7] which are not manifolds in
a common sense. Another perspective direction
is to consider branes intersections [8] within the
Brane World scenario (see below).

e Masses and chiralities of fermions.  After
the reduction fermions received masses of
the compactification scale order, i.e. huge
masses. Massless fermions comes from the
zero-eigenvalue states of the Dirac operator on
a compact internal manifold. In most phe-
nomenologically interesting cases such zero-
eigenvalue states do not exist. Another prob-
lem is to recover chiral fermions after the re-
duction. It may not be correctly resolved within
the standard Kaluza-Klein scheme (see e.g. [9]
and Refs. therein).

e Large cosmological constant. This point be-
comes important in context of String theory ap-
plication to Cosmology and astrophysics, since
we have definitely known that the right cosmo-
logical constant is small.

Problems with Kaluza-Klein motivated searching
for other scenarios. One of them became popular last
decade is the Brane World scenario [10].

Within the Brane World (BW) scenario it is
supposed that fields of the SM do confine on a 4-
dimensional brane (3-brane). A 3-brane is embedded
in a higher-dimensional World. Gravity takes a spe-
cial place in the BW picture since gravity does not
confine on a 3-brane and gets trapped in high dimen-
sions.

From the String theory point of view the BW pic-
ture looks like (see Fig.3):
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Fig.3. The Brane-World picture

A 3-brane is embedded into ten-dimensional
space-time, a connection between 3-brane and extra
dimensions is realized through strings. What is im-
portant in such a scheme is that extra dimensions are
large. It leads to essential decreasing of the effective

Plank scale on a Brane, that resolves the hierarchy
problem.

Substantial progress in the Stringy BW has been
achieved, nevertheless several important problems
still remain open:

e How to break Supersymmetry in a correct way?
Indeed, once we are talking about a 3-brane,
it naturally appears in type IIB supersymmet-
ric String theory. One may wonder why it is so
necessary to deal with Superstring theory? The
answer is we would like to have a joint coupling
constant in high energies that provides by su-
persymmetry, and we would like to have a uni-
fied theory of gravity and the SM fields that is
realized in String theory. However, the SM is
not a supersymmetric theory, hence the way of
supersymmetry breaking has to be found.

e How to set up the right cosmological constant
in the end? 1 recall that Anti-de-Sitter space
is actively exploited within the BW. Hence, all
the machinery of the AdS/CFT correspondence
is applied here. But we have to recover the
right, de-Sitter space, cosmological constant in
the end, which is the experimentally verified
cosmological constant driving the late-time ac-
celeration of Universe.

o The predicted gravity scale is over TeV, but
should we believe in that? The BW scenario is
a proposal for the resolving the hierarchy prob-
lem. However, we have not any signals on TeV
quantum gravity (as well as on extra dimen-
sions) up to date that makes the point ques-
tionable.

4. LIVING WITHOUT EXTRA
DIMENSIONS

Living in extra dimensional World makes possi-
ble to resolve some of the fundamental problems of
the Standard Model. At the same time the major
worry on extra-dimensions is the absence of any ex-
perimental signals in favor of their existence. Once
living in extra-dimensional World will be experimen-
tally verified, it will get rid of any doubts on them,
and on String theory, which predicts extra dimen-
sions, as well. Currently, all possible ways of con-
structing Unification models, with or without extra
dimensions, are needed to be taken into account on
equal footing.

4.1. SUSY algebra and supersymmetric
strings in extended superspaces

I have noted String theory is good enough to unify
gravity with other interactions. But could we find a
comprehensive String theory with realistic critical di-
mensions?

To get an answer let me begin with reviewing an
irrelevant at first sight subject. In 1988 Curtright [11]
made an analysis of the maximally extended SUSY



algebra in D=11 (M-theory algebra [12], [13]). The
algebra in particular includes

{Qa Q} = ’yaPa + VGb‘Bab + ’YadeeiBabcde- (6)

The right hand side of (6) contains different types of
"momenta”’. Dynamical charge P, corresponds to the
standard momenta, other ‘momenta’ are topological
charges corresponding to ‘electrically’ charged mem-
brane and ‘magnetically’ charged 5-brane. Clearly,

PBavr = —Pra,

Membranes and five-branes appear in eleven-
dimensional M-theory, however there is not a room
for strings there.

What happens if charges on the r.h.s. of (6) will
be treated in more democratic way? They are differ-
ent, of course, the dynamical momenta have the con-
jugated coordinates, whilst topological charges have
not. To reach charges democracy Curtright proposed,
instead of the standard D=11 superspace (X%, %),
an ‘extended’ D=11 superspace (X@, Z%, Zabede go)
[11], where Z9b Zabede are “coordinates” conju-
gated to topological charges Pap, Pabede. Curiously
enough, there exists a room for superstrings in such
an extended superspace.

A general form of the Curtright’s superstring ac-
tion with unit tension looks as follows [11]

PBavede = s'13[(J‘l7¢:de] .

construct a Green-Schwarz-type superstring in the
extended superspace

S = /d2§\/—det(wgwya + awﬁbwyab) + Swz. (9)

The notation in (9) is that of (7). I postpone the
discussion of (9) to the end of the paper, currently
focussing on the superconformal algebra in the ex-
tended superspace and on the superstring critical di-
mension.

4.2. Superconformal algebra in tensorial
superspace and superstring’s critical
dimension

To calculate the critical dimension of tensorial su-
perstring let us turn back to the bosonic string case.
As it has been noted in the above the total conformal
anomaly coefficient (eq. (3))

1 1
Atetal(m) = ED(m3 —m)+ g (m—13m3) 4+ 2appenm
contains contributions from bosonic fields X%, confor-
mal (anti)ghosts and the string intercept. One could
notice that

e The critical dimension is calculated from set-
ting the terms proportional to m3 to zero.

e D bosonic coordinates X contribute the rela-
tive coefficient D.

S = /d2§\/—det(wﬁwya + aww,qp + Bwitedew, 4pede)

(7)
+Swz.

The building blocks of the action consist of the
pull-back of D=11 Volkov-Akulov superform wj, =
0uX* + ié’y“(‘?#& its extensions to tensorial-type co-
ordinates wl‘jb = 0,2% + i0y"9,0 and wﬁdee =
@LZ‘”’Cde + iéw“bc‘iea#@. Two parameters «, (3 are
constants fixed by supersymmetry in the end, and
the last terms of the action is the Wess-Zumino term.
The term by Wess and Zumino was introduced in (7)
to reach the invariance of the action under a local
fermionic symmetry, the so-called kappa-symmetry,
taking an important place in theory of supersymmet-
ric extended objects. Nevertheless, in the original
Curtright’s paper the kappa-invariance of the action
was rather claimed than exactly proved.

Now what about D=47 A similar extension
of D=4 superspace was considered by Amorim and
Barcelos-Neto [14], and a line of they reasoning was
almost the same.

The maximally extended N=1 D=4 superalgebra
in particular contains [12]

{Qa Q} = ’YaPa + 'yabgfpab- (8)

Adding new tensor-type coordinates Z% = —Zzbe,
which are conjugated to "momenta” B,,, we get an
extended superspace (X%, Z% 6%). B,y is commonly
treated as a topological charge (due to a D=4 mem-
brane), but treating it dynamically it’s possible to

e The conformal (anti)ghosts contribute the rel-
ative coefficient ”—26" independently on the
number of space-time dimensions.

Hence, we need 26 bosonic coordinates X* to com-
pensate the ghosts contribution, +26 — 26 = 0.

In the NSR superstring case one of the total su-
perconformal anomaly coefficients has the following
form

D D 1

1
Atotal(m) — (12 -1 E . 2) m3 + E(M — 13m3)+

(10)

open''t .

1
Jrﬁ(llm3 —2m) + 242 m

It’s easy to recognize the contributions of bosonic X ¢,
fermionic conformal (anti)ghosts, bosonic supercon-
formal (anti)ghosts and the contribution of the string
intercept. But what about the second term of (10)?

This term contains the contribution of the world-
sheet fermionic superpartners ¥* of the bosonic co-
ordinates X®. Clearly, the fermionic superpartners
contribute only 1/2 of the corresponding bosonic co-
efficient.

Hence, to calculate the critical dimension the fol-
lowing mnemonic rule may be used [1]:

e D bosons get the coefficient D.

e The input of D fermions (boson’s superpart-
ners) is D /2.

e The (super)conformal ghosts give ‘—26’ for con-
formal (fermionic) ghosts, and superconformal
(bosonic-type) ghosts contribute ”+11".



The difference ‘—26 + 11 = —15’ has to be compen-
sated with contributions of additional bosonic and/or
fermionic fields, one of the realizations of which are
bosonic coordinates X and their world-sheet super-
partners ¥®.

Let us fix the space-time dimension D = 4. Four
bosonic coordinates X™ and their four world-sheet
superpartners ¢™ contribute the coefficient 4+4/2 =
+6. On account of ghosts contribution it is necessary
to compensate the coefficient equal to —15+6 = —9.
There are different routes to this end. Say, if one
were to use 6 ‘internal’ coordinates y* and their su-
perpartners ¢ (i = 1,...,6), this choice would be
transformed into the standard 4+ 6 = 10 set of coor-
dinates of the NSR superstring in the end.

Another productive choice suggested by D = 4
N = 1 superalgebra structure is to consider 6 addi-
tional tensorial-type coordinates Z™" = —Z" to-
gether with their world-sheet superpartners ¥™" =
—g™™ [15]. This set of coordinates contribute the
required coefficient 49, hence we arrive at the con-
sistent quantum formulation of superstring in the 0b-
servable number of space-time dimensions.

5. NEW SET OF COORDINATES AND
NEW FIELDS

We have established the existence of a NSR-type
superstring formulation with realistic critical dimen-
sion. The price we paid to this end is the exten-
sion of the conventional space-time with additional
tensorial-type bosonic coordinates. Let me take an
extensive treatment of new coordinates in the so ex-
tended space and give more strong evidence for the
quantum consistency of the superstring.

Note to this end the bosonic subset (X, Z™™)
could be embedded into the unique set of tensorial
coordinates ZM¥~ but in D = 5,

ZM5 s XM ™ s ZM =0,...,3.
(1)
Such a coordinates embedding of (X™, Z™™") can be
done in any space-time dimension (D — 1) thus lead-
ing to D-dimensional space parameterized by ZM,
After that, instead of the standard Nambu-Goto
string action functional in the conventional space-

time with coordinates X™ (&)

T
Sy = 5 /d2§ V/—det 3, Xm0, X, ,

we have the action in terms of solely tensorial coor-
dinates ZMN (¢)

S = %/cﬁg V- det 9,280, Zyy . (12)
Here, as well as in the action before, T' is the string
tension.

The action (12) possesses the same world-sheet
symmetries as that of the Nambu-Goto action, hence
after the appropriate gauge fixing the equation of mo-
tion of ZMN (¢) is reduced to

o0, ZMN = 0. (13)

In what follows I will consider the closed tensorial
string, then the solution to eq. (13) satisfying the
closed string boundary conditions is

ZIJ_\{N _ %ZMN

+7Z 1 JWN —2in(T— o')
n#O

1 1
ZMN 5ZMN n 512pMN(T+ o)+
Lt 3 L MN —2in(r+o)
2 n " '
n#0
Here, as usual, I set | = v2a/ = 1/v/@T, where T is

the string tension. Zﬁ/fiv are supposed to be real that
MN _ (qMNYt GMN — (GMN)f
7L °

1
+ §l2pJV[N(T - 0')“{‘

N | =~

(14)

leads to o
Now we have to define the Poisson brackets be-
tween canonical variables. They are

{2 (0), 20"} ps = 5T x

x (PMEpNQ — MNPy 5(0 — '), (15)

and the overall factor in the r.h.s. of the Poisson
brackets has chosen to be one half to get the right
canonical Poisson brackets between D — 1 vector co-
ordinates and their momenta

{X™(0), X" (o))} pp =T""

after identifying /22™(P) = X™,
Substituting (14) into (15) we derive, by use of

(16)

o0

Z ™= = 275(0 — 0,

n—=—oo

the following non-trivial Poisson brackets

{anyv arIZL}PB = %n5n+m (77MK77NL - 77ML77NK) )
‘ (17)

{GMN KLY pp = %n(anrm (nMKnNL _ nMLnNK) .
(18)

Next, we construct the Virasoro generators

7/ 72zmoz2 dU'T 0=~ § aMNkaJk\/IN.

(19)
Here we have substituted

oo
N _ lzan]\{Nefﬁm(Tfa) ,
—o0
and have used
™ . .
/ e2lm¢e_2m¢d¢ = TOmn -
0

Clearly, oV = %lpM N The left moving Virasoro

generators L,, are identical to (19) with relpacing

MN _, zMN _ =
o — ap Y, and ag = Qo.



Taking into account the Poisson brackets (17),
(18) one may calculate the Poisson brackets between
the Virasoro generators

{Lma Ln}PB = Z(m - n)Lm-i-nv

{Lm,Lp}pp = i(m —n) Lo yn. (20)
There is no difference between the Poisson brackets in
(20) and those of the standard bosonic string theory.
The same happens for the quantum Virasoro algebra,
which is

[Lim, Ln] = (m
[ima Ln] = (m — n)im+n + A(m)dm1n, (21)

and A(m) = cgm?® + cym. Two unfixed coefficients
are calculated in the standard way [1] that results in
A(m) = iD(D —1)(m® —m).
24

The conformal anomaly coefficient possesses the
same dependence on m as its standard counterpart
entering eq. (1). This is not a surprise since the
result is based on properties of a two-dimensional
world-sheet of any string. The difference comes from
the contribution of the world-sheet coordinates: it is
equal to D in the conventional bosonic string the-
ory, while for the tensorial string case it becomes
D(D —1)/2 (as it should follow from the mnemonic

rule considered in the previous section).

The b — ¢ ghosts system contributes

- n)L7n+n + A(m)5m+n7

(22)

1
Ab(m) = g(m —13m?), (23)
where we have summed over the left and the right
modes contributions. Summing up, the total anom-
aly, which has to be canceled, is
total 1 1 3
AP (m) = §D(D —1)| x E(m —m)+

1
+§(m — 13m®) + 2a..m.

The expression we got is very similar to that of the
total anomaly of a bosonic string with vector-type
coordinates (cf. eq. (1)). The difference is just in
replacing D in the standard bosonic string case with
iD(D —1). From (24) one may notice that there is
not a (integer) critical dimension where anomaly is
canceled, and the ordering constant is the same as
for a closed bosonic string, a.. = 2.

Let me turn to the NSR-type tensorial super-
string. The world-sheet superpartners of X™ and
Z™" can also be recast into the single world-sheet
fermion WMV

(24)

\I/’rhE) ~ wm, \I,Th'ﬁ —~ ,wm’n.’

m=0,...,3.

The gauged fixed action of the tensorial superstring
(compare to [16], [17]) is in the case

S = g/d% (0,2MNor Zyy — UMV 9, Uy N) -
(25)

In the NSR-type formulation we are dealing with
tensorial-type coordinates ZMY which are scalars
w.r.t. the world-sheet diffeomorphisms, and with
their superpartners MY which are world-sheet
spinors. If we calculate the Virasoro-like superalgebra
of the NSR-type string following standard methods of
[1], the difference in the total anomaly coeflicients, in
compare to the standard NSR superstring case, con-
sists just in replacing D in (4), (5) with $D(D — 1)
[15]. This result is very expected from the previous
calculations of the bosonic tensorial string anomaly
coefficient. We have

Atotal () = 1172(D(D2*1) + D(afl))m3+
1

+3(m —13m3) + £ (11m? — 2m) + 2a"'m,

Btotal(m) _ D(a—l)mQ — 5Em2 + QGR,
(26)
in the Ramond sector and
ota D(D— D(D—
Atotal (1) = %( (2 D4 (4 1))(m3—m)—|—
+3(m —13m?) + 5 (11m® +m) + 2aVm,
Betel(m) = 2E(m? = §) + (5 - 5m?)+
+2aNS
(27)

in the Neveu-Schwarz sector.

The critical dimension is D = 5 in the case, and
we arrive at new formulation of superstring theory
living in five-dimensional space-time endowed with
coordinates ZM¥ . This parametrization includes, as
a four-dimensional part, the standard set of vector-
type coordinates X™, hence coordinates ZMY seem
to be more fundamental than X", and the tensorial
string theory in D = 5 becomes more fundamental
than its four-dimensional analog. All of that reminds
of the M-theory—String theory relation, when the
more fundamental theory is formulated in a space-
time of one spatial dimension higher.

Another consequence of introducing the new
space-time parametrization may be viewed from the
following observation. Recall that calculating the
Virasoro-like superalgebra of the NSR-type D = 5
tensorial string theory we have used the canonical re-
lation between ZM" and their conjugate generalized
momenta Py v

BV (0), 250 ) = 5T x

MK _NL _ nMLnNK) (o — o).

x (™
When we pass to operators, the generalized momenta
become ‘i?MN = —iOunN, Oun2ZMN = %D(D —1).
Hence, in tensorial space there is an exotic one-form
of the Yang-Mills-type A = Ay ndZM¥N . Tts strength
tensor is

Fun kL =OunNAxr — Ok Avn + i Ay, Ak L]
(28)



and the action functional for such a field looks like

1
S = ZTI“/dQDfMNyKL]:MN’KL,

where dQp is the invariant volume form in D-
dimensional tensorial space.! The one-form field A
is an analog of a non-abelian Yang-Mills gauge field
in the conventional space-time. It corresponds to
the massless mode in the spectrum of open tensorial
string. Indeed, let me define the vacuum state |0) as
aMN0)y =0 for n > 0, where &M% are the annihila-
tion operators. They are quantum analog of classical
oscillators oY entering (14). The first exited level
in the momentum representation is described by

A (k)aMN|0), EMN Aprn (k) = 0,

which is nothing but the above mentioned one-form
gauge field.

In the spectrum of the closed tensorial string
there are other exotic massless modes Gy jpg and
Buyn|pg corresponding to graviton and the Kalb-
Ramond antisymmetric tensor fields of the standard
superstring spectrum:

AN ~ P
OIN&E oy,

Gunipo &ty MY &P 0).

Ban|po 6
The ‘graviton’ mode G'jrn|pq possesses the following
properties

Gunipq = —Gnmipo = —Gunigp = Gpoun

which are formally the same as that of the curva-
ture tensor in the conventional space. For a ”Kalb-
Ramond” field we have

Bynipg = —Bnmipg = —Bunigp = —Bpgiun-

The remaining massless mode in the spectrum is a
‘dilaton’ @
®aMNapyn 10).

Having such exotic modes it is important, from
the point of view of various applications, to under-
stand the dynamics of these fields. The action func-
tional for the ‘dilaton’ and the ‘Kalb-Ramond’ fields
is more or less predictable. It is likely

5= / ng,(% Onrn DOV N ot

1
t5 Hyn, kripoH™™ KLIPQ),

where the ”Kalb-Ramond” field strength is defined
by
Hyn, kpip@ = OunBrrpo+
+0p@BunN kL + Ok L BpgmN-

As for the effective action of ‘graviton’ Gan|pq, its
structure is unclear. It could be recovered from cal-
culations of the 3-point tree amplitude of interacting
strings in the low-energy approximation (as, for in-
stance, in [19]) and I postpone this task for further
studies.

6. SUMMARY AND CONCLUSIONS

We have discussed a reformulation of superstring
theory, the critical dimension of which coincides with
the observable space-time dimension.

To recover the critical dimension D = 4 an ex-
tension of the standard space-time is required. New
elements which have to be taken into account are
tensorial-type bosonic coordinates. From the point
of view of the string world-sheet theory, it does not
matter what kind of bosonic coordinates need to be
added to compensate the superconformal anomaly.
They could be scalars, vectors or tensors under the
space-time Poincare. The main point is that they
are scalars with respect to the world-sheet diffeomor-
phisms.

One may wonder, that is a rule for selecting new
coordinates then? What kind of the coordinates have
to be selected to parameterize the target space? It
turns out that the choice of the string’s coordinates
describing an immersion of the string world-sheet into
a target superspace is governed by the structure of a
target space superalgebra.

Let me discuss the target-space — world-sheet cor-
respondence in more detail. There are two indepen-
dent formulations of superstrings:

1. Neveu-Schwarz-Ramond with the world-sheet
supersymmetry;

2. Green-Schwarz with the manifest target-space
supersymmetry.

As I have noted these formulations are equiv-
alent in D = 10, since their quantum spec-
tra coincide (after truncation of the NSR spec-
trum with the GSO projection (see Fig.4))
and their critical dimensions are the same.

NSR SS > GS SS

GSO projection

w.-s. SUSY target-sp. SUSY

Fig.4. NSR-GS connection

The world-sheet SUSY in the NSR formulation
just says that there are world-sheet scalars and their
superpartners under the world-sheet supersymmetry.
However, it doesn’t say anything on properties of
these variables under the target-space Poincare trans-
formations.

In its turn, properties of the string coordinates in
the Green-Schwarz formulation are fixed. Indeed, a
part of the space-time SUSY algebra is

{Q,Q} =~"Pa+ ...

1T should recall that the number of coordinates of D-dimensional tensorial space does not coincide with D.



and string coordinates are defined as ones conjugated
to P,. They are vector-type coordinates X¢ with
respect to the target-space Poincare. Precisely this
type of the coordinates enter the standard NSR string
action. Extending the space-time to superspace re-
covers the rest of the coordinates entering the Green-
Schwarz superstring action, the space-time fermions
0. They are the target-space superpartners of X.

Hence, the relation between NSR and GS su-
perstrings observes an independent interpretation, in
which properties of the space-time SUSY, manifest in
the GS formulation, govern the choice of the space-
time coordinates to describe the NSR string.

Let me now turn to the Green-Schwarz-type ac-
tion (9). This action is based on the target space
supersymmetry algebra involving the supercharges
anticommutator (8). If we give a credit to hav-
ing a correspondence between NSR and GS formu-
lations in the extended superspace (X™,Z™" 0%),
the NSR-type tensorial superstring variables are
(X™,Z™™) together with their world-sheet super-
partners (¢, ¥™"). Indeed, these variables casting
ZMN and WMN enter the gauge fixed action (25).

As for the NSR-type tensorial superstring the
bosonic subset (X™, Z™") of the Green-Schwarz-type
tensorial superstring coordinates could be embedded
into the unique set of tensorial coordinates ZM N but
in D =5.

ZM5 s XM M s M i =0,...,3. (29)
The # of fermionic target-space superpartners 8¢ is
the same in D = 5 and D = 4. Therefore, it is pos-
sible to reformulate the superstring model solely in
terms of (ZMN %) coordinates that essentially sim-
plifies the Green-Schwarz-like tensorial superstring
action [18] and proving its kappa-invariance. More-
over, the consistency of the Green-Schwarz-type su-
perstring model in D = 5 tensorial superspace
(ZMN 9*) (kappa-invariance of the action) also re-
quires [18]

Guvipg = 0.

This condition just says that the field Gy pq is in
the [2,2] irreducible rep. over the Lorentz in D = 5
tangent space.

At the same time I should note that the Green-
Schwarz-type formulation of tensorial superstring in
D = 4 (or equivalently in D = 5) extended super-
space faces with several questionable points. First
of all one may encounter an apparent mismatch be-
tween bosonic and fermionic degrees of freedom in
the case. Hence, it is necessary to understand the
root of the problem. A helpful way to this end is to
recover the spectrum of open/closed tensorial strings
in different formulations and to figure out an analog
of the GSO projection to relate spectra of tensorial
superstrings. Perhaps, applying the machinery of the
twistor-like superembedding approach [20], [21] (and
Refs. therein), which ‘closes’ the diagram on Fig.4,
may be useful to this end. Another intriguing prob-
lem is to construct the effective action of massless

10

modes to check a correspondence of the approach to
that of [22] where a new concept of the area metric
was introduced.
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O KBAHTOBO-COIVIACOBAHHBIX MOJAEJIAX CYIIEPCTPYH B
YETBIPEXMEPHOM ITPOCTPAHCTBE-BPEMEHU

A.FO. Hypmazambemos

HaJjimuue momoiHuTE/IbHBIX U3MEPEHU MPOCTPAHCTBA-BPEMEHHU IIPeJICKa3biBaeTcs Teopueil crpyH. OHAKO,
Ha, CErOHSIIHAN JIeHb HE CYIIECTBYeT KaKUX-JIM00 IKCIEPUMEHTAJIBHBIX TIOITBEPXKIEHUN B [TOJIb3Y UX CYIIe-
crBoBaHus. JlaHHOE 0OCTOATETHCTBO JIAET TOJYOK K IOUCKY ITOCJIEIOBATEILHBIX (DOPMYIMPOBOK TEOPUH Cy-
MEPCTPYH B YETBIPEXMEPHOM IPOCTpaHcTBe-BpeMenu. OHUM U3 PENIeHnil TPOOIEMBbI sIBJISIETCST PACIITHPEHNE
CTaHIAPTHOIO HAOOPA YeTHIPEXMEPHBIX IIPOCTPAHCTBEHHO-BPEMEHHBIX KOOD/INHAT BEKTOPHOI'O TUIIA JOITOJIHI-
TeJIbHBIMU OO30HHBIMM KOODJIUHATAMU TEH30PHOro Tulia. B pabore 06CyK1aeTcs IPUINHA BBEIEHUs] UMEHHO
TaKOro Habopa JIOTOJHUTE/IBHBIX KOOPJIMHAT, & TAKXKe IIPUBO/ISITCS BBIYNC/IEHNS] KPUTUIECKONH Pa3MEPHOCTH
st bOPMYJIMPOBKY TE€H30pHOI cymepcrpyHbl Tunia Hesre-Pamona-IIIsapia. Takzke obcyKgaercs pob HO-
BBIX KOOD/IMHAT B MOCTPOEHHUH IIOCJIEA0BATEIbHON (DOPMYIUPOBKYU CyHEPCTPYHBI B IIPOCTPAHCTBE-BPEMEHU
Pa3MEePHOCTH MIATH UCKJIIOYATEIHHO B TEPMHUHAX KOODJIWHAT TEH30PHOI'O THUIA M UX CYIIEPIAPTHEPOB OTHO-
CUTEJbHO ITpeodbpa30BaHUil ‘CymepCuMMETPUN’ Ha MUPOBOM JIUCTE CTPYHBI. KpaTKoO paccMOTpeHbI CBOHWCTBA
6e3MacCOBBIX MOJ[ B CIIEKTPAaX OTKPBITON M 3aMKHYTON ISITUMEPHBIX CyIEPCTPYH.

ITPO KBAHTOBO-Y3I'OJ2KEHI MOJIEJII CYIIEPCTPYH ¥
HOTNPUBUMIPHOMY ITPOCTOPI-YHACI

O.K0. Hypmazambemos

HagBHicTh 101aTKOBUX MPOCTOPO-IaCOBUX BUMIpPIB mmepembadeno Teopieio ctpyn. IIpore, Ha choroamimmHii
JIeHb He iCHY€ sAKNX-HeOYIb eKCIePUMEHTAJILHIX I ITBEeP/?KEHb Ha KOPUCTD 1X icHyBanus. s obcraBuna mae
[IOIIITOBX JIO TIOIIYKY ITOC/IIOBHUX (DOPMYJIFOBAHB TeOPil CyNepCTPyH Yy YOTHUPUBUMIPDHOMY IIPOCTOPI-daci.
OpHuM 3 BupimeHb mpobJieMu € PO3IMUPEHHS CTAHIAPTHOIO HAOOPY YOTHPUBUMIPHUX IIPOCTOPOBO-YaCOBHUX
KOODJMHAT BEKTOPHOI'O THILY IOJATKOBUMHU OO30HHUMH KOODIMHATAMHU TEH30PHOrO THIry. Y poboTi 06roso-
PIOETHCS IPUYNHA BBEJIEHHS CaMe TAKOTO HADOPY [OIATKOBUX KOOPIMHAT, 8 TAKOXK IPUBOAATHCH O0INCIEHHS
KPUTHUYIHOI BUMIpHOCTI /it popMysTioBanus TeH30pHOl cynepctpynu tuiy Hesbe-Pamona-IIIsapria. Takox
0OrOBOPIOETHCS POJIb HOBUX KOOPJIMHAT B MOOYIOBI MOC/IiIOBHOTO (DOPMYJTIOBAHHS CYIIEPCTPYHU Y IIPOCTOPI-
9aci BUMIPHOCTI II'ITh BUKJIFOYHO B TepMiHAX KOOPJMHAT TEH30PHOIO THUIY i IX CyleprnapTHEpiB IIom0 Ie-
perBopeHb ‘cynepcumerpil’ Ha cBiToBOMY JimcTi cTpyHU. CTHCIO PO3IVISHYTI BJIACTUBOCTI 0€3MACOBUX MOJ B
CIIEKTPaX BiAKPUTOI i 3aMKHYTOI T’ ITUBUMIPHUX CYTIEPCTPYH.
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