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ABSTRACT

The N = 3 string models are special solutions of the type II per-
turbative string theories. We present explicit expressions for the helicity
supertraces, which count the number of the perturbative BPS multiplets.
Assuming the non-perturbative duality (S <> T') of the heterotic string

on T% and type II on K3 x T? valid in N = 4 theories, we derive the
N = 3 non-perturbative BPS mass formula by “switching off” some of the
N = 4 charges and “fixing” to special values some of the N = 4 moduli.
This operation corresponds to a well-defined Z5 projection acting freely
on the compactification manifold. The consistency of this projection and
the precise connection of the N = 4 and N = 3 BPS spectrum is shown
explicitly in several type II string constructions. The heterotic N = 3 and
some asymmetric type II constructions turn out to be non-perturbative
with the S moduli fixed at the self-dual point S = ¢. Some of the non-
perturbative N = 3 type II are defined in the context of F-theory.

The bosonic sector of the N = 3 string effective action is also presented.
This part can be useful for the study of 4d black holes in connection with
the asymptotic density of BPS states in N = 3 string theory.
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1 Introduction

Recently significant progress has been made in the study of the non-perturbative
aspects of string theory. One of the major steps in this direction has been the iden-
tification of the solitonic states, predicted through BPS mass formulae, with the
D-brane states in string theory [1]. The counting of these states, through an open
string construction with Dirichlet boundary condition, has been shown to give ex-
pressions for the black hole entropy, in a number of cases from the microscopic point
of view, which match the macroscopic description. As a result, apart from having
possible interesting phenomenological applications, these developments also have a
potential to solve the Hawking paradox for the black-hole information loss.

A major requirement in the study of the non-perturbative aspects of string theory
is the preservation of a part of the original supersymmetry. This, in many cases,
protects the physical quantities from receiving quantum corrections, through non-
renormalization theorems and a semi-classical analysis is sufficient for getting exact
results.

However, the major thrust of these studies has been restricted to the case of
N =4 [2,3] and N = 2 [4] space-time supersymmetries. The N = 4 string theories
provide the simplest non-trivial possibilities, since the only allowed massless matter
multiplets in this case are the vectors. The perturbative moduli space is parametrized
by a coset, SO(6,22)/S0O(6)x SO(22). This coset gives a complete classification of the
perturbative string spectrum with N = 4 supersymmetry. There are, in addition, the
axion-dilaton moduli as well, which parametrize a coset space, SU(1,1)/U(1). The
SU(1,1) symmetry mixes the electric charges with the magnetic ones and turns the
weak-coupling string theory into a strong-coupling one. The BPS states of the N =4
theory preserve either one-half or one-quarter of the supersymmetry. For instance,
the extremal black holes of [5] are examples of BPS states preserving one-half of the
supersymmetry. On the other hand, N = 2 supersymmetric theories have a much
richer moduli structure which can among other things account for the confinement in
the supersymmetric gauge theories.

In this paper, we discuss some aspects of a similar study for N = 3 superstring
theories [6]. Although, these theories have attracted much less interest, compared
with the ones discussed above, they seem to possess in some ways interesting features
of both of N = 2 and N = 4 theories. Since the physical degrees of freedom in a
vector multiplet of an N = 3 theory are the same as those in an N = 4 one, the
moduli space of the two theories share similar universal properties. In particular, the
number of vectors in the spectrum still determines the scalar manifold uniquely. Due
to a similarity in vector multiplets in the two cases, the N = 3 theories with global
supersymmetries get automatically extended to N = 4. This is one of the reasons for
comparatively less attention being paid to them. On the other hand, the supergravity
sector of an N = 3 theory resembles that of the NV = 2 case, as there are no scalars
in this sector in both cases. The full moduli space for N = 3 theories for n matter



multiplets, at a generic point, has the form SU(3,n)/U(1) x SU(3) x SU(n). The
supergravity couplings therefore clearly distinguish the N =4 and N = 3 cases. The
present study highlights some of these similarities and differences. In particular, in
section 2 of this paper, we study the particle spectrum of N = 3 string theory with
an emphasis on the BPS states. We present the N = 3 constructions and derive the
expressions for various helicity-supertraces that count the number of these multiplets.

In the N = 2 models, it is known that, depending on the details of the string
construction, the dilaton belongs either to a vector or to a hyper-multiplet [9]. In the
N = 3 case also, as we will discuss, there are two allowed projections for constructing
models. The first possibility is to carry out a Z, projection either in the heterotic
or the (4,0) type II models, in which the dilaton is projected out. This is possible,
provided one is at a self-dual point on the space of string coupling for N = 4. Such
theories therefore are only defined at a non-perturbative level. However, we would
like to emphasize that our projection can be used to find out both the massless and
the massive BPS spectra in these cases. One can also use a Z, projection in the type
IT models with (2,2) supersymmery; in this case the dilaton survives the projection
and belongs to the vector multiplet. We show the exact connection between these
two projections, through a known prescription for the construction of type II dual
pairs [10]. The action of the projections on the 16 extra right-moving coordinates of
the heterotic string theory is also obtained by examining the transformation of the
twisted sector states in the original (2,2), type II, model.

Our results therefore provide an example of duality in the N = 3 context. This is
similar to the F-theory /heterotic string duality [11] discussed in the literature. There
are many known examples in the F-theory side, which are only non-perturbatively
defined [12], but can still be shown to be dual to a heterotic string construction.
In those cases, as in ours, the coupling constants are frozen to a fixed value in the
orbifold limit. Following a similar line of study, it may also be possible to define
the N = 3 model as a geometric compactification of a “hidden” theory, which would
allow us to study their non-perturbative aspects.

After the identification of the projection in the heterotic (or (4,0) type II) models,
the BPS mass formula for N = 3 string theory is obtained through a projection of
the N = 4 formula. We show that the expressions for the BPS formula for the
N = 4 string have a unique truncation, which defines the N = 3 case, irrespective of
whether the BPS states preserve the 1/2 or the 1/4 of the original supersymmetry.
This uniqueness is explained by the fact that the states of the N = 3 strings are
classified by a single central charge, whereas in the N = 4 case there are two such
charges. As a result, the projection acting on both these states gives the unique
short-multiplet of an N = 3 theory. This multiplet preserves 1/4 of the original
N = 4 supersymmetry. The final mass formula is U(3, n)-invariant and formally has
a structure similar to the the one used in writing down the black-hole entropy [13].

The derivation of the BPS mass formula in theories with lesser supersymmetries,
obtained by projection of a theory with a larger number of supersymmetries, has been



discussed earlier in a different context [14]. In our case, these projections can also
be used to obtain the number of BPS states with given quantum numbers, from the
knowledge of the degeneracy of such states in the original N = 4 theory.

Another application of our results is to write down the N = 3 string effective
action. In this paper we present the bosonic part of this effective action. The effective
action is also invariant under a U(3,n) symmetry, which can be used as a solution-
generating technique for these models. In particular the black-hole solutions for N = 3
theories, carrying 14 electric charges, can be obtained along a line similar to the one
in [5] for the N = 4 case.

2 N =3 Constructions

2.1 (2,1)-Type II Models

We now start by presenting the type II N = 3 string models [6] and write down their
partition function. All the models of [6] have been obtained by applying projections
to the N = 8 string theories, which preserve modular invariance as well as the con-
formal symmetries on the string worldsheet. The N = 8 model is described in the
bosonic language, in the light-cone gauge, by 8 worldsheet left /right-moving bosonic
and fermionic coordinates, 1" and X® (i = 1, ...,8). In our notation, the coordi-
nates d)ﬁ’R and X l’f’R (u = 1,2) represent the space-time degrees of freedom, whereas
the remaining ones correspond to the internal degrees of freedom. This bosonic de-
scription will be appropriate for the asymmetric orbifold construction in section 3
where we will discuss various issues related to the non-perturbative BPS spectrum.

In the fermionic construction [7], [8], X/™s (i = 3,...,8) are replaced by a pair
of Majorana—Weyl spinors w™f and yX® (a = 1,..,6). To follow the standard
notation of the fermionic construction [6], we also rename the internal components of
the field wiL 5 as xLfs. The construction of string models amounts to a choice of
boundary conditions for these fermions, which satisfies local and global consistency
requirements. The N = 8 model, constructed in this manner, have four space-time
supersymmetries originating from the left-moving sector and another four from the
right-moving sector. In the language of the fermionic construction [7], this model is
constructed by introducing three basis sets, namely F', which contains all the left-
and the right-moving fermions:

F=1yhxk oyl wk | of xEyfwl ] (n=1,2a=1,.,6), (2.1)
and the basis sets S and S, which contain only eight left or right-moving fermions:
S=[vixa] S=1¢ixa | (22)

Four of the gravitinos of the N = 8 model belong to sector S and the other four to S.
Then by applying appropriate projections one obtains the N = 3 superstring model
with gauge groups of various ranks.



First, to keep the discussion simple, we avoid those models that make a contri-
bution to the massless particle spectrum from the twisted sectors of new basis sets.
As a result, all the states in these models are a subset of those in the N = 8 case.
For example, the first projection for constructing an N = 3 model with three matter
multiplets, is specified by a choice of fermion basis bZ':

by = [, X020 Y50 VT W1 | i X2 Y0 Y1 T . (2:3)

.....

This applies a left—right-symmetric Z; projection in the planes defined by the coor-
dinates 34 and xs6. It breaks half of the supersymmetries in both the sides, by
projecting out two of the gravitinos from each of the sectors S and S. The resulting
model has N = 4 supersymmetry with 12 U(1) gauge fields. The local structure of
the moduli space is parametrized by a coset:

SU(1,1) SO(6,6)
U1) " S0(6) x SO(6)°

(2.4)

In terms of orbifold construction, b acts without fixed points, making the twisted
sector states heavy.

A second projection on the N = 8 construction yielding a N = 3 model specified
by the basis set:

bg = [ ﬁ)yf:ZS’wf?Xéﬁ?yé?wé ’ y?aw'f ] (25)

This asymmetric projection, which acts as a Z, twist on the planes defined by Xf , and
X:%, 1, breaks another one-half supersymmetry from the left-moving sector by projecting
out one more gravitino from S. The resulting model has six U(1) gauge fields and
the structure of the moduli space is now given by the coset structure:

SU(3,3)
U(1) x SU(3) x SU(3)"

(2.6)

The massless states of the model constructed above come from various sectors of
the original N = 8 theory. Among these, the bosonic ones are in the sectors classified
by the NS-NS sector ¢ and the R-R sector SS. These massless states can be arranged
in various representations of the subgroups of SU(3,3), the symmetry group of the
moduli deformations; the subgroup SU(3,3;7Z) C SU(3,3) defines the conjectured
U-duality group for this N = 3 string construction. For convenience, we decompose
the compact subgroups SU(3) and SU(3)’ of SU(3,3) as

SU(3) — U(1) x SU(2)g, and SU(3) — U(1) x SU(2)%. (2.7)
The group SU(3, 3) can also be decomposed as
SU(3,3) — SU(1,1) x SU(2,2). (2.8)

The massless scalars from the NS-NS sector then are:



(i) dilaton and axion, which parametrize the coset

SU(1,1)
— 2.
aey 29)
(ii) eight scalars parametrizing
2,4 2,2

SO(2); x SO(4)r ~ SU@2)g x SUQ2), x U(1),’

This sector also provides two U(1) gauge fields that transform as a vector of SO(2).
We have four additional U(1) gauge fields and four complex scalars transforming as
(2,1) and (1,2) of SU(2)g x SU(2)’, from the R-R sector.

N = 3 string models with a gauge sector of various other ranks, n, have been
presented in [6]. For n > 3 they involve projections whose twisted sectors give extra
contributions to the massless spectrum.

The SU(3,3+8) model

An n = 11 model constructed in [6] uses the projections

b = [0 Xt Usl6 | Y0 X2 Vs ) (2.11)

b?l = | ﬁay£2,3,4’Xé,6’ ?J5L,6,W5€,6 | yfljﬁﬂwé?d’ (2.12)
and

T=| 9556,“)5%,6 | 956,“)5?6 ]. (2.13)

The basis T' factorizes the (5,6)-torus with independent boundary conditions. The
modular invariant partition function for the above N = 3 model is:

1 1 1 S
Z - Z em(’y g+0'h+gH) Z ZR : (214)

Zstring _
H,Gh.g) 4 (1,0,7",6")

~ Imr n2n? Z(

where Z,  are themselves the products of contributions from worldsheet fields ¢ /%,
xR, wbR and yIf written in terms of Riemann theta functions. The boundary
conditions of these fields as specified by the various indices in the sum above. We

then have

Zy =2 7% 7Y, Zp =25 2% 7Y% (2.15)
with
ZU’X _ 1 (_)a+b+ab 9121 @ a+h 0 a—H—h 0 a+H 216
L ) Z 774 [b] [b—l—g] [b—G—g] [b—f—G] ) ( . )
(a’b)
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1

L= 0151 0151 051 , (2.17)
1 e o

Zr = p 03L,) 0-a-,1 0l 1] (2.18)

Similarly the contributions of the right-moving fermions is given as

Z¢X _ 1 zl: (_)a+5+al3 9‘2[g] g[ng] 9_[(:1+H] (2 19)
R ™9 £ =4 b b—G b+G 1o :
a,b=0 U
w I n nry
Zy = P~ 03] 0l3] 03] (2.20)
1 . —
Zy = = 01 051 0116 (2.21)

The partition function written in eqs. (2.14)—(2.21) is only one of the many possi-
bilities arising from a choice of the GSO projection in the string construction. One
can modify these GSO projections by introducing modular invariant phases (discrete
torsions), which appear as coefficients of various terms in the partition function. In
our case we can choose one of the following phases (or any product of them):

eiw(79+5h+gh) eiw(w’g-{—é’h-{-gh) eiw(wG-{—éH—f—GH)

Y )

, emOGHTHEGH) o (2.22)
The projection bl in the partition function is represented by the twists H and G,
while b, is represented by h and g. It can also be checked that the partition function
of the original N = 8 construction is reproduced from above by setting H = G = h =
g = 0 in the arguments of theta functions. We will now use these results to obtain
an expression of the generating function that counts the number of BPS states in
perturbative N = 3 string theory.

2.2 Perturbative BPS States

We now study the spectrum of the BPS states for the NV = 3 model constructed
above. As mentioned before, the N = 3 supersymmetry algebra allows only one
independent central charge. As a result it possesses two allowed representations for
the non-vanishing value of this central charge. The long one is a 2°-dimensional
complex representation of SO(12) Clifford algebra and the short one is a complex
representation of dimension 2* [15], [16]. A vacuum configuration in a long multiplet
representation breaks supersymmetry completely. Since the short ones are annihilated
by one of the supersymmetry generators, they preserve a part of the supersymmetry.
The generating functions that count the number of N = 3 BPS states are given as



trace formula over the supermultiplets. In the N = 3 case, the helicity-generating
function, defined as
Zr(y) = str y** = Tr (=) y*, (2.23)

with A denoting the helicity of the states within a multiplet R, is given for a long
multiplet by

Ziong(y) = 25 (1 —y)” (1—1/y)". (2.24)
In eq. (2.24)
%+l _ ,—2j-1
2 = (—)¥ i 4 massive, 2.25
i = (=) Py (2.25)
2 = (—)¥ ( vy +y ¥ ) massless, (2.26)

for a particle of spin j. For short multiplets, preserving one of the supersymmetries,
the generating function has a form:

Zshort - 22[]} (1 - y)2(1 - 1/y)2 (227)

The extra factor of 2 in (2.27) is due to the fact that the central charge is necessarily
non-zero in this case and implies a doubling of the representations. The “helicity
supertrace” over a supermultiplet R is defined as:

Bon(R) = str A*" = Trg [ (—)A" ], (2.28)
and can be obtained from the generating functions Zg(y) as:
d 2n
Bu() = () Ze)ln (229

For N = 3 supersymmetry, B, (n < 4) all vanish, B, is non-zero only for short
multiplets, and Bg is non-zero for both long and short ones. A direct computation of
these quantities gives, for N = 3 massless multiplets:

1
By(vector) = g, By(sugra) = ?5, and
1 2
Bg(vector) = g, Bg(sugra) = % (2.30)

In string theory, the above expressions are further extended to include the infinite
tower of massive states, by defining a modified partition function [16]:

Zstring(v,ﬂ) — Tr qLo qfo 627riv)\L727ri17)\R‘ (23]_)

Such modifications to the partition function have been studied earlier in order to ob-
tain exact solutions of string theory in the background of physical magnetic fields and
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to investigate the associated phase-transition phenomena [17], [16]. In that context
the quantities v and v play the role of the background magnetic field. The physical
helicity is given by A = Ap + Ag and the generating function Zg(y) for the N = 3
supermultiplets is obtained through an identification y = e**(**?).

The helicity supertrace By, in the string case can then be derived from the gen-
erating function Z*""&(v, ¥) by defining

1 0 - 1 0
“omioe 97 Tamow (2:52)
then
B = str [\] = (Q + Q)™ 2" (v,5) | = 5= 0). (2:33)

An explicit expression for Z58(y, 7) for the N = 3 string model of section 2.1 is
given by an expression that is similar to the v = v = 0 case presented in (2.14)-(2.21),
and has a form:

1 . ’ ’ -
S "It ha) ¢ (4) E(T) Z) Zh, (2.34)

U (H,G\h,g) (7,6,7,6")

Zstring (U, 1—)) —

where

= (1—qm)? _ sinmv 60
§(v) = 1:[ (1— gre2miv)(1 — qre—270) 7 0(v)’ (2.35)

is an even function of v: {(v) = {(—v). The expressions for Z} p in terms of the
individual contributions of the worldsheet fields, 1, x, w and y, namely Z’g{’;g, Z}ij,

Z}f” R, are also identical to the one in (2.15). However, the expressions for Z’ %q are
now modified by a change in the argument of the theta function:

1 (_)a+b+ab

7y =g S o) 05 gt o (256)
and
2y -3 5 ape) o g o (237

Modifications in the expression for Z5%$(y, o) in eq. (2.34), with respect to
the one in eq. (2.14), arise from the change in the contributions of the worldsheet
fermions d)ﬁ’R and bosons X f’R, which represent the space-time degrees of freedom.
These modifications, due to fermions, are absorbed in theta functions through an
additional argument (v) and (v). The modifications in the oscillator contributions
from X are taken into account through the extra factors £(v) and &(9).

To compute the quantities Bs,, one can observe that the sum over indices (a, b)
and (@,b) in eq. (2.14) involves only the worldsheet fields ¢, and X, through the

8



terms Z’%?‘R in the partition function. We now sum over these indices and use the
Riemann identity of theta functions to write

Y Ly (v —n (Y H+hy (Y —H1 (Y
2y = el (3) e (3) e (3) e ()
1 = U\ = U\ = v\ = v
P _
2 = o (y) o (z) o (5) e () (2.39)
To evaluate the various derivative terms for obtaining Bs,,, we also use the properties
that among theta functions, #; and its even derivatives with respect to v are odd
under v — —v and vanish at v = 0. The odd derivatives of the remaining theta
functions, as well as that of {(v), are also odd under v — —v and vanish at v = 0.
These properties simplify our calculations significantly. For example, the RHS of
(2.38) immediately implies By = 0, as expected. The helicity supertrace By, which
counts the number of short multiplets of N = 3 string theory,

By =(Q+Q)* Z(v,9)|v=o0, (2.39)

has a non-zero contribution only from the term 6 Q?Q? Z(v,?)|,—y—0 in the above
expression. There are two sectors that can give a non-zero result, namely, the two
“N =47 sectors:

(i) h=(h,g) =0, H=(H,G)+#0 and

(ii) h = H # 0.

In the first “N = 4” sector the (1,2)-complex plane remains untwisted; the left-
and the right-moving currents J; = w1y + iwsys, J1 = @171 + iwsYo remain untwisted
while the remaining ones Jo = wsys + tways, J3 = wsys + 1weYs, Jo = @373 + 10474,
Js = W75 + iwels are twisted. In the second “N = 4” sector the untwisted planes
are the (3,4)-left and the (1,2)-right with untwisted currents the J, left and J; right.
The two “IN = 4” sectors give identical contributions. For the first case we find:

h=0 3 1 1-H

Bh:O — - 0 91+H 2
4 4776,,,—’6 2 };; | [17G] [1+G] |
1 _
x 52 100] 103 60661 17
) (7,6)
< S Y BRI P (2.40)
(',9")

This expression is further simplified by using identities involving theta functions [3].
We then get

> 1
B0 =12 5 2 NOBT [ =12 Tanfg) fr—v—, (2.41)

7,0

where in the final step we have written the helicity trace as a lattice contribution
of signature (2,2) [3]; notice that both 7" and U moduli are fized at their self-dual

9



points (T = U = 7). Adding the contributions of the two N = 4 sectors (h = (h, g) =
0, H=(H,G) #0and h = H, H # 0), we have
Bét}otal — B4H:6, ﬁ7é6+ B4fz:ﬁ7é(_)'
1
= 12095[0] lr—v=i + 120%,[0] lr—v= = 24 52 03] |*. (2.42)
¥,0

At the massless level, eq. (2.42) implies By(massless) = 24, which matches with the
combined contributions from the supergravity sector and 11 vector muliplets, written
earlier in eq. (2.30); By(massless) = 15/2 + 11 x 3/2 = 24.

The helicity supertrace Bg can also be computed in a similar way. In this case an
analysis of the terms in the generating function Z5"&(v, v):

Bs = (Q+Q)° Z7""(v,7) |(uv=o-0), (2.43)

shows that there are contributions from various sectors:
e The two “N = 4” sectors,

- o

(i) B0 A0 and (i) BP0

Y

which give a non-vanishing contributions from the terms 15 Q?Q? (Q* + Q?) in eq.
(2.43).
e The “N = 6” sector,

(iii) By H=0

which gives a non-vanishing contribution from the term 15 Q? Q* in eq. (2.43).

The extra derivative (Q? + Q?) on By(v,7) = Q?Q?* Z°""$(v, ) in the two N = 4
sectors give rise to a multiplicative factor (4 + x[2] + )‘([g]) where x[Z] are defined
as:

Hy — 1_2 9.1 eﬁig] _ 1 94 v in(H+Gvy ) _ in(G+ HS) 2.44
= o o - 5o [e : e
756

We will give our result for Bg in terms of the above functions x[£] and in terms of
the “shifted” lattice g o[Z] |r—y—i:

1 .
r2y2[g] Ir—p—i = 52 | g[gig] |4 oim [8H+7G+GH] (2.45)
~,0

In terms of x[Z] and 'y 5[Z] the contribution of the two N = 4 sectors is:

B0AA _ p it _ (2.46)

10



15 H 4 y[H2
=5 = (1 + w> (T22l8) + T2nl8] ) Ir—v=s
(H,G)#(0,0) . .
15 4+
= 30 D22 lr—v—i + 5 > M TyalH] lr_v—s. (2.47)
(H,G)#(0,0)

The final equality in the above equation follows from the identities:

> x[gl=0, > Taoff] =Tao[0] lr—v—i - (2.48)
(H,G)#(0,0) (H,G)#(0,0)

Finally the contribution from the N = 6 sector is:

—

75 Gg 45 X[
B6h7£07 =0 _ Z Z [g] PQ,Z[Z] |T3 Us » (249)
(h,9)#(0,0)

where T3, Uz are the moduli of the third complex plane. In the fermionic construction
the moduli (73, Us) are fixed to their self dual points 75 = Us = i. In the above
expression we have extended the validity of the model for arbitrary 73, Us moduli:

ngg[’;] lru= ) exp { inT |Pp(h)|* —in7 |Pr(R)|* + im g my }

2_]m1U—|—(n1—|—%)T—m2+n2TU|2
Pe(mI” = AT Il ’
|PL(h)|2 — |PR(h)|2 = 2m1 <n1 + 5) + 2m2 N9 . (250)

Note that x[!] in the N = 6 sector originates from the contribution of the 1st and
2nd right-moving complex planes; these two planes are “untwisted” on the right and
“twisted” on the left. The combination of the left-twisted and right-untwisted is
proportional to x[;]. In the N = 4 sectors x[!] and x[}] have a different origin; they
appear because of the extra derivative operation Q% + Q* on By(v, ).

The total B*"! is the sum of all contributions:

— s

B6total _ B6h:0’ H#0 + B6"L:H7é + Bﬁ’”ﬁa7 H:6. (251)

In the infrared limit Im 7 — oo only the massless states give a non-zero contribution.
In this limit

> XBITEH lrw — 2, a2l Iy — 1,
(h,g)#0
Do = ’75 » o= 75 T 45
B6h_o, HAD = B6h_H7éO N 5 BGh;éO’ H=0 _ T (2.52)

Then Bg**(Im 7 — oo) = 345/4, which corresponds to the contribution of the
massless fields of the N = 3 supergravity together with the contribution of 11 N =3
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massless vector multiplets; Bg(massless) = 525/8 + 11 x 15/8 = 345/4. Furthermore,
the contribution of the N = 6 sector matches (up to a factor of 2), the contribution
of the massless fields of the N = 6 supergravity:

45
5
The factor of 2 is due to the extra projection (H,G) in N = 3 theory. In N = 6
supergravity the massless sector is uniquely determined by the supergravity multiplet.

Both B{°*! and Bf°*! are then consistent with an N = 3 supersymmetric structure
with 11 vector multiplets. The moduli space of the scalars form the Kahler manifold

Bs(N = 6, sugra) = 2B,"*% =0 — (2.53)

SU(3,3 + 8) | |

’ th Kahler potential : 554

U(1) x SU3) x SU(@B+8) " Tomeh Poreiia (2.54)
K = —log det |i(T};; — T:) — VViEWEj ' (2.55)

In our case the moduli 7}; correspond to the following type II fields:
e the type II dilaton: S =T}y,
e the moduli of the 3rd complex plane:

T3 = T22 and U3 = T33 y

e the Wilson lines corresponding to the marginal deformations of the currents
associated to the (37, 2r)-complex plane:

(J5)z and/or @E)L}><[@5)R andfor (B)r| — Vi, iVe:

Tos =Y +1Ys, T3 =Y —1iYs,

e the untwisted R-R scalars: — Tio, T, Ti3, 131,
e the twisted R-R scalars:  — W, ,
e the twisted scalars: — Wag, Wiik .

The perturbative string spectrum varies with the values of T3, Us moduli and
with the values of the two Wilson lines Y7, Y5. On the other hand the perturbative
spectrum does not depends on the values of all other moduli. As we will see in
the next chapter, using the heterotic—type II and type II (4,0)-type II (2,2) non-
perturbative U-duality map, we find that the heterotic dilaton is frozen at the fixed
non-perturbative value Sy = 7. In type II theory Sy is mapped to the frozen Ty = ¢
moduli of the first complex plane. Indeed, all N = 3 perturbative BPS states are
selected by the B, helicity supertrace, which, as we have shown, does not display any
dependence on the perturbative moduli; it depends only on the radii of the complex
planes [(11,1g) + (21, 1g)]; the values of these radii are fized at special points in
such a way that the left-right-asymmetric projection defined by his compatible with
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modular invariance. Only in Bg is there a non-trivial dependence on the perturbative
moduli; it comes from the N = 6 sector in which the 3rd complex plane is untwisted.
In the example we gave above the moduli dependence of By is through the “shifted”
lattice T'55[}] |1, v;. Our result can be easily generalized to include the presence of
non-zero Wilson lines Y7 and Y,. In order to do that we must perform the following
replacement in B in eq. (2.49):

1 _ 1
5 2 XITal] = 3 (2.56)
(h,9)#(0,0) (h,9)#(0,0) €, &
where the shifted F274[Z: ¢] lattice and the function ple, ] are defined as:
— Z 02 e 27re [eiwf h eiwe g} (257)

P24 h, e Z exp [MTT|PL|2 T Z PI %+ im(gmi +£(Q1 — Q2)) |, (2.58)

with
Py = iU + (n1 + 5T —mg + 0o (TU — LYY) + (Q1 + Y1 + (Q2 — £)Ya/?
g 9ImT ImU — ImY ImY
and

4

P = PR~ (@it )~ (@ ) =

h €
= 2my(ny + 5) + 2mgng — Q2 — Q3 — 7 (2.59)

We have therefore presented the explicit form of the helicity supertrace formulae
for an N = 3 string construction. Our study has been restricted to a particular N = 3
model with 11 vector multiplets. However similar results can be derived for N = 3
models with a lower number of gauge fields. We give below N = 3 models with 7, 4,
3 and 1 gauge fields.

The SU(3,3+4) model

In the fermionic construction one uses the basis vectors F, S, S, and b = bl as
previously [see egs. (2.1) and (2.2)]. The vector b implies the symmetric projection
that is defined by H [see eqgs. (2.1) and (2.2)], while the additional vector

[¢u=yl23=w4 X5 6> YUs 6=W5L,6 | Ys 7W5R=yfwa] (2.60)

defines the asymmetric projection denoted by h.
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As in the rank 11 model, there are two N = 4 sectors and one N = 6 sector, which
give non-zero contributions to B, and Bg supertraces.
For B, we have the following results:

. s o 1
B0 = 12 0 S0 I = 1200a) ey
7,0

P46 1
BIIA gl S g g
7.6 (H,G)#(0,0)
= 12 To[0] |7=iv=2i — 6 T22[0] |7=v=:- (2.61)

At the massless level, Bt = B,F=0 4 Bj:ﬁ#a — 12 + 6 = 18, which matches
the combined contributions from the supergravity sector and 7 vector multiplets,
By(massless) = 15/2 + 7 x 3/2 = 18.

For Bg we find:

I 15 al+xlé
B ™" 70 = 30 Toalg) lr—v=i + 5 - M Paale] lr-v=
(H,G)#(0,0)

I H —[H
B6h:H7é0 _ E Z 4+X[G] +X[G] Z |‘9[g] |2 ’ |8[V+H] |2 7
v,0

5+G
2 (H,G)#(0,0) 4
20, =g _ 45 xlg)
B0 A=0 _ = 3 Tg Dol |z, v, - (2.62)
(h,9)#(0,0)

Some comments are in order: oL L

e In the limit Im 7 — oo, By"~" #7° — 75/2, B"=#7" — 30 and B;"*" #=° —
45/4. Then Bg*%!(Im 7 — oo) = 315/4 corresponds to the contribution of the
massless fields of the N = 3 supergravity together with the contribution of 7 N = 3
massless vector multiplets; Bg(massless) = 525/8 + 7 x 15/8 = 315/4 as expected.

o By"”" #=0 i5 identical to the rank 11 model due to the universal behaviour of
the N = 6 sector.

e The T-moduli of the first and second complex planes is always fixed at the
self-dual point 7" = ¢. The U moduli of the same planes may take several discrete
values.

e In the rank 7 model the H = h = 1 twisted sector is massive.

The SU(3, 3) model

In this model there are no extra vector multiplets from the twisted sectors. In
the fermionic construction one uses the basis vectors F), .S, S as before, plus two extra
basis vectors defining the symmetric projection (H):

H __ L L L L L R R R R R
b3 - [ uaX1,2’y3,..,6’ Y1, W1 | d),u,)XLQayS,..,Ga Y1 ,ws ]a
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and the asymmetric projection h:

bg = [ ﬁ, y1[:2,3’ wéfXéﬁ’ yéa wé ’ yé%a wé%] (263)
Here also there are two N = 4 sectors and one N = 6 sector. Their contributions

to B4 and Bg supertraces are as follows.

e For B, we find:

B D 1
h=0, i h—F H
B,=0 HA0 _ g h=HAT _ ¢ 52 > 10 PleGie] 1P

7.0 (H,G)#(0,0)

=12 T9[0] |7=iv=2i — 6 T22[0] |7=v=i - (2.64)

At the massless level, Bictal = B#=0 | Bj:ﬁ#a — 6 + 6 = 12, which matches
the combined contributions from the supergravity sector and three vector multiplets,
By(massless) = 15/2 4+ 3 x 3/2 = 12.

e For By we find:

=0, 140 _ pp fiefizg _ 15 4+ x[¢] + X[¢]
B = gt = 5 T ORI IeRE] P
(H,G)#(0,0) v,0
ni0, A=g 45 Xl
B6h7é07 =0 - — % F2,2[3] Ty Us (2.65)

4 (h,9)#(0,0)

At the massless level, Bietal — B i=0 4 ph=H7#0 g h#0. H=0_, 30 4 30 4 45/4 —
285/4, which matches the combined contributions from the supergravity sector and
three vector multiplets, Bg(massless) = 525/8 43 x 15/8 = 285/4.

Here again the contribution of the NV = 6 sector is the same as in the previous
models, thanks to the uniqueness of the N = 6 sector. Notice also that the T" moduli
of the first and second complex plane are fixed to their self-dual value.

The SU(3,1) model

This model is somewhat different from the previous ones in the sense that it is
defined by three asymmetric projections, of which two are acting on the left-moving
gravitinos h1, hy while the other is acting on the right-moving ones h3. All projections
are freely acting and thus there is no extra massless states coming from the twisted
sectors. The h; acts on the 2nd and 3rd left moving complex planes, hs acts on the
1st and 3rd left-moving complex planes and hj3 acts on the 2nd and 3rd right-moving
complex planes. In the fermionic construction one uses the basis vectors F, S, S as
before, as well as the three asymmetric basis vectors, which define the asymmetric
projections h;:

hi _ [, L L L L, L| R, R
b = | o X1,20 Ysas6 Y1,oWi1 ly1", wi'l,
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ha __
v = | w 912, X34, w567 y3aW3| ys,w3]

bh3 _[ ,u’ X12a y3456a y2’w2 |y2’w§] (266)

In this model there are three N = 4 and four N = 6 sectors, which give non-zero
contributions to the By and Bg supertraces. Namely, the three N = 4 sectors are:

1)51:6, 52253:}?7&6,
2) hy =0, hy = hs = H #0,
3)hi+hy=0, hy =hy=hs=H#0

Whereas the four N = 6 sectors are:

Wi F 20, Fyeiry=0
2) Fro = h £, = iy =0
$) Fry = B A, o= =0
D= 40, hy=0

All N = 4 sectors give equal contributions to Bj:

By=B{=DBj=3; Z S 10G] PlenEE P
255 G700
=6 Taa[)] |7=iv=2i — 3 Ta2ly] |r=v=i - (2.67)

In the limit Im 7 — oo, Bi*® = B} + B2 + B} — 3 x 3 = 9, which corresponds
to the contribution of the massless fields of the N = 3 supergravity together with the
contribution of one N = 3 massless vector multiplet; By (massless) = 15/2+1x3/2 =
9.

The Bg receives contributions from the three N = 4 sectors as well as from the
four N = 6 sectors. We find:

N=4, N=4, N=4, 15 4+ X&)+ x[&]
By=W = gi=+® = py=t® = =2y~ t C NP IeE 1P

(H,G)#(0,0) ‘(,5

_ _ - 45 X[
By = gy s B Xl
. h,9)#(0,0)
_ 45 xXly)
N=6,(4
By~ = 5 >, & Tolg] lr=v=: - (2.68)
(h,9)#(0,0)

In the limit Im 7 — oo, Bietl = BY=+() 4 pN=t() | pN=4() 4 pN=6.(1) 4

Bévzﬁ’(2) + Bévzﬁ’(3) + Bévzﬁ’(4) — 3 x 15+ 4 x 45/8 = 135/2, which corresponds to
the contribution of the massless fields of the N = 3 supergravity together with the
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contribution of one N = 3 massless vector multiplet; Bg(massless) = 525/8 + 1 x
15/8 = 135/2.

In the rank 1 model all perturbative moduli are fixed. There is no marginal
deformation in this model and all 7" and U moduli are fixed in all complex planes; in
particular the T" moduli are fixed to their self-dual values T = i.

In the next section we extend these results and write down the non-perturbative
BPS formula for N = 3 string theory. These results can be used for computing the
one-loop corrections to the R* and RS terms in string theory as well as for verifying
its duality with the heterotic string theory presented in the next section.

3 Non-perturbative BPS States

3.1 Mapping to (3, 0) Models

In this section the projections, used for (2,1)-superstring constructions in type I mod-
els, are mapped either to the (3,0)-heterotic or (3,0) type II theories. The knowledge
of this mapping defines at the non-perturbative level a specific Z, projection reducing
the supersymmetries from N =4 to N = 3 either in (4,0)-heterotic or in (4,0)-type
IT theories. As a result, the N = 3 non perturbative BPS mass formula is obtained
from the one which is valid in N = 4 theories via the non-perturbative Z, truncation
defined by the string—string duality maps.

First we consider the SU(3,11) model defined in previous section. To derive the
non-perturbative BPS mass formula it is more convenient to use the asymmetric
orbifold language. In this language the bl and b, act by twisting (asymmetrically)
some of the internal coordinates. Namely,

@bl xPE o xR (=5 ..8),

(2

(44) bllll : (X3L,4,5,6) — _(X3L,4,5,6)
XPR 5 xPR L p (3.1)

In order to keep the world-sheet supercurrent invariant, the orbifold projections also
act on the world-sheet fermions. These actions, in this case, are identical to the ones
specified above for the bosons. It is also evident that b acts freely whereas the action
of bl has 16 fixed points.

In section 2, several other models with different numbers of gauge fields have been
constructed. As all of them have lower-rank gauge sector, the corresponding BPS
formula is obtained by setting to zero some of the charges in the above model.

The projection b gives a (2,2) supersymmetric model in four dimensions. This
model also has a space-time interpretation directly in six dimensions and is in fact
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a special case of the type II compactification on K3. In four dimensions, it has
twelve gauge fields, and associated scalars, from the untwisted sector. Out of these,
only four associated with the momentum and winding modes of T2, specified by the
compactified dimensions X34, are from the NS-NS sector and eight from the R-R
sector. In addition, there are sixteen N = 4 vector multiplets from the twisted sectors
as well. These are located at the points X; = (0, 7) along directions i = 5, ..., 8.

The projection b?, applies an asymmetric twist to break another 1/2 supersym-
metry from the left-moving sector. Moreover, it also applies a half-shift (on a lattice
vector) in the X7 direction. As a result, there are no extra massless states due to this
projection. At the massless level, b, projects out half of the vectors from both the
untwisted and the twisted sectors. The numbers of vectors in the untwisted (NS-NS
as well as R-R) sectors decrease, because of the twist part of b?,, since they act as
a Zs which permutes, in pairs, the eight vectors in the R—R sector. In the NS-NS
sector two vectors are even and the other two are odd under this Z5. The shift part
of b, namely X7 — X7 + m permutes the sixteen fixed points of the first projection
(bH) in eight pairs. Its action on the vectors, through the appropriate twist operators
associated with the fixed points, is by a similar permutation. The shift does not
have any effect on the transformation of the vectors in the untwisted sector. Since
the model constructed by a twist b} is dual by standard string-string duality to the
heterotic string, the projection b% can be mapped to the heterotic side.

However, before going to the heterotic dual, we use the string duality which is valid
among pairs of type II string constructions, and map the projection b% to a model
possessing (4,0) supersymmetry. The duality between type II string models with
(4,0) and (2,2) supersymmetries has been discussed earlier [10], [18]; There, it was
shown that such type II dual pairs can be constructed, and they are related through
an element of the SO(5,5) U-duality group in six dimensions [10]. In addition, the
relationship between the two models in four dimensions also involves an interchange
between the S and T' moduli fields associated with the T2 specified by X3 4.

We now obtain the mapping of the orbifold element b}, into the (4,0) side in the
type II theory. Later on, this will be extended to the heterotic string theory, through
the inclusion of the twisted sector states in the type II models. The transformation
b, up to a shift, is represented by a six-dimensional O(4,4) transformation, in the
choice of metric:

L= <_I4 14), (3.2)

as
0= L . (3.3)

By complexifying the six internal coordinates as:

Z1 - X3 + iX4, Z2 = X5 + iXﬁ, Z3 - X7 + ng, (34)
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in the notations of [10], Q can also be alternatively represented as:

Q= (m,0;0,0), (3.5)

where the entries in the right-hand side of (3.5) denote the rotation in the planes
represented by Z, and Z3 in the left- and the right-moving sectors, respectively; b,
also has a part that acts as an O(2,2) transformation:

Qp — <_I2 12), (3.6)

in the planes defined by Z; in the left- and right-moving sectors, for a choice of the
O(2,2) metric:

Lp— (_I2 12). (3.7)

The subscripts in egs. (3.6) and (3.7) denote the choice of a diagonal metric for
O(2,2). For later convenience, we will also use an off-diagonal metric:

L= (12 12). (3.8)

These are related by a map:
Lp =nLn", (3.9)
with
1 /-, I, )
= — . 3.10
=5 (% L (3.10)
It has been shown in [10] that the mapping of an O(4,4) element to the (4,0)

side involves the use of the triality between the SO(4,4) representations, such that
Q) transforms to

Q= (7/2,—1/2;71/2, —1/2). (3.11)
In the matrix notation, this is written explicitly in a block diagonal form as
Q= diag (iog, —io9;i0s, —ios) (3.12)

with o9 a Pauli matrix.

In order to map O(2,2) transformation to the (4,0) side, we use the metric L in
eq. (3.8). We also use the fact that an O(2,2) transformation €2 can be identified
with two SL(2) transformations Ar and Ay thanks to the equivalence:

0(2,2) = SL(2)r x SL(2). (3.13)
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In particular, when the SL(2, Z) transformations for the moduli 7" and U are given
as:

Ap = (pl ‘-’1> € SL(2,Z)p, Ay= (p2 ‘-’2) € SL(2,Z),, (3.14)

T S re S
the O(2,2) transformation is parametrized as [10]

P1p2 P14z —q1G2 q1P2

0= P12 P1S2 —q152 q172 (3 15)
—rire  —TriS2 5152 —s172 | '
T1D2 142 —35142 S1P2

The transformation to the diagonal metric of the form described in eq. (3.7) is through
a map:

Qp =nmT. (3.16)

It can then be verified that the O(2,2) transformation (3.6), associated with the
action of the projection element in the two-dimensional space X34 can be identified
with the SL(2)r and SL(2)y elements:

AT == iO’g, AU == —iag. (317)

For completeness, we also mention that the N = 3 type II construction being com-
pletely perturbative in nature, the S-duality element associated with b?, is trivial:

Ag = . (3.18)

Now an S <> T interchange, together with U — U, implies that the projection
elements: Ar, Ay and Ag transform in the (4,0) side to

Ap=1,, Ag=ioy, and Ay = —ios. (3.19)

As aresult the projection element in the (4,0) side, b?l, now has a non-trivial S-duality
action. The action of A7 and Ay is further combined into an O(2,2) projection; for
the diagonal choice of the metric L, this now has the form:

Q) — (‘m —wz> . (3.20)

The difference in the form of the O(4,4) part of the projection elements b%, and
% in the (2,2) and the (4,0) side can be understood from the fact that the gauge-
field sectors on the two sides are related through an interchange of the NS-NS gauge
fields with the R-R ones. This is essentially a change from the vector to the spinor
representation of SO(4,4) and leads to a form of b% seen above. On the other hand,
the remaining action of the projections in the two sides has its origin in the S <> T
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interchange, which has also been used in showing the SL(2, Z) duality of the heterotic
string starting from the string/string-duality conjecture in six dimensions.

To promote the above mapping to the full heterotic string theory, one has to
analyse the action of b% on the twisted sector states in the type II side with (2,2)
supersymmetry and use a mapping of the massless fields from the type II (on K3)
to the heterotic string (on 7). This map transforms the various 6-dimensional fields
as [19]:

¢/ = _¢7 G'LV - ei(bG,u,lM
MI — M’ A;f’ = AZ’
V—Ge ?HMP = Llemvrorep! (3.21)

oTE?

where prime and unprime variables denote the fields in the type II side, compactified
on K3 and the heterotic side, compactified on 7.

Now, in the type II side with (2, 2) supersymmetry, the action of b, on the sixteen
vectors from the twisted sectors of b can be written as an O(16) matrix in a block
diagonal form:

Qr = diag(ios, ios, ..., i03). (3.22)

This is because the shift part of the projection b?, transforms the X; = 0 fixed points
to that of X; = 7 and vice versa. The mapping of these transformations to the
heterotic side is then achieved through eq. (3.21). The relative minus sign in the
transformation of the twisted sectors, within a pair, can be explained from the fact
that, although the twist fields associated with the vertex operators of these gauge
fields have identical weights at the fixed points X" = 0 and X7 = 7, the U(1) vacuum
charges are opposite and give a relative minus sign in the transformations.

Since the projection b, acts freely, the twisted sector states, from this particular
projection, in the (2,2) side are heavy. This also holds in the (4,0) side, where the

projection b}, introduces non-zero R-R gauge field flux at the new fixed points and
makes them heavy.

We have therefore identified, through the type II/heterotic map, the appropriate
transformations in the heterotic side, which will give an N = 3 supersymmetric model.
We notice that, unlike in the type II side, in the heterotic case, the projection acts
non-perturbatively. However, this map does define a consistent model and allows
us to write down the expression for the masses of the BPS states. We would once
again like to mention the similarity between this N = 3 model and the orbifold limit of
certain F-theory constructions. In the F-theory context, the orbifold limit is identified
with the degeneration of the fibre through appropriate Weierstrass equations, and in
this limit the moduli on the base remain constant, modulo the monodromies around
certain points, which are identified with the fixed points of the orbifold group. A Z,
projection, which forces the 10-dimensional type IIB axion-dilaton moduli to be fixed
to its value at the self-dual point, was also identified in the F-theory context [12]. It
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may be of interest to examine whether such a similarity between the two cases also
leads to an understanding of certain non-perturbative aspects in our case.

_ We conclude this subsection by summarizing the action of the N = 3 projection
bl in the heterotic side. This is given by egs. (3.19), (3.20) on the coordinates X3 4,

by Q in eq. (3.12) on the coordinates X575, and by Qp in eq. (3.22) on the extra
sixteen right-moving coordinates of the heterotic string. Since these projections act
as an exchange of internal coordinates, they reduce the rank of the gauge group by
half. In the next subsection we will see the same phenomena from a different point of
view. The S-duality projection Ag will be shown to preserve only half of an N = 4
vector multiplet. These exchange operations then combine two such half-multiplets
to construct a self-conjugate vector multiplet of N = 3.

3.2 Massless States

After having identified the projection in the heterotic side, we now obtain the spec-
trum of the heterotic string theory, when the above projection is applied. We show
that there are three surviving supersymmetries, and at the massless level, we get a
correct spectrum for the N = 3 string theory. In an N = 4 theory, the supersymmetry
algebra and representations are specified by a group structure, SO(2) x SU(4) xU (1),
where SO(2) is the little group of the Lorentz group and U(4) = SU(4) x U(1)s is
the R-symmetry for the N = 4 theory. Gravitinos transform as 4 and the U(1) gauge
fields of the supergravity multiplet transform as a 6 of SU(4). In addition, N = 4
supergravity multiplet also has two scalars, which are neutral under SU(4). In het-
erotic string theory, the SU(4) symmetry can be identified with the SO(6), subgroup
of the SO(6, 22) T-duality group, which originates from its left-moving sector. U(1)g
is the maximal compact subgroup of the S-duality group: SL(2, R).

For the projection b}, the SU(4) element is given by the diagonal U(1) subgroup
of SO(6): Qp = diag(—iog,ioy, —ioz). In this case, we also have, in the right-
moving sector, a projection given by the diagonal U(1) element of SO(22)g, given
by Qr in eq. (3.22) together with Qg, which acts on the right-moving part in the
6-dimensional internal space and is identical to €2;. In addition, as mentioned before
the U(1)g element is specified by the matrix Ag given in eq. (3.19).

This projection breaks SU(4) x U(1)s to its subgroup SU(3) x U(1)y, where the
U(1)y that remains unbroken is a combination of the U(1)g and U(1);, with U(1); as
the diagonal U(1) subgroup of SU(4): SU(3)xU(1); C SU(4). The four supercharges
and their CPT conjugates transform, under SU(4) x U(1)s as:

Q12 =421 + 4(-1/2,-1), (3.23)

where the first entry in the bracket shows the helicity of the state. By decomposing
the supercharges in the representation of SU(3) x U(1);, the three supersymmetry
generators that survive the projection are: 31/2,_1/31 and its complex conjugate.
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In the following, the entries in the curly brackets “(-,-)” denote helicity and U(1)g
charges while the quantities in the square brackets “[-, -, -]” denote helicity, U(1); and
U(1)s charges. The supercharge transforming as a singlet of SU(3) is projected out.
As a result we are left with N = 3 supersymmetry.

The states that survive the above projection also belong to a representation of the
residual supersymmetry. The N = 4 gravity multiplet is constituted out of helicity
42 supermultiplets of the N = 4 supersymmetry, which are complex conjugates of
each other. They have the transformation property: 1(_sg) + 4(—3/2,1) + 6(—12) +
4(_1/2.3) + 10,4, together with the complex-conjugate representation. The N = 3
projection then selects out of the above, the 1j50 and 3{_; _5/3 states among the
bosonic ones, due to the decomposition of SU(4) — SU(3) x U(1);. These, together
with their CPT conjugates, give us g,, and three A,’s, which is the correct spectrum
for the N = 3 supergravity sector.

The vector multiplet of N = 4 supersymmetry is self-conjugate under CPT,
whereas the N = 3 one is constructed out of two different multiplets containing
helicity —1 and +1 states and are conjugate to each other. The N = 3 projection
mentioned above does not leave the complete vector multiplet of the N = 4 theory
invariant. Instead, it projects out some of the states and leaves only an N = 3 mul-
tiplet, of either +1 or —1 helicity invariance. However, as seen before, the N = 3
projection also permutes the internal indices of the heterotic string theory in the
right-moving sector. As a result, the complete N = 3 vector multiplet is a linear
combination of two half-vectors from N = 4. The final spectrum is CPT-invariant.
But the rank of the gauge group is reduced by a factor 1/2.

3.3 Mass Formula

After identifying the correct N = 3 massless spectra from the projection of the
heterotic strings, we now proceed to write down the BPS mass formula in this theory.
In this context, the starting point is the N = 4 BPS formula, which can be written in
terms of six “electric” and six “magnetic” charges, associated with the supergravity
sector, as [3]:

Mg = (P2 ST SO0 2 [, o) @) — (P, (320

where the contractions of the indices are defined with respect to the internal metric
on T% namely G™. The quantities P,, and Q,, are defined in terms of the integer
valued electric charges (o, a®, a!) and magnetic charges (&%, at, a!) of the heterotic

string theory as:

P =af+(G+ B+ C)alt + Ad!
Q =ar+ (G+B+0)af+ Aal. (3.25)
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Here C' = %AAT, G and B are the moduli fields associated with the internal 7%, and
the A’s are the Wilson-line moduli.

The square-root factor in the BPS formula is proportional to the square of the
difference in the two N = 4 central charges. This term vanishes for the states preserv-
ing 1/2 supersymmetry. Such states belong to the “short” multiplets of the N = 4.
The non-zero contribution comes from the states belonging to the intermediate mul-
tiplets of N = 4 and preserve the 1/4 of the supersymmetry. The BPS states in
the perturbative construction of the heterotic string theory are examples of “short”
multiplets.

To obtain the BPS formula for the NV = 3 case, using the Z5 projection mentioned
before, we must set at the beginning first the “dilaton-axion” moduli of the N = 4
theory to the value S = ¢. This is due to an observation that we made earlier,
namely a transformation by Ag in eq. (3.19) is a symmetry of the N = 4 theory,
for a given coupling, only for this value of the S field. In other words, the N = 3
projection transforms the strong coupling to the weak one, and can therefore be
applied consistently only for its fixed value at the self-dual point. Furthermore,
since the gauge fields, associated with the charges mentioned above, transform under
SU(4) x U(1)g as 6(_1) and 6(; 5, only those belonging to the SU(3) x U(1)y
representations, 3(12/3, o) and 3[_1 _3/3 9], survive the N = 3 projection. To select the
appropriate combinations that remain invariant under this projection, we define:

Uy = (P +iQu), g = (Pn—iQmn). (3.26)

We also use the complexifications of the coordinates introduced in eq. (3.4) and note
that out of the original twelve charges, those existing after the projection are six
charges II,, and II;. With this projection, both the terms in the N = 4 mass formula
give identical contributions, and one gets

1 o

In obtaining the N = 3 mass formula from N = 4 in eq. (3.27), we have also used the
fact that the internal space for N = 3 is parametrized by a Kahler metric. This can
be observed independently of the action of b%; on the moduli fields. In particular, only
the components G,.m, Bmm, Af; and AL with I* being the complexifications of the
sixteen right-moving coordinates, survive the N = 3 projection. The mass formula
(3.27) is also the unique quadratic invariant of the charges, the latter transforming
as 3 and 3 under the residual U(3) symmetry.

We now rewrite the BPS mass formula (3.27) in terms of the physical charges
associated with the gauge fields in the theory. This is also given by a projection
over the charges II,,, defined in terms of the physical charges of N = 4 theory, using
egs. (3.25) and (3.26). The final expression has a form similar to that of eq. (3.25):

I, = oy + (G + B+ C) ek + AL oy (3.28)
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The mass formula (3.27) can now be rewritten in an SU(3, n)-invariant form?:
Mgps=q"- (M +L)-q, (3.29)

with ¢ denoting the column vector:

Oy
g=| of (3.30)
I+
a
The SU(3,n) matrix M has the standard expression in terms of the Wilson-line
moduli Agi and the Hermitian and anti-Hermitian matrices G' and B, respectively:
G G Y(B+0) G A
(-B+C)G' (G-B+0)GY(G+B+C) (G-B+C)G1*A |,(3.31)
ATG1 AIGHG+B+C) Is + ATG'A

with C' = $AA”T and the SU(3,n) metric L having the form:

0 I, 0
L=|1, o o |. (3.32)
0 0 —I

It can be verified that the matrix M is Hermitian and satisfies the SU(3,n) property:
MYLM = L.

In this section we have presented the SU(3, n)-invariant BPS mass formula for the
N = 3 string theories in four dimensions. There can be many applications of these
results, including black-hole physics. The entropy formula for the N = 3 case has
already been presented in the literature [13]. Our results can be used to obtain these
expressions from a microscopic description through an appropriate truncation of the
type II or heterotic string models.

4 N =3 String Effective Action

The projections applied to the N = 4 theory, in the previous section, can also be used
for writing down the N = 3 effective action. By restricting this to the bosonic sector,
the N = 4 effective action, at a generic point M in the moduli space of the heterotic
string has a form:

S =3 IV=9[R— 532" 0NN — M F (LML) F® vy
ME@ Ly FO w4 Lgw Tr(9, M LO,ML)| (4.1)

3In the present case n = 11. But the general structure of the invariant expressions is preserved
for other values of n as well.
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where (a = 1,...,28) and L is an SO(6,22) metric:

(0 I 0
L=|I o o |. (4.2)
0 0 —Iy

By taking into account the fact that the axion-dilaton moduli of the heterotic string
are fixed to the self-dual point, the N = 3 projection then leads to an action of the
form:

_i 4 — ot —uv le
S = 37/ @2 g[R Fu (LML)F™" 4 2g" Te(9,MLO,ML)| ,  (4.3)

where M denotes the SU(3,n) moduli (3.31), L is the SU(3,n) metric (3.32) and
F* = F+iF. In obtaining action (4.3) from (4.1), we expanded various terms of the
N = 4 action and then recombine them after collecting the invariants.

It is observed that the action (4.3) is manifestly invariant under the U(3,n) sym-
metry. The manifest invariance of the action is due to the fact that the N = 3
projection on the heterotic strings leaves only perturbative moduli in the spectrum.
The above reduction of N = 4 effective action to N = 3 can also be seen at the level
of the equations of motion, which for the N = 3 case can be written, starting from
the N =4 one, as:

1 —po
R = 2F5(LML)F{ — 5g,Fy(LML)F™
D (MLF™™) = 0 (4.4)

It will be of interest to study the solutions of these equations of motion, in order
to obtain the classical background configurations that are consistent with N = 3
supersymmetry. Among them, those that preserve 1/2 of the supersymmetry, such as
extremal black-hole configurations, are of particular interest. They will provide the
examples of the N = 3 BPS states found in the previous sections.

5 Conclusions

We have presented an explicit expression for the N = 3 BPS formula. It was also
shown how the known N = 3 models are incorporated in this picture. The BPS states
associated with the perturbative spectrum of the known N = 3 string theory were
also described. It will be of interest to further study compactification of the N = 3
effective action to 2- and 3-dimensional space-times. In particular, it is expected that
the effective action in three dimensions will possess an SU(4,n + 1) symmetry. The
coset structure SU(4,n+1)/SU(4) x SU(n+1) xU(1) can be seen by a direct counting
of the matter degrees of freedom, which in the bosonic sector contains only scalars, in
three dimensions. Our results, through a duality between the type II and the heterotic
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sides, also indicate that type II string models with N = 3 supersymmetry and non-
Abelian gauge symmetries can be obtained at special points of the moduli space. It
may be interesting to examine whether some of these symmetry enhancements in the
type II case can take place at special values of the perturbative type II moduli as
well. One will then be able to study them using conformal field-theory techniques.

It will also be of interest to directly construct N = 3 orientifold models in four
dimensions, whose open string sectors, with Dirichlet boundary conditions, can be in-
terpreted as BPS states appearing in the mass formulae derived earlier. This turns out
to be a difficult exercise due to the asymmetric nature of the N = 3 construction on
the one hand and to the requirement of the left-right symmetry for the orientifolding
operation on the other. In order to achieve the desired results, the orientifolding op-
eration must therefore be combined with appropriate operation on the internal space.
Although the orientifolding operation seems difficult in four dimensional models, it
becomes much simpler in two dimensions where models preserving 3/8 supersymme-
try can be easily constructed.
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