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1 Introduction and summary of results

It is well known that D5 branes can be described as gauge instantons on the world-volume

of D9 branes in the limit in which the instanton size, related to the vacuum expectation

value of the D9-D5 states, is zero [1]. This suggests that, blowing up the small instanton

size, it is possible to connect orientifold vacua with D9 and D5 branes to string vacua with

internal magnetic field fluxes. The resulting phenomenon has been briefly discussed in the



literature [2] in some supersymmetric examples [3, 4]. From a string theory perspective
this transition can be elegantly described, in the T-dual framework of intersecting branes,
in terms of “brane recombination”, namely in terms of a new configuration of homology
cycles wrapped by the branes that respects the RR charge distribution. It has also been
suggested that this phenomenon can be captured in the low-energy limit by a conventional
Higgs mechanism, at least in some simple examples, where scalars living at the brane
intersections condense. For a Dp-D(p + 4) configuration the corresponding vev’s were
identified by Witten [1] to be related to the instanton size. As a result, in the type I
set-up, the condensate interpolates between zero-size instantons, in the zero-vev limit, and
constant non-Abelian magnetic field, in the large-vev limit corresponding to a “fat” gauge
instanton of maximal size.

In the present paper, we address the problem of possible non-perturbative transitions
among different orientifold vacua, and our results extend the discussion in the literature
in two respects. On the one hand, by considering the low-energy field equations for the
Abelian theory living on a D9 brane with a compact internal space, we show that an
Abelian constant magnetic field is generated by the solution, that is naturally related to
the normalisable constant zero-mode of the Laplacian in the compact space. We show that
this magnetic field (and not the non-Abelian configuration generated by a standard “fat”
instanton) is T-dual to the supersymmetric angle configuration in toroidal intersecting-
brane models. We point out interesting analogies and differences between the two classical
configurations. The Abelian configuration contains, in addition to the constant magnetic
field, a singular part which exactly reproduces the singularity of a more conventional non-
Abelian instanton configuration in the singular gauge and in the zero-size limit. This
singularity is actually due to the zero-size limit, and it is blown-up by giving the instanton
a finite-size, related to the vev of D9-D5 states. We analyse the corresponding singularity
for the Abelian case by studying the effects of the vev and of the Dirac-Born-Infeld non-
linearities. We could not find a simple way to resolve the singularity, although it is possible
that higher-derivative corrections to the Dirac-Born-Infeld Action may provide the tool.

On the other hand, we extend the analysis of non-perturbative transitions to the class
of non-supersymmetric vacua with Brane Supersymmetry Breaking. There is a large litera-
ture on non-supersymmetric string vacua built over the years, in the heterotic strings [5—11],
type 0 orientifolds [12, 13], type IT orientifolds with supersymmetry broken by compactifica-
tion [14-17], by magnetic fields [3, 18-25], at the string scale [26-30] or by a combination of
these effects [31, 32]. Although most of the non-supersymmetric vacua are manifestly unsta-
ble at the classical level due to the tachyonic states appearing in some regions of the moduli
space some, most notably the models with “Brane Supersymmetry Breaking” [26-30] have
no manifest classical instabilities. At tree-level, these models exhibit supersymmetry in
the closed-string sector, while in the open-string sector supersymmetry is explicitly broken
or, more precisely, non-linearly realised on stacks of anti-branes [33, 34]. Technically, the
breaking of supersymmetry is ascribed to the simultaneous presence of Dp branes and Op.,
planes, where Opy are exotic orientifold planes with positive tension and positive RR-
charge. This system breaks supersymmetry in a way similar to Dp — Dp brane-antibrane
pairs, but with the notable difference of not introducing any tachyonic instability.



It is widely believed that all non-supersymmetric string vacua are unstable towards
decaying into supersymmetric ones. When classical instabilities are present, the decay is
clearly due to tachyon condensation [35, 36] that indeed interpolates between different un-
stable non-supersymmetric orientifold vacua [37]. In the Brane Supersymmetry Breaking
case, however, it can only occur through non-perturbative effects. The least understood
and most intriguing cases are the ones in which the candidate supersymmetric vacua have
completely different geometry, O-plane contents and different twisted sectors when com-
pared to their non-supersymmetric parents. The only known proposal in this direction [38]
makes explicit use of S-duality, and thus the real dynamics of the transition cannot be fol-
lowed within a perturbative CFT set-up. We have nothing to add about these cases in the
present work. There are however other examples in which the non-supersymmetric classi-
cally stable model and the candidate supersymmetric vacuum have the same geometry and
differ only in the configuration of branes. The fate of such vacua is part of the subject of the
present paper. We argue that the magnetic transmutation, T-dual to brane recombination
discussed in the literature, is responsible for the transition among non-supersymmetric
vacua as well. Whereas in the supersymmetric case the states acquiring vev’s are flat
directions, in non-supersymmetric examples we argue that positive masses are generated
for these states, that makes the transition truly non-perturbative in nature. We present
explicit examples built upon the Zy orientifold of the type IIB [30] in six dimensions and
upon the Zo X Zs orientifolds of type IIA superstring in four dimensions, and discuss the
relation of supersymmetric vacua or of configurations with Brane Supersymmetry Breaking
and discrete torsion [30] with magnetised vacua in six [3] and four [39-43] dimensions.

The paper is organised as follows. In section 2 we discuss the transition among vacua as
a brane recombination process, for models in six dimensions built upon the T*/Zs orbifold,
and in four dimensions built upon the type IIB T /Zs x Z5 orientifold with discrete torsion.
We address the problem both for supersymmetric and Brane Supersymmetry Breaking
vacua. The description of the transition in terms of brane recombination is shown to
work nicely in all examples. In section 3 we analyse the same problem from a low-energy
viewpoint, in terms of a field theory Higgs mechanism triggered by non-vanishing vev’s of
open-string states living at the intersection of different stacks of branes. We perform a case
analysis for six-dimensional examples and show that when supersymmetry is preserved the
Higgs mechanism exactly captures the dynamics by yielding the correct massless spectrum
of the corresponding intersecting brane models. On the contrary, when supersymmetry
is broken some states ought to get masses from Yukawa (for fermions) and quartic-order
(for scalars) couplings that we argue to exist. In four dimensions, however, the models
we study involve D5}, anti-branes that are not standard instantons of the gauge theory
living on the D9 branes, rather they should be interpreted as new stringy non-perturbative
configurations. As a consequence, at low energy the Higgs mechanism does not accurately
captures the dynamics of the transition, whereas brane recombination does, as shown in
section 2. In section 4 we perform an analysis of the quantum stability of the Brane
Supersymmetry Breaking models, by computing the vacuum energy as a function of the
anti-brane positions and/or Wilson lines and by computing the quantum induced masses
for the states whose vev’s trigger the recombination process. We argue that a positive mass



for D7 — DT states is generated, that suggests a non-perturbative transition associated to a
real tunnelling phenomenon through a potential barrier. Section 5 contains a detailed field-
theory analysis in a superfield formalism which shows explicitly the connection between the
vev of the Higgs field and the emergence of the Abelian magnetic field. We also compare
properties of our Abelian classical solution in a compact space with the conventional SU(2)
instanton solution. Appendix A collects some partition functions that are used in the
paper, while in appendix B more examples of six dimensional models are reported, both
supersymmetric and with Brane Supersymmetry Breaking.

2 Brane recombination

In this section we study the possible connections among different string vacua, supersym-
metric and not, as a result of brane recombination. In particular, we shall show that all
string vacua, at least in a given orbifold construction, live in the same moduli space and are
connected one to the other by the process of brane recombination. For simplicity we shall
concentrate on some interesting prototype examples in d = 6 and d = 4 based on T*/Z,
and T/Zsy x Zy orientifolds, with and without supersymmetry. The complete one-loop
amplitudes are given in the appendices, where additional examples are also discussed. In
the following we shall discuss in detail few cases, and for simplicity we shall adopt a more
geometrical language, in terms of homology cycles wrapped by the branes.

In general, an orientifold of type II superstrings compactified on suitable Calabi-Yau
manifolds Xj; involves an action of the world-sheet parity {2, possibly combined with some
(order-two) automorphism R of the internal manifold. In the following, we shall consider
the anti-holomorphic involution R : z; — z;, ¢ = 1,...,d, so that the effective orientifold
projection involves 2 = 2 (—1)t R, where the left-handed space-time fermionic index
(—1)*L is needed in order that £2 be order-two on the whole string spectrum.

As is well known, the fixed locus of 2 defines the location of the orientifold planes, that
extend through the whole non-compact Minkowski space and wrap additional d-cycles o
of the internal Calabi-Yau space. Given our choice of the anti-holomorphic involution, the
fixed locus identifies a special Lagrangian submanifold of X, and thus their introduction
preserves some amount of supersymmetries. As usual, the consistency of the construction,
i.e. R-R tadpole cancellation, requires the introduction of suitable number of D-branes
that, aside from expanding in the non-compact dimensions, wrap suitable internal d-cycles
II,. The open-string excitations thus comprise unitary gauge groups and chiral matter
in (anti-)symmetric and bi-fundamental representations, with multiplicities given by the
intersection numbers Z,;, = Il ,o I, of pairs of branes. We shall not review here the details
of the construction, but refer the interested reader to the vast literature on the subject [44].
In the following we shall study specific examples related to six and four dimensional orbifold
compactifications.

2.1 Six-dimensional models

The six-dimensional models we want to study are all based on the T*/Zs orbifold compact-
ification of type IIB superstring. For simplicity we shall assume that the 7% factorises into



the product TZ x T2, both with purely imaginary complex structure U (@) = iUQ(i), 1=1,2.
The analysis can be easily extended to the case where the complex structure of the T%’s has
a quantised non-vanishing real part. We denote by (z1, z2) the complex coordinate on the
T*, where each entry z; identifies the position on the i-th 72 factor. The Zs is generated
by the single element g that reverts all coordinates: (z1,22) — —(z1, 22).

To define the homology of T%/Z, is it convenient to start from that of the covering
T*. If one denotes by a; and b; the canonical horizontal and vertical one-cycles of each
rectangular T2, with intersection form given by

aioaj:O, biobjzo, aiobjzéij, (2.1)

the homology of T? is clearly given by suitable combinations of the a and b cycles. In
particular Hy(T*,Z) is spanned by

mi = (a1 ® az, by @ by, a1 @ by, by ® az, a1 @ by, az @ by), (2.2)

with intersection form
I = o1 ® diag(1, -1, —1). (2.3)

Modding-out the torus by the Zs action implies that the 7; cycles are not invariant
under the Zo. Therefore, one is bound to construct new cycles that correspond to invariant
orbits of the orbifold group. In the case at hand one finds that the invariant two-cycles are

Wi:(1+g)ﬁi. (24)

Moreover, when computing the intersection form, one has to take into account that the 7
is a double cover of the orbifold, and therefore

1 _
Iijziﬂ'ioﬂ'jZQIij- (25)

These cycles, however, do not span the lattice Ho(T*/Zs,7) since the resolved orbifold
singularities introduce new two-cycles €.y, x,y = 1,...,4, called exceptional or collapsed
cycles, associated to the P!’s localised at the 16 fixed points with coordinates (2%, 29),
where {z;}* € (O, 1, #, 11+ U(j))>. Their intersection form

I:Ey,vw =-2 5{171) 5yw ) (26)
is given by the Cartan matrix of the Lie algebra (A;)!®, while m; o e;, = 0. Although the
Kummer basis (7;, €5,) does not span entirely Ho(T?/Zs,Z), it is actually a convenient
choice to discuss the orbifold 7%/Zy. A generic two-cycle, can thus be written as

6 4
O, =) cdimi+ > eley, (2.7)
=1

z,y=1

where the ¢ and the ez’ are suitable coefficients. It is convenient to refer to

6
I, = Zcz1 ™ (2.8)
i=1



as the bulk cycle, since it is inherited from the covering 7% and exists at a generic point
on the orbifold. Notice that in the literature it is customary to refer to bulk cycles if the
coefficients ¢ are suitable integers. We find, however, more appropriate to use this term
for the component in the homology inherited by the covering torus, independently of the
coefficients ci.

2.1.1 Supersymmetric vacua

We have now all the ingredients to discuss the orientifold of type IIB superstring compact-
ified on the T*/Zy orbifold.

Let us start discussing the supersymmetric case, where the orientifold projection em-
ployed is precisely the 2 previously introduced. The fixed locus of {2 (1+g) is given by the
71 and 79 two-cycles that, taking into account a correct normalisation of the RR charge,
identify the cycles

Ho:2ﬂ'1, HO/:27TQ, (29)

wrapped by the O7 and O7 planes, respectively.

D7 branes are free to wrap a generic two-cycle IT, on the T%/Zy. The Fourier co-
efficients ¢’s and €’s have now a physical interpretation in terms of charges of untwisted
and twisted RR forms, respectively. In order to make contact with the perturbative CFT
construction reported in appendix A, it is useful to limit our attention to factorisable bulk
two-cycles, that are obtained by combining two one-cycles, one on each T2, and to express
then Fourier coefficients in terms of the number of times the branes wraps these one-cycles.
To be specific, we write

ﬂa:ZCZW¢:®(mgai+nébi) , (2.10)

with m! and n co-prime integers. As a result, a bulk cycle is entirely specified by the
integers (m!,nl,), and

1
= Lmdm2, nn2, min, nlm?). 2.11)
The Fourier coefficients €5’ associated to the collapsed cycles identify the fixed point
(27, 23) crossed by the cycle associated to the D7 brane, and are related to the orbifold
action on the Chan-Paton coefficients. With a suitable normalisation

(2.12)
0 otherwise,

- {i%i if (27, 2Y) € II,,
Y =
and define the charge Qg’ = €5’ with respect to the twisted RR six-form potentials.
Although, by construction, IT, is invariant under the orbifold action, generically it
will not be so under £2, and thus on the orientifold one has to introduce also image branes



wrapping the cycle IT; = 2-IT,. The Fourier coefficients of IT; are completely determined
once we define the action of 2 on the basis two-cycles:

Q- (w1, w9, T3, T4, T, T6) = (71, T2, —T3, —T4, —T5, —T6) (2.13)
2-epy = —eyy.

As a result, on the 7% /Zs orbifold, the invariant configuration IT, 4 IT; only wraps bulk
cycles, and this is consistent with the perturbative string description where the twisted
tadpoles are identically vanishing. Moreover, II, + IT; has only components along 7r; and
o, consistently with the geometry of the orientifold planes.

At this point, one has all the ingredients to derive the light (chiral) spectrum of a
vacuum involving a given number of D7 branes. A vacuum configuration is then fully
determined by specifying the wrapping numbers (m’, n!) of the a-th stack of N, D7 branes
together with the coordinate of (at least) one fixed point crossed by them. In the following
we shall assume that all branes pass through the fixed point at the origin of the T.

As a result, each D7 brane supports a unitary gauge group so that

Gop = [JUNV). (2.14)

Open strings living at the intersection of a D7, and D7, brane are in the bi-fundamental

representation (N, V) and come in Z,; families, where now

2

1 o o
Tuy =Mooy =5 L[ (ming = mini) —2> " ever”. (2.15)
=1 z,y

Open strings living at the intersection of a D7, and D7; brane are in the bi-fundamental
representation (Ng, Np) and come in Z ; families, where now

2
1 o o
Z;=1,0II; = 5 | | (mény + myng) + 2 E eley” . (2.16)
i=1 .,y

Finally, any time a brane intersects its {2 image one has chiral matter in the symmetric
and anti-symmetric representations. In particular, the number of (anti-)symmetric repre-

sentations is

1 1
5 [Ia& + (IaO +Ia0’)] = 5 [Ha OHEL + Ha © (HO +HO’)]
1 2 2 2 (2.17)
= [4 Hménfl —4F4 (Hmﬁb—i—anl)] ;
i=1 i=1 i=1
where we have used the property that, for any D7 brane,
22639 =0 mod 47, and 4 Z el ey =—4. (2.18)
x,Yy z,y

Although a generic configuration of D7 branes is not supersymmetric, if their relative
angles with respect to the O planes satisfy the familiar condition ! + p? = 0, for each



stack of D7, branes, then some amount of supersymmetry is preserved. The condition
on the angles is equivalent to the requirement that the two-cycles wrapped by the branes
be actually a special Lagrangian submanifold calibrated by Re({24), where here (2; is the
holomorphic d-form of the internal manifold. In the T-dual version in terms of magnetised
background, the supersymmetry conditions translates into the self-duality of the internal
ﬂlIX, H1 = H2 [3]

If we compare the expressions (2.15), (2.16) and (2.18) with the spectrum worked-out
in appendix A and summarised in table 3, we can identify

Sap=—4) e, (2.19)
z,y

i.e. the number of mutual intersections between branes a and b coinciding with the orb-
ifold fixed points is precisely given by minus four times the inner product of the Fourier
coeflicients relative to the collapsed cycles.

As an example, the original U(16) x U(16) vacuum of [45, 46] involves two stacks of
16 branes each, with wrapping numbers

ﬂD'? ~ (m17n1;m27n2) = (17Oa 170)7 ﬁD'?' ~ (mlvnl;m27n2) = (07 1;0, 1) . (220)

Pairs of stacks of D7 branes can recombine on the T%¢/Z,. Although the dynamics
of this process cannot be described by the underlying perturbative CEF'T, the rules for
analysing the recombination process are well established, and essentially amount to RR
charge conservation [47]. For the 2 orientifold this is particularly simple, since the invariant
combinations of branes carry a charge only with respect to the 7r; and 7y cycles. In fact,
one finds that the recombination of N, D7, and N, D7, brane yields N. D7, branes

N, (I, + IT;) = [N, (IT, + IT;)] U [N, (IT, + IT;)] , (2.21)

with N, = GCD(N,, Np), and wrapping numbers determined by the conditions

2 Na

Ny
mimc = — m}lmg + = m%mg ,
N N (2.22)
N, Ny
1,2 _ Va1 2 1,2
NN = —— NNy + — NpNy -

N, N,

The amazing result is that all supersymmetric T%/Zy orientifold vacua, with the same
closed-string spectrum, are all in the same moduli space, and thus are connected to the
U(16) x U(16) model of [45, 46] via the recombination of suitable numbers of branes. This
connection is expected to hold also in the case of compactifications on orbifolds of skew
tori (with quantised real component of the complex structure [48]), though we have not
analysed it in detail.

Let us consider in fact the complete recombination of the D7 and D7’ branes. The
resulting configuration involves a single stack of 16 branes with wrapping numbers (1,1;1,1)
thus yielding a U(16) gauge group together with 4 hypermultiplets in the anti-symmetric
120 representation. Similarly, one could recombine only 4 D7 branes together with the 16



D7’ ones, so that the resulting configuration contains for instance two different stacks of
branes of the type

12 D7 branes with : (m!,n';m? n?) = (1,0;1,0),

2.23
4 D7" branes with :  (m!,n';m? n?) = (1,2;1,2). (2.23)

The gauge group is now U(12) x U(4) with hypermultiplets in the representations 2 (66, 1)+
10(1,6)+4(12,4). This is precisely the magnetised vacuum without D5 branes found in [3].

In the T-dual picture in terms of magnetised branes the recombination process has the
suggestive interpretation of brane transmutation, i.e. some D5 branes dilute into a constant
magnetic background on the world-volume of the D9 branes. Alternatively, the process is
somewhat dual to the small instanton transitions of [1], where now the instanton becomes
fatter and fatter and invades the whole compact space. We shall give evidence to this
picture in section 5.

In the field theory limit, the recombination of branes a and b is described in terms of
the Higgsing of massless scalars in the bi-fundamental (N,, Ny), and we shall review it in
the next section.

2.1.2 Brane supersymmetry breaking vacua

Brane Supersymmetry Breaking [27] is an interesting deformation of the supersymmetric
T*/Zy orientifold, where the world-sheet parity is further dressed with an involution of
the internal manifold o that affects the projection of the twisted sector, 2 =0c. In
this way, the Klein-bottle projection (anti-)symmetrises the (NS-NS) R-R twisted sector
and therefore the closed-string spectrum, still N = (1,0) supersymmetric, comprises 17
tensor multiplets together with 4 hypermultiplets aside, of course, of the gravitational
supermultiplet. From a geometrical perspective, the involution o affects the nature of the
orientifold planes that now are O7_ and OT7’,, i.e. the O-planes wrapping the my cycle
have positive NS-NS tension and positive R-R charge. As a result, they have a different
orientation with respect to the more conventional O7_, so that IT o, = —2 79, while
ITog_ = +2m as before.

An additional difference with respect to the previous supersymmetric case, is that the
presence of ¢ also affects the components of a D7 brane with respect to the collapsed cycles,
and the behaviour of the latters under £2:

+1 if (2%, 2Y) e IT,,
v | F2 (21, 23) € 14 (2.24)
0 otherwise,
and R
2. (my, 72, w3, T4, g mg) = (w1, W2, —Wy, —My, —T5, ) , (2.25)

2-epy = +eyy.

The choice of the coefficients €5” reflects the orbifold action on the Chan-Paton labels, that

is now real [27]. As a result of eq. (2.25), the {2 invariant combination

I, +IT5 =2c,m + 2k ma+2 ) el ey (2.26)
x?y



has now components not only along the bulk 7; and 72 cycles, but also along the excep-
tional ones. This implies that additional conditions have to be imposed on a consistent
configuration of D7 branes, resulting in additional tadpoles for the twisted RR six-form
potentials. Of course, this is in agreement with the perturbative CFT description, that is
summarised in appendix A.

The chiral open-string spectrum is still captured by the intersection form of the two-
cycles wrapped by the branes. A generic D7, brane still supports a unitary gauge group
U(N,), while open strings stretched between intersecting D7, and D7, branes come in
bi-fundamental representations (N,, Np) with a degeneracy given by

2

1 o o

Loy =Mooy = 5 [H (minp —myni) —4) e egy] , (2.27)
=1 T,y

open strings stretched between intersecting D7, and D7; branes come in bi-fundamental

representations (Ng, Np) with a degeneracy given by

2
1 o o
Ly =1aoll; = [H (mi,njy +mini) —4) e egy] : (2.28)

i=1 Ty

and, finally, any time a brane intersect its 7, image chiral fermions carry a (anti-)symmetric
representation with a degeneracy given by

1

5 [T T Tuo_ +Tu0,)| = 5 [Hao Ha ¥ (a0 Ho_ + o010, )|

2 2 2 (2.29)
[4 [[mini—454 (Hma - Hna)] :
i=1 i=1 g

1

N M

Comparison with table 2 allows us to identify

€q €p Sqp = —4 Z exy el‘fy , (2.30)
x7y

where, in the CFT analysis, Sy, counts, as usual, the number of mutual intersections
between branes a and b coinciding with the orbifold fixed points, while ¢, takes into account
the action of the orbifold on the Chan-Paton degeneracies. Note also that, since the €5’ are

ea? €5? = 4. Special care is needed when a D7 brane wraps the same cycle

now real, 4 3
as an orientifold plane, since now gauge groups become orthogonal or symplectic depending
on whether the O-plane is an O7_ or an O7’, one.

Since supersymmetry is explicitly broken in the open-string sector, charged scalars do
not carry the same representations as their “would be” fermionic superpartners. Although
the geometrical description adopted in this section is not suited for determining their spec-
trum, the perturbative CFT analysis of appendix A gives complete information about their
representations and multiplicities, and the complete spectrum is summarised in table 4.

Also in this case with Brane Supersymmetry Breaking we conjecture that all T*/Zs

vacua, with the same closed-string spectrum, are connected to the original SO(16)? x

~10 -



USp(16)? model of [27] via the recombination of suitable numbers of branes, though they
might be separated by an energy barrier as argued in section 4.

Before we show the connection by working out some explicit examples, one should note
that the rules for brane recombination (2.22) are now changed since they have to take into
account also the conservation of the twisted charges, that are now non-vanishing. Let us
suppose we recombine one D7, and one D7, brane

(IT,+IT5)U (T4 IT;) = (mim24mpmd)miH(nin24nind)wot+2 Z(ezerefy) ey . (2.31)
r’y

This cannot yield automatically a factorisable D7, brane since, in general

23 (e + ) #4, (2.32)
:'E?y

that is to say the associated IT. cycle crosses more or less fixed points than the canonical
four touched upon by a factorisable cycle. As a result, in order to allow the recombination
of two or more branes into a factorisable one the additional condition

2> ) e =0mod 4 (2.33)
T,y a

must hold. In this case the bulk cycle of the recombined branes is identified by the wrapping
numbers (m?’,nt), with

1,2 _ 1,2 1,2 _ 1,2
memsz = E mg ms , N Ny = g Ng Ny, - (2.34)
a a

Let us discuss now some simple examples where the various recombinations of branes
in the original model [27] yield new and old vacua with Brane Supersymmetry Break-
ing. The SO(16)% x USp(16)? model involves eight copies of physical branes wrapping the
following cycles:

~ 1
H1%7 = IIp7 £ - (e11 +e1x + e +e2),

2 (2.35)
H%, =I5, + 5 (e11 +e13 +e3 +es3),
where ITp; = %‘m and IT Dy = —% 79, with the minus sign implying that the D7’ branes

are actually anti-branes, and thus their cycle has an opposite orientation. The sign in front
of the exceptional cycles reflects, as already stated, the different orientifold action on the
associated Chan-Paton labels, and thus the various twisted RR charges.

In this case, one needs to recombine at least three different stacks of branes in order
to get a factorisable one. For instance, one could recombine’

4x2IT7, ) U (8x 2T, ) U (8x2IT_, (2.36)
b7 D7 D7

'The additional factor 2 takes into account the fact that the D7 and D7 branes wrap the same cycle as
their orientifold images. Here and in the following we shall omit to indicate the orientifold images, though
they are tacitly present in the identification of the invariant cycle.
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Multiplicity ~Representation — Multiplet/Field Chirality
4 (28,1) +(1,28)  Weyl Fermion Left-handed
2 (8,8) Hypermultiplet  Right-handed
16 (8,8) Scalars -
1 (64,1) + (1,64) Gauge Multiplet  Left-handed

Table 1. Massless spectrum of the U(8) x U(8) model.
correspond to Cy (Sy4) characters.

Left-handed (right-handed) fermions

to yield a new vacuum with eight horizontal D7 branes of type IT 37, four horizontal D7
branes of type IT. and four oblique D7, branes wrapping the cycle

1
(m1—4dmy+2m3 —2my) — = (e11 + e12+ €21 + €2) . (2.37)

IIp7, = 5

DN | =

This configuration clearly satisfies both the untwisted and the twisted tadpole conditions,
and reproduces the Brane Supersymmetry Breaking vacuum without D5 antibranes of [3]
and with anti-self-dual magnetic background, with gauge group SO(16) x SO(8) x U(4).
Another possibility would be to recombine all branes of the original model. This would
identify the two-cycle w1 — o, without any leg along the collapsed cycles. What kind of
brane could this correspond to? Notice that in the original configurations all branes were
crossing the orbifold fixed points, and in particular the fixed point at the origin of the 7%
with (z1,22) = (0,0). As a result, also the recombined brane(s) should cross the origin,
since the recombination process does not involve any deformation associated to brane
displacements and/or Wilson lines. Moreover, in this vacuum all branes passing through
the origin cross exactly four fixed points, and thus wrap four collapsed cycles. As a result,
the complete recombination of all branes in the original model must result in, at least, two

different stacks of branes wrapping the same bulk cycle w1 — 75 but with opposite twisted

1

charges. Given the Fourier coefficients ¢! = (3, —%, 0,0) one has the solution

(8x 2I3;) U (8 x 2IT ) U(8 x 21T ) U (8 x 2IT ) = 8(ITq+ M),  (2:38)
with
1 1
Iy = - (m —my + 73 —my) + - (e11 + e1s +eq1 +ey)
2 2 2.39
1 : 23
Iy = 5(7"1 — M+ T3 — Ty) — 5(611-1-6144-6414-644) :

The Chan-Paton gauge group is now Gep = U(8) x U(8) with left-handed fermions in
the adjoint representation and in four copies of the (28,1) + (1,28), and right handed
fermions in two copies of the bi-fundamental representation (8,8). From the CFT analysis
of appendix A one also finds 16 real scalars in the (8, 8) together with 8 real scalars in the
(8,8), as summarised in table 1.

More examples can of course be studied, though we leave a detailed analysis to the
interested reader.
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2.2 Four-dimensional models

In four dimensions we focus our attention on a specific class of models based on the
76 /Zs2 X Zsg orbifold with discrete torsion. The naive orientifold construction with or-
thogonal D-branes is a generalisation of the Brane Supersymmetry Breaking construc-
tion with supersymmetry broken in the open-string sector [30]. However, it was shown
in [39-41] that supersymmetric vacua exist also for this compactification and involve non-
trivial angles and/or magnetic backgrounds. The natural question is then whether the two
constructions are related by some (non-perturbative) effect, like brane recombination.
The Zo x Zo group is generated by the elements

g = (+7_7_)7 h:(_>_7+)a (2'40)

while, as usual, f = gh = (—,+, —), and the i-th entry denotes the action of the orbifold on
the i-th factor in the factorisable 76 = T2 x T? x T?. The presence of discrete torsion, i.e. a
relative sign € = —1 in the independent SL(2,7Z) orbit in the twisted sector, exchanges the
ha1 and hq; Hodge numbers of the smooth Calabi-Yau manifold [49], and acts as mirror
symmetry in the type II compactification.

The description of the homology of the X = T%/Zy x Zs space is similar to the six-
dimensional case previously studied. H3(X,Z) is generated by the eight bulk cycles

{7}i=(a1 ®az®as, by b @ bs, by @ b ® as, a1 ® az R bs,
(2.41)
b1 ®az;®b3, a1 @by ®as, a; @by ® bz, by ® ax ® az)

inherited from the T6. These three-cycles are common both to the orbifolds with and with-
out discrete torsion. In the former case, however, one has also to consider the exceptional
cycles that are built by tensoring a collapsed two-cycle e;y, localised at the fixed point zfcy
of the i-th element of the orbifold group, with a one-cycle of the spectator T

o, =2a1®ej,, aﬁy:2a2®e£y, agy:2a3®ezy,
(2.42)
gy:2b1®egy, Bgy:2b2®€£y, B}I‘y:2b3®eféy.

Altogether, these generate H3(X,Z) whose dimension is indeed b3 = 104. Here and in the
following we use the index i to label both the i-th element of the orbifold group (g, f, h) and
the i-th T2 component of the factorisable 7. These are in fact related since, for instance,
g leaves the first T2 fixed, while h is inert on the second one, and f on the third 72.

The intersection form of these cycles can be straightforwardly derived from the one
of the covering T¢ and from the intersection form of the exceptional cycles in T%/Zs. In
particular, noting that under the Zy x Zs action each bulk three-cycle has exactly three
orbifold images

i =1+g9)(1+h)w, (2.43)

and that collapsed cycles of different twisted sectors do not intersect, one finds the following
non-vanishing entries of the intersection form:

1

Iij:ZTriOﬁj:—4’L.02®14, (244)
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and

9?;7’0111 = 5 a;\y © ng =—4 5>\H Oz (Syw ) (2.45)
where o9 is the Pauli matrix, 14 is a 4 x 4 identity matrix, and we have used the fact that,
for a given twisted sector, €y © €y = —2 gy dyw, While a; 0 bj = J;;. A generic three-cycle

of X can thus be written as

8 4
I, = Z cmwi+ Z Z (uzf’;\ agy + 1/23%\ ,Bg’zy) ) (2.46)
=1

A=g,fhz,y=1

Also in this case it is customary to refer to
8
. a .
oI => cdmn (2.47)
i=1

as the bulk cycle.

Modding-out the T¢/Zy x Zs compactification by 2 = 2R (—1) implies that four
different types of O6 planes are introduced at the fixed locus of 2, 2g, 2 f and 2h. In
particular, given the action of the orbifold on the three-cycles and the fact that 2-a; = +a;
and £2 - b; = —b;, one obtains the following geometry of 067 , 0639, 065 ; and O6§h planes
with associated three-cycles

Ho,eo:2foﬂ'17 Hg,eg:_2€g7r7a Hf,ef:—26fﬂ'5, Hh :—26hﬂ'3, (248)

s€h

where we have properly normalised the cycles as pertained to O6 planes. The signs €, = +1
determine the type of orientifold plane o = o,g, f, h, with positive €, associated to a
conventional O-plane with negative tension and charge, while ¢, = —1 refers to an exotic
plane with positive tension and charge. These signs are actually not arbitrary, but have to
be correlated to the presence/absence of discrete torsion € as [30]

€= €r€g€Ef €. (2.49)

In the following, we shall make the definite choice € = —1 and (o, €, €5, €,) = (+,+,+, —)
as in [30, 39, 50], while the other options can be discussed in a similar fashion and require
only minor modifications.

A generic D6-brane on the T*/Zy x Zs orbifold is thus identified by the Fourier coeffi-
cients of its associated three-cycle IT, with respect to the basis in Hj3 previously introduced.
In particular, as in the six-dimensional case, these coefficients are uniquely specified by the
wrapping numbers (m/,n’) associated to the canonical one-cycles of the i-th T2. As a
result,

.1
T ___ a a a a,a, a a, . a a a a, . a a a,. . a a,.a a a,.a, a a a a
{ea} 1 (m{mgmg, n{nyng, n{ngms, mimang, nimang, m{nyms, mingng, nfmsms)
(2.50)
while

a vy Lo ay
myeg s Vax = 2 NX€an- (251)
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The Fourier coefficients eiy)\ associated to the collapsed cycles identify the fixed points
crossed by the bulk cycle associated to the D6 brane, and are related to the orbifold action
on the Chan-Paton coefficients. So in the case at hand with (e, €, €f,€,) = (+,+,+, —),
one has

+1i i (e, 2%, 2Y) € II,, +1i if (2%, e, 2Y) € II,,
Egyg _ 2 ( 2 3) a Ezyf — 2 ( 1 3) a (2‘52)
’ 0 otherwise, ' 0 otherwise ,
while
+1 if (2%, 2Y, e) e IT,,
€ah = ? A, 72 ) ¢ (2.53)
’ 0 otherwise .

Generically, the cycle IT, is not left invariant by §2, and thus one needs also introduce
its image Il in order to build an invariant configuration. To this end, one has to use the
previous action of {2 on the canonical one-cycles of each T2, as well as its action on the
collapsed ones

Q- agy = —€) a;y, Q- ﬂgy =€) @y, (2.54)

where the signs € are precisely those that determine the type of O-planes associated to the
g, f and h twists. Also in this case, it is useful to introduce the invariant combination II, =
II, + II, in order to determine the effective cycle wrapped by an invariant combination
of branes.

The chiral spectrum can be derived as usual by computing the intersection numbers
between different stacks of branes and between branes and orientifold planes [40], or by a
direct CFT computation of the annulus and Mébius-strip amplitudes [50]. There are some
subtleties here associated to the different nature of the orientifold planes. For instance,
while D6 branes lying on O6_ planes yield unitary gauge groups, when lying on a 06
the Chan-Paton coefficients become real and the gauge groups turns out to be symplectic.
Moreover, when D6 branes wrap the same cycle as an O6-plane the twisted charge assign-
ments of egs. (2.52) and (2.53) have to be modified so to reflect the correct orbifold action
on the Chan-Paton labels, that can be found, for instance in [51, 52]. In the following, we
shall not be concerned with the complete spectrum but will mainly focus our attention on
the gauge group.

Also for this four-dimensional example, different vacua with common closed-string
sector, i.e. different solutions of the tadpole conditions, can be connected via brane recom-
bination. In particular, it is quite amusing that the simplest vacuum with Brane Supersym-
metry Breaking [50] is actually connected to the supersymmetric solutions of [39, 40, 53].
Let us show this connection in few illustrative examples.

The simplest solution of tadpole conditions is in terms of different stacks of D6 and
D6 branes that are parallel to the various O-planes. Their wrapping numbers are

DGO:(LO;LO;LO)v D6g:(170;071;07_1)a
(2.55)
D6y = (0,-1;1,0;0,1), D6, = (0,1;0,1; 1,0).
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while the associated twisted charges identify different stacks. In particular, the consistency
of the construction implies the following invariant cycles wrapped by the various D6 branes
and their images

~ -+ 1 1 1
Ho:+7ﬁi2§:Mma —+5mits (afy+aly+aby +aby)
2 g 2 2

L1 A 1 1

I, = —gmr+2 3 v Bl = —gmrt g (Bl ol ol +8L) . (256)
,y—l

L 1

Hf:_*ﬂ'f’iQZ’ﬂy g __57"5i (B, + B3 + B4, + BE3) -
z,y=1

As anticipated the Chan-Paton labels of the D6; branes are now real and carry non-
vanishing charges with respect to all twisted RR forms

1
I}, = +5ms +2 ZI( vt B9, + vy Bl + it al,) (2.57)
Ty

In particular, one has to distinguish four independent three-cycles

ﬁi = +;7"3+ (:311 +BY5+ 8%, +8%+6],+81 +,331+,833+a11+a13+a31+a33>
ﬁi = “‘%7"3‘*‘% 9+ B +85, + 8%~ Bl —Bls— B — Bl — ol —aly—al - 3)
ﬁi = +% % (:311"’5 5+ 8%+ 8% — Bl — Bl — B — Bl + ol +aly+ o +al >
T} = oy (B0 Bl By Bl By + Bl L+ Bl — oy —ody — ol —all)

(2.58)

all wrapping the same bulk cycle 73 but with different e coefficients, and thus with different
twisted RR charges. The resulting gauge group is U(8)% x U(8)? x U(8)% x USp(8)* and
the spectrum is not supersymmetric due to the presence of the D6;, antibranes, needed to
cancel the charge of the exotic O6" planes.

Actually, it was long believed that this T6/Zy x Zs orientifold with discrete torsion
could admit only non-supersymmetric vacua, due to the positive tension of the exotic O-
planes. However, it was noticed in [39-41] that this is not really correct, since rotated
(or magnetised) branes can actually “mimic” negative tension objects and thus allow for
four-dimensional ' = 1 supersymmetric vacua. The simplest instance involves four stacks
of four D6 branes each, wrapping the bulk cycles associated to the wrapping numbers
(1,1;1,1;1, —1). The resulting gauge group is U(4)* while (supersymmetric) matter comes
in all possible (non-chiral) bi-fundamental representations and in chiral anti-symmetric
representations for each factor [50].

Actually, these two vacua are not disconnected since the supersymmetric one can be
obtained by fully recombining the (orthogonal) D6 branes of [30]. As in the six-dimensional
configurations with Brane Supersymmetry Breaking, some care is needed to study the
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recombination process, since twisted tadpoles imply that different stacks of branes wrap
the same bulk cycle, though they have different e coefficients. In details, the recombination
of the bulk cycles clearly yields

[m1] U [ms] U [—m5] U [—77] = ﬂsusy =7 + 7wy — W5 — 77, (2.59)
with
mimaoms = 1, ningms = 1, nimseong — —1, mingng = —1, (2.60)

whose solution corresponds, for instance, to the wrapping numbers (1,1;1,1;1,—1). The
identification of the correct collapsed components requires some care, and finally one gets
the following three-cycles associated to the four (invariant) supersymmetric stacks

_ 1. 1 . _ -
IT,, = §Hsusy+ 3 Z _Z,Bgy+z,3£y+awy_ ,
z,y=1,4
iy = i1 S [i82, -8l - )]
susy 9 Y ) R Ty Y|
=14
, . . s ] (2.61)
~ ~ . . h
Hsusy Eﬂsusyfg Z zﬁgzyilﬁgijamy )
y=14 |
~ 4 1 1 P )
Hsusyzgﬂsusy_i Z _Zﬁgy+lﬁ£y

Another way to solve the tadpole conditions, while preserving N’ = 1 supersymmetry,
is to introduce four different stacks of D6 branes with wrapping numbers and multiplicities

D6; : Ny =2 and wrapping numbers (1, — —4;2,1),

D6y : Ny =2 and wrapping numbers (1, —1;1,—-4;2,1

D63 : N3 =1 and wrapping numbers (1, —2;3, -2;2,1
(

1,6;1, —=2; -1

)

(2.62)

)

)

)

)

D64 : Ns=1 and wrapping numbers ).
yielding a U(2)? x U(1)? gauge group [53].

It is interesting to see that this vacuum can not be obtained from the (minimal) non-

supersymmetric one with orthogonal D6 branes, after suitable brane recombinations. In
fact, the (invariant) bulk cycles wrapped by the supersymmetric D6 branes are

~ 1 .
o= (2m+8ms —ms—dmr) =5 i Y B, +4 ) B, F2 ) o |,
s - i

-1 1
B . f h
H3_§(67r1+8ﬂ'3—67"5—27r7)_§ 1 _ZB + 27 Z/Bg;y_Q Zaajy )

= r=1,2 r=1,2
y=1 y=1,3 y=1,2
- 1 1 ) h
ﬂ4:§(27r1—247r3—67r5+2777)+§ 622 _2Z26 +2Zamy ’
Y i

(2.63)
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and thus there are not enough D6 branes to reproduce the previous cycles. A possible
solution would be to add 24 brane-antibrane pairs of type D6;, and 2 brane-antibrane pairs
of type D6, in the original non-supersymmetric vacuum.

3 The low-energy Higgs mechanism as brane recombination

Brane recombination is a purely stringy mechanism where some branes dilute into others
and get transmuted in a (new) constant magnetic field background. In a sense, the process
of brane recombination is the inverse of the small instanton transition of [1]. Although
this interpretation is at first hand correct, as we shall argue in section 5, a deeper analysis
suggests that in the case of brane recombination the process is subtler and involves non-
perturbative effects associated to Abelian Born-Infeld configurations.

As observed by Witten [1], in the small instanton transition the hypermultiplet moduli
space develops a conical singularity at a finite distance. In correspondence, when the
instanton shrinks to zero size, the target space exhibits an infinite tube where the dilaton
grows, breaking the CFT perturbative description, signalling the presence of a solitonic
brane. The net result on the dynamics is just an enhancement of the gauge symmetry,
namely a conventional (inverse) Higgs effect, where the size of the instanton is related to the
vev’s of scalar fields originating from open strings stretched between Dp and D(p+4) branes.
Following similar/inverse reasonings, it is quite natural to associate the process of brane
recombination to a conventional field theoretic Higgs mechanism. These two phenomena
share many common features, as for instance, the reduction of the rank of the gauge group
and of the number of chiral fermions. However, despite these similarities, a proof of the
equivalence is far from being under control since the process of brane recombination not
only involves the condensation of the light (or tachyonic) Higgs fields, but the whole tower
of string excitations take a non-trivial part in the process, that again cannot be described
in CFT and requires some additional non-perturbative analysis.

Although, the description of brane recombination as a low-energy Higgs effect does not
require the presence of some amount of supersymmetry, by analysing a series of simple six-
dimensional examples, we shall show that whenever supersymmetry is absent, the presence
of some (non-renormalisable) higher-order couplings in the low-energy Lagrangian has to
be postulated in order to lift the extra states and to correctly recover the charged light
string spectrum. More examples will be discussed in appendix B.

3.1 Higgs mechanism in six-dimensional supersymmetric vacua
3.1.1 A model with simple recombination

The simplest example of a Higgs mechanism is the U(16) x U(16) — U(16) breaking in
six-dimensional supersymmetric vacua, whose brane recombination process was already
studied in section 2.1.1. The original spectrum of [45, 46] comprises hypermultiplets in the
anti-symmetric representations of the gauge group and in the bi-fundamental (16, 16). If
the bi-fundamental hypermultiplet gets a non-vanishing vev the gauge bosons associated to
the anti-diagonal combination of the two U(16) become massive, and thus only a diagonal
U(16) survives at low energies together with four hypermultiplets in the 120 representation,
exactly the same spectrum pertaining to a single stack of (recombined) branes wrapping
the diagonal of the two T?’s.

~ 18 —



3.1.2 A model with multiple recombinations

A more involved Higgs mechanism is required to obtain the light states of the U(12) x U(4)
model of [3]. This vacuum was reproduced in section 2.1.1 via the recombination of four
horizontal D7 branes and sixteen vertical D7’ ones. Actually, as a matter of facts, any time
one partially recombines the original branes the process cannot be described by simply
assigning non-trivial vev’s to bi-fundamental scalars. In fact, in the case at hand, a vev
for the (16,16) hypermultiplets that would naively break U(16) x U(16) to U(12) x U(4)
can always be rotated within the colour indices to reproduce the vacuum with the diagonal
U(16). As a result, one needs to assign non-vanishing vev’s to diverse hypermultiplets
transforming in different representations of the gauge group.

To reproduce the U(12) x U(4) model via a field theoretic Higgs mechanism one then
needs to give suitable discrete and continuous vev’s to all hypermultiplets. In particular,
one can describe the whole process in two steps. First, break

U(16) x U(16) — U(12) x U(4) x U(4)* (3.1)

by turning on discrete Wilson lines and/or brane displacements in such a way to split the
sixteen D7 branes in two groups of twelve and four sitting at different fixed points, and
the sixteen D7’ in four groups of four branes each sitting at different fixed points. This
breaking induces the following decomposition

(120,1) — (66,1;1,1,1,1) + (1,6;1,1,1,1) + (12,4;1,1,1,1),
(1,120) — (1,1;6,1,1,1) +(1,1;1,6,1,1) +(1,1;1,1,6,1) + (1,1;1,1,1,6)
+(1,1;4,4,1,1) + permutations,
(16,16) — (12,1;4,1,1,1) + permutations
+(1,4;4,1,1,1) + permutations,
(256,1) — (144,1;1,1,1,1) + (1,16;1,1,1,1) + (12,4;1,1,1,1),
(1,256) — (1,1;16,1,1,1) 4+ permutations
+(1,1;4,4,1,1) + permutations,
where we have highlighted the states that take part in the six-dimensional N’ = (1,0)
discrete Higgs mechanism, and decouple from the light spectrum. The second step then
consists in assigning vev’s to the hypermultiplets in the representations
(1,4;4,1,1,1) + (1,4;1,4,1,1) + (1,4;1,1,4,1) + (1,4; 1,1, 1,4) . (3.3)

As a result, the U(4)> is broken to the diagonal U(4) while the U(12) gauge group stays

massless, according to the decomposition

(66,1;1,1,1,1) — (66,1),
(1,6;1,1,1,1) + (1,1;6,1,1,1) + permutations — 5 x (1,6),
(12,1;4,1,1,1) + permutations — 4 x (12,4), (3.4)
(1,4;4,1,1,1) + permutations — 4 x (1,16),
(
(

144,1;1,1,1,1) — (144,1)

) ) ) ) )

1,16;1,1,1,1) + (1,1;16,1,1,1) + permutations — (1,16) + 4 x (1,16),
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where again we have highlighted the states that become massive after the Higgsing. The
massless spectrum thus obtained precisely reproduces the one of [3] and of section 2.1.1.

Although, we have achieved the U(12) x U(4) vacuum via a two-steps low-energy
process as corresponding in string theory to a rank-preserving breaking via (discrete) brane
displacements and /or Wilson lines, followed by a recombination of multiple stacks, it seems
plausible that the final result could be obtained in one stroke by turning on suitable discrete
and continuous vewv’s for the physical and un-physical scalars, as suggested by the simpler
brane recombination process described in section 2.1.1.

3.2 Higgs mechanism in six-dimensional brane supersymmetry breaking vacua
3.2.1 Recombination with fractional branes

We want to reproduce here the non-supersymmetric vacuum with all branes recombined to
yield two independent stacks of D7 branes wrapping the same bulk cycle (corresponding
to the diagonal of both 72’s) but with opposite twisted charges. The final gauge group is
U(8) x U(8) and the light spectrum is summarised in table 1. In the low-energy effective
field theory this vacuum can be obtained via a Higgs mechanism of the SO(16)% x USp(16)?2
model of [27], after the scalars in the bi-fundamental representations

(16,1;1,16) + (1,16;16,1) (3.5)

acquire non-trivial vev’s. This scalars however, not only give masses to the gauge bosons
associated to the broken generators, but must also contribute to tree-level masses for extra
scalars and fermions, in order to reproduce the light spectrum of table 1. Let us analyse this
phenomenon in some detail by decomposing the various SO(16)? x USp(16)? representations
of the Brane Supersymmetry Breaking model [27] in terms of U(8) x U(8) ones, where
each U(8) factor correspond to the diagonal breaking of SO(16) x USp(16). For the bi-
fundamental scalars one finds

(16,1;1,16) — (28 +28,1) + (36 +36,1) + (64,1) + (64,1),

_ . 3.6
(1,16516,1) — (1,28 + 28) + (1,36 + 36) + (1,64) + (1,64), (3.6)

while for the adjoint vector bosons
(120,1;1,1) 4+ (1,120;1,1) — (28 +28,1) + (64,1) + (1,28 + 28) + (1,64), (3.7)

(1,1;136,1) 4+ (1,1;1,136) — (36 + 36,1) + (1,64) + (1,36 + 36) + (64,1),

2

where again the highlighted states become massive.” The remaining massless spectrum

would thus include four scalars and one right-handed fermion in the representations
(16,16;1,1) 4 (1,1;16,16) — 2 x [(8,8) + (8,8) + (8,8) + (8,8)] , (3.8)
one left-handed fermion in the representations

(120, 1;1,1) 4 permutations — 2 x [(28 4 28,1) + (64,1) 4 (1,64) + (1 + 28 +28)] , (3.9)

2Here we have assumed that in the Brane Supersymmetry Breaking vacua the Higgs mechanism involves
a doublet of scalars.
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and half left-handed fermion in the representations

(16,1;16,1) + (1,16;,1,16) — 2 x [(8,8) + (8,8) + (8,8) + (8,8)] . (3.10)

These are too many states if one wants to match the spectrum in table 1. Therefore, for
the Higgs mechanism to offer a field theory description of brane recombination, the Higgs
fields ought to couple to un-matched matter fields to make them massive. A simple glimpse
at the various quantum numbers, shows that, in the original model, the following allowed
third-order fermion ® fermion ® scalar Yukawa couplings

(16,16;1,1) ® (16,1;16,1) @ (1,16;16,1) ,

(16,16:1,1) ® (1,16;1,16) ® (16,1;1,16),
(3.11)
(1,1;16,16) ® (16,1;16,1) ® (16,1;1,16),

(1,1;16,16) ® (1,16;1,16) ® (1, 16; 16, 1),

would suffice to give mass to the extra fermions, while for the extra bosons one should
invoke fourth-order scalar couplings of the form

(16,16;1,1) ® (16,1;1,16) ® (1,1;16,16) @ (1,16;16,1), (3.12)

consistent with the fact the scalar masses mgs ~ v? should be proportional to the vev-
squared. Finally, there are two copies of Weyl fermions in the adjoint representation
(64,1) + (1,64), and one combination of them should get a mass in order to match the
spectrum of the U(8) x U(8) model. This is indeed possible through couplings to the adjoint
scalars (3.6) which trigger the Higgs mechanism.

3.2.2 Recombination in the bulk

Also in vacua with Brane Supersymmetry Breaking one has the possibility to move branes
in the bulk. Of course, charge conservation implies that this deformation is consistent
only if one moves pairs of fractional branes with opposite twisted charges, so to preserve
the twisted tadpole conditions. Then the compound of fractional branes recombines into
bulk ones with reduced gauge group. Clearly, this operation is allowed both for orthogonal
branes and for branes at arbitrary angles. In the former case, one obtains the vacuum
described in appendix A.1, whose excitations are listed in table 5. In the latter case, one
has to properly deform the amplitudes as explained in appendix A.1 to obtain the massless
excitations listed in table 6.

As an example, a possible solution of tadpole conditions introduces a single stack of
rotated branes wrapping the shifted diagonal of both 7%’s. According to table 6, the light
excitations comprise a full vector multiplet in the adjoint of the U(8) gauge group and
charged matter as in table 2. It is interesting to observe that, as expected, this vacuum
can be obtained from the U(8) x U(8) one with fractional branes described in section 2.1.2,
by giving a non-trivial vev to the hypermultiplet in the (8, 8) representation. A super-Higgs

- 21 —



Multiplicity ~Representation  Field/Multiplet Chirality
1 64 Gauge Multiplet  Left-handed
1 64 Hypermultiplet  Right-handed
8 28 Weyl Fermion Left-handed
16 28 Scalars -
16 36 Scalars -

Table 2. Massless spectrum of the U(8) model containing one stack of diagonal D7 branes in
the bulk.

mechanism seems to be at work also in this non-supersymmetric vacuum,® and the resulting
spectrum matches indeed the one of table 2, since under the breaking U(8) x U(8) — U(8)

4 % [(28,1) + (1,28)] — 8 x 28 (Weyl fermions),

(3.13)
16 x (8,8) — 16 x [28 + 36] (scalars) .

It is interesting to check, whether the same vacuum could be obtained by recombining
the orthogonal bulk branes in the SO(16) x USp(16) model. After all, the mental process
one has followed to obtain the U(8) vacuum is to start from the Brane Supersymmetry
Breaking model of [27], recombine all branes into the U(8) x U(8) vacuum and then move
the branes in the bulk. It is conceivable, however, to follow a different path, where one first
moves the orthogonal branes in the bulk to break the gauge group to SO(16) x USp(16) and
then recombine them in the diagonal branes. Although in string theory these two ways to
proceed yield the same result, it is not the case if one tries to describe the whole process in
field theory by use of the Higgs mechanism. In fact, the breaking of the SO(16) x USp(16)
gauge group in the diagonal U(8) can be achieved in field theory by assigning a non-
vanishing vev to the hypermultiplet in the (16, 16) representation. By decomposing the

various representations of table 5 in terms of those of the final gauge group one obtains*
(16,16) — 28 + 28 + 36 + 36 + 64 + 64 (3.14)
for the hypermultiplets including four scalars and one left-handed spinor,
(120,1) — 28 + 28 + 64, (3.15)

(1,136) — 36 + 36 + 64
for the gauge bosons, and

(120,1) — 28 + 28 + 64 Weyl fermions (C),

(1,120) — 28 + 28 + 64 Weyl fermions (C),

(136,1) — 36 + 36 + 64 Hypermultiplets (S), (3.16)
(1,120)

(1,136)

4 x (1,120) — 4 x [28 + 28 4+ 64] Scalars,
1,136) — 36 + 36 + 64 Weyl fermion (S).

3in the sense, that the gauge bosons eat four scalars to become massive.
4As usual, we have highlighted the states that become massive after the breaking of the gauge group.
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Surprisingly, from the recombination of the bulk branes one gets at most six left-handed
(i.e. C-type) fermions in the anti-symmetric 28 representation, while to reproduce table 2
one needs eight such fermions. Does it mean that the two paths are not commuting?

One possible explanation of this mismatch could be that, in vacua with Brane Super-
symmetry Breaking, displacements and Wilson lines associated to orthogonal branes are
not flat directions. At one loop, an effective potential is generated that tends to attract
the bulk branes towards the orientifold planes and orbifold fixed points, as we show in the
next section. On the other hand, Brane Supersymmetry Breaking vacua with intersecting
branes do not induce any quantum potential, at least at one-loop order. As a result, while
the transition U(8) x U(8) — U(8) is in principle allowed, the SO(16) x USp(16) is ener-
getically disfavoured, and thus the branes are attracted towards the orientifold planes to
yield the original vacuum [27] rather than to recombine in the bulk.

3.3 Remarks on the Higgs mechanism in the T®/Z, x Zs orientifold

What about the equivalence of brane recombination and the Higgs mechanism for four-
dimensional vacua? Although the equivalence has been already used in supersymmetric
constructions [47], it is far from being obvious and universal. As we saw in the previ-
ous pages, already within six-dimensional vacua it was non-trivial to show that a Higgs
mechanism in the effective field theory could describe the recombination of branes when
supersymmetry is not present. It is not so surprising that additional subtleties appear in
the T/Zy x Zs orientifold with discrete torsion.

To start with, it is well established that the original chiral non-supersymmetric model
with U(8)% x U(8)2 x U(8)2 x USp(8)* gauge group can be connected to chiral supersymmet-
ric vacua, and this transition can be correctly explained in terms of brane recombinations,
as we have shown in section 2.2. However, it is doubtful that one can capture this tran-
sitions by a simple standard Higgs mechanism in the effective field theory. One argument
would be that the supersymmetry condition for intersecting branes

01 +602+63=0 (3.17)
becomes, in the T-dual picture, a non-linear relation among the magnetic fluxes
H, + Hy + H3 = (O[,)2H1H2H3, (318)

and depends non-trivially on o/, at least for dimensional reasons. This has to be con-
trasted to six dimensions, where the supersymmetry condition 6; + 62 = 0 translates into
a (anti-)self-duality condition H; = +Hs, that does not involve o’. As a result, while in
six-dimension the low-energy analysis is expected to be fully captured by the Yang-Mills
Action, as we shall see explicitly in section 5, in four dimensions eq. (3.18) can only be
captured by a full Dirac-Born-Infeld Action, and a complete superfield analysis is not yet
available.® The original argument [1] relating vev’s of 95 scalars to Yang-Mills instanton
size is also certainly modified, in particular since in this case, not all D5 branes can be inter-
preted as gauge instantons on the parent D9 branes. Indeed, whereas in the six-dimensional

®See [54] for a review on the subject.
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models the gauge group associated to the D5 branes matches the dual gauge group for the
theory on the D9 brane (in both the supersymmetric and non-supersymmetric cases), this
is no longer the case for the 7 /Zo x Zy with discrete torsion due to the fact that D5, branes
support a symplectic gauge group, whereas the D9 gauge groups are unitary. Dissolving all
D5}, is certainly essential in obtaining a supersymmetric model, but the corresponding phe-
nomenon is not a usual small instanton transition. Notice also that the magnetised branes
in these models have three instanton-like charges, one of them having negative mass and
charge. Again, this cannot correspond to a simple field-theory instanton.

As a result, given the previous arguments, it is reasonable to assume that the transi-
tion towards a supersymmetric vacuum might correspond to a new stringy non-perturbative
configuration, which is not fully captured by a Yang-Mills Higgs mechanism. Brane recom-
bination, however, is perfectly applicable and gives important hints on the non-perturbative
transition between the non-supersymmetric and the supersymmetric vacua.

4 Stability in six dimensions

A natural question that arises when studying string models with broken supersymmetry is
that of stability. In general, loop corrections to physical quantities are not protected in non-
supersymmetric vacua, and most of the times can wildly destabilise the tree-level vacuum.
We shall address here this problem within the context of six-dimensional vacua with Brane
Supersymmetry Breaking. Although tachyon free at the tree level, one-loop corrections can
in principle yield non-vanishing mass-terms for the charged scalars and thus it is crucial to
determine their sign. We shall do this by computing the induced potential for the D7-D7
and D7-D7 open strings and the one-loop two-point function for the D7-D7 scalars.

4.1 The one-loop effective potential

To compute the one-loop effective potential for the open-string states we employ the back-
ground-field method. Hence, we turn on non-trivial, constant, vev’s for the brane positions
and Wilson lines a and b, for the D7 and D7 branes, and compute the one-loop free energy
A(a,b). In principle, A(a, b) receives contributions both from the annulus and Mobius strip
amplitudes. However, for the Brane Supersymmetry Breaking model the annulus diagram
is identically vanishing and only M actually contributes. Moreover, from the fact that D7-
O7 interactions are effectively supersymmetric, as can be seen by the explicit expression of
the amplitudes in appendix A.1, it is evident that the vacuum energy does not depend on
the position and Wilson lines of the D7 branes and thus these charged scalars stay massless
also at the one-loop level

m2, = 0. (4.1)

On the contrary, an effective potential for the positions and Wilson lines of the D7 branes,
collectively denoted by b;, is generated. Assuming, for simplicity, that all anti-branes have
been displaced the same amount and carry the same Wilson lines, the potential reads

Ab) =M= —

Nev [P dt ViOs+O4Vi+ 818+ CyC
7/ at Vg Oy aVatoaout CaCa b ). (4.2)
0

4 t4 778
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Here, Nz, counts the total number of antibranes, the hatted characters include suitable
phases as described in [51, 52], while I'L9, encodes the contribution of the Kaluza-Klein
and winding zero-modes

[igy = Z q(m:I:Qb)T A1 (me£20) (4.3)
meZ4
with / R2 / R2
. ! 5« b
A = dlag (R% ; ? ; Ri'% ; (1/> . (44)

Here R; denotes the radius of the i-th compact direction, while b = (b1, b, b3, bs) encodes
the information about brane positions along the first and third compact coordinate and
Wilson lines along the second and fourth compact directions. In order to study the b
dependence of the potential it is useful to perform the P = T'ST?S transformation

it 1 1 1
—t+ - =+ == - 4.
2+2 2t+2 z€—|—2 (4.5)
so that
A(b) = —N=2 Ry Ry / de V404 * O4V4 z S4S4 + C4C4 Z cos(47TmT b) 672MmTAm,
R R l meZ4
(4.6)
and, after some algebra,
N ' Ro R4 1 cos( 47Tm
A(b) = — =L de +
(5) 2r Ry R3 (/0 Z mT Am ) wn
N‘/ '
- 47 Z (=DM da D> D Crm(b) Ki(2rDarm(nd)),
M=1 n==x1mez*
where
M
C m b - )
Mm(15) \/ (m + 2nb)T A~ (m + 2nb) (4.8)

Darm(nb) = \/M (m + 2nb)T A=1 (m + 2nbd),

Ki(x) is the modified Bessel function, and we have used the fact that 174 04 + 04 V4 and
§4 S4 + C’4 C’4 admit the same g-power expansion
S48, +C1Cp &
e AT (49)
The potential A(b) is highly ill defined, as can be seen from eqs. (4.6) and (4.7).
Not only it receives a divergent contribution from the tadpole (the first term in eq. (4.7)

proportional to fo d¢), but it is not under control also for b; = 0, 1, since for these choices

9

1 _ Nz Rs Ry
2 21 Ry R3 0/0 d€+z M—i—mTAm) ’

(4.10)
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Figure 1. The effective potential A(b) in the region Ry > v/o/ and Ry 3.4 ~ Vo'

and the convergence of the sum over the string states is not a priory guaranteed since the
degeneracies dj; grow exponentially with /M.

In the field theory limit, where Ry 3 > V! and Roy < N , the second line in eq.
(4.7) is clearly exponentially suppressed and thus, for the choice (b1, ba, b3, bs) = (b,0,0,0),

Nz Ry Ry r cos(4mm1b
A(b) ~ tadpole — 2; B Fs do m(TAm) (4.11)
This expression has an equivalent interpretation as the interaction of the branes with the
orientifold planes and thus it is not surprising that it is proportional to the Green’s function
in four (compact) dimensions, that blows up for b = 0 or b = % when the branes sit on
top of the orientifold planes, and thus the field theory description is not any more reliable.
One may then conclude that the points b = 0, 3 are (the only) minima of A(b), though an
analytic proof is not available.

In the extreme situation where only R; is in the field theory regime, and Ra34 ~ V/,
the result simplifies further

Nz Ry R4 R? cos(4mm1b)
A(b) ~ tadpole — —~ 1— 4.12
( ) adpole o R1 R3 0 Z o m% ) ( )

m1#0

and the finite contribution is plotted in figure 1, where the presence of the minima is
manifest. Given these results, the field theory intuition and the fact that the second line
in eq. (4.7) is sizeable for b = 0,4 5, we are tempted to conclude that the minima survive
also for generic values of R;, and the D7 are attracted towards the fixed points and there

~ 0%
get a positive one-loop mass, m7,7, ~ b, o6, > 0.

4.2 Masses for the 77 scalars

To estimate the mass of the 77’ scalars x one cannot employ the background-field method,
since open strings with mixed Neumann-Dirichlet boundary conditions do not couple to the
world-sheet sigma model, at least in a simple way. Therefore, one should compute one-loop
two-point functions on the annulus and Mobius strip amplitudes with the insertion at the
same boundary of the (twisted) vertex operators for the x fields. Actually, also in this case
the annulus diagram is expected to yield a vanishing contribution because the oriented
open-string spectrum is still supersymmetric.
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T[Lllhpy 1 2
T g, /

Figure 2. The relevant string theory diagram for estimating the one-loop masses of the 77’ scalars
should give in the limit p? = 0 the same result as the field theory diagram where only the massless
states from the gravitational sector (namely the graviton) give a non-zero contribution.

Although a full fledged string theory calculation of the amplitude can be performed,
we shall content ourselves with a field theory analysis, since in the closed-string channel
for the Mobius diagram massless closed string states will give the dominant contribution,
while massive states will yield exponentially suppressed terms, as sketched in figure 2.

The relevant part of the effective field theory Action (in the string frame) is given by

S = /de —ge? (|8x|2 +T) +/d10x —ge R+ ..., (4.13)

where ¢ is the dilaton, R is the Ricci scalar and T is the tadpole coefficient, and indeed
the 77 states are localised in six dimensions. In the Einstein frame

Sp = /dlozm/—gER—/dﬁa:\/—gE (yax\2+Te¢/2) : (4.14)

and, after expanding around the flat Minkowski metric gz, ~ Ny + hyw and ¢ ~ ¢ + ¢,
one obtains the relevant interaction

1 1
/d6a: T hyy, = —/d6 [8“)( 0" x — 577“” (8)()2] hyw - (4.15)

Since the dilaton does not couple directly to the x states the only diagram contributing to
the mass is the one in figure 2, and taking into account the appropriate factors yields

) ) 1 .
—im? = —i(p"p” — nuwp’) — 2 (nupnw + Mo Top — 477Wnpa> 7 (—iT gi/?)

. 1 3
=i(pt'p” — 77;wp2) p <277;w - 5 ) Tg1/2 (4.16)
91
— 2 Tg1/2

with, as usual, g; = e?°. Note that inserting the coupling to massive (string and Kaluza-
Klein) states in the above diagram would yield a zero contribution in the limit p? — 0.
As a result, we expect that the full-fledged string theory calculation should give the same
result for the 77’ scalar masses (where the same limit is taken). Therefore, we obtain a
positive contribution to the mass proportional to the tadpole T

m2 = =T gl/? (4.17)
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so that, the one-loop masses for the six-dimensional Brane Supersymmetry Breaking model
remain non-tachyonic, and the vacuum is stable even quantum mechanically. When mapped
back to the string frame, the g5 dependence associates the contribution (4.17) to a disk
diagram. This peculiar result can actually be ascribed to a breaking of perturbation theory
in the presence of a tadpole.

It is debatable if a result proportional to the tadpole has a physical meaning,® in fact
as it was shown in [56] the standard perturbative relation between loops and principal
powers is lost when expanding around a wrong vacuum, and to get meaningful results one
should sum diagrams with an arbitrary number of tadpole insertions. However, performing
a similar calculation for the masses of the gauge fields, following the previous steps and
taking into account the results in [56], one finds a vanishing result, in agreement with the
physical intuition that the only effect of the tadpole is to stabilise the position of the D7’
branes. Clearly, a more detailed analysis is needed to really compute the scalar masses.

5 Field theory analysis of D5 branes vs magnetised D9 transition.

In this section we perform an analysis of the classical solutions of the D9-D5 system by using
the superfield formalism of [57, 58]. We take into account the disappearance of D5 branes
into the wordvolume of D9 branes by searching the classical D9 configuration generated by
the vev’s of 95 scalars, modeled by a FI term & in the effective Action. While it seems to
be very hard to control the dynamics, we shall provide evidence that an Abelian magnetic
field background is actually generated, where the U(1) field is chosen inside the Cartan
sub-algebra of the non-Abelian gauge group. We shall show that gauge field configurations
in a compact space are quite different from the “standard” (Abelian and non-Abelian)
instanton configurations. In the present section we shall use the setting of D9-D5 systems
and magnetised D9’s, that is T-dual to the setting of branes at angles employed until now.

5.1 The Abelian case

In the presence of an Abelian gauge field, the general formula for the scalar potential of a
(global) supersymmetric theory is

V= %D2 + |F*. (5.1)
It is instructive to consider first the case of a single magnetic field along a two-torus. It
corresponds in the field theory limit to having a six-dimensional Super-Yang-Mills theory
compactified on a T? with A4, A5 the components of the gauge field along the two-torus
where the non-trivial vev’s are localised. We use complex coordinates and a complex scalar
field defined by

1
z = 5(1’4 + ’il‘5) , D = A5 =+ iA4 , (5.2)

in such a way that 0 = 0, —i05 and 0 = J4 4+ i0s. In order to parameterise a vev for the 59
hypermultiplets, we add a localised FI term in the Action, generalising to six dimensions

SFor a recent discussion, see [55].
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an example of ref. [58]. The important point is that in our case the internal space is
compact. In terms of the complex scalar field and of the FI term, the ' and D terms are
thus given by

D= —%(a&uégp) +652)(2),

(5.3)
F=0.
In order to find solutions to the equations of motion that extremise V'
0D = 0D =0, (5.4)
one can try the following Ansatz
P =0a0Gy, (5.5)
with G2 being the Green’s function of the Laplacian on the two-torus
5 (2 _ 1
000Gy =6 — — | (5.6)
Va

and « an arbitrary constant to be fixed. The constant term on the r.h.s. of eq. (5.6)
inversely proportional to the volume V5 is necessary to take into account the compact-
ness of the two-torus. As we shall see, it is instrumental for our proposal of relating the
non-perturbative transition to the generation of a non-trivial magnetic background. To
neutralise the source term, being

De—o <5(2> _ ) L e (5.7)

= —F45 = —. (58)

It should be stressed here that the FI term exactly generates a constant magnetic field on
the defect, an indication of the transition from a “fat” instanton to a magnetised brane
wrapping the two-torus. More explicitly, we can write the gauge potential by using the
Green’s function on a two-torus 72 of complex structure 7 and volume V5 as

1. 16:(z]7) ] 7(Im 2)?
— —71 .
Gaa) = =3I g 2Imr (5.9)
The gauge potential (5.5) becomes then
. abi(zlr) ma(z-2) (5.10)

?(2) = 4601(z|7) 4ImT

The last term in (5.10), as observed, describes the constant magnetic field as can be deduced
from eq. (5.8). It is not periodic along the 7 cycle of the torus, but the non-periodicity
exactly compensates the source term.
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Given this warm-up exercise in six-dimensions, we can move to consider the eight-
dimensional Super-Yang-Mills theory compactified on a factorisable four-torus 7% with
complex coordinates z; = %(u +ix5), 29 = %(ZL‘G + ix7). This set-up can be associated
to our six-dimensional vacua described in section 2.1. On the factorised T it is useful to
introduce a pair of complex scalars encoding the internal components of the gauge field

D1 = A5+ 1Ay,
P (5.11)
Dy = A7 + 14,
so that the F' and D terms are given by
F = i(645 0oP1)
G 1 P2 — 0aP1),
E (5.12)
_ = B 1 Fip, (4)
D= 22(8@ +0'®;) + £6W,

with the constant £ parameterising the vev of the 95 scalars responsible for the small
instanton transition [1]. The equations of motion from the stationary points of V' can be

expressed as
I'D V267 9;F =0. (5.13)

Note that in the absence of the source terms, the equations D = F = 0 are equivalent to
the anti-self-duality condition for the gauge field in the internal 7%
1
F;u"/ = _F;U'V = —iﬁuupg Fpo’ . (514)
Using the T? example previously studied, one can make the following educated guess

By =k 01 Gy,  Do=ks0sGu, (5.15)

for the solution, where k; are constants and G4 is the Green’s function of the four-
dimensional Laplacian on a T* with volume V,

(015" + 0,5%) Gy = 6 — % . (5.16)
4

In terms of the Ansatz (5.15), the F' term reads
1
V2

so that the condition F' = 0 implies ki = ko = k. The D-term then becomes

F = (k1 — k2)0102 Gy, (5.17)

_ _ 1
D = —k (010" + 0,0%) Gy + £6W = —k <5<4> - v) +£0W, (5.18)
4
that, in turns, relates the constant k to the FI term, k = £. Consequently
D= —(Fy5 + Fg7) = é (5.19)
4
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is constant. The anti-self-duality condition F},, = —F,“,, valid in the infinite volume case,
is violated on a compact torus. There are no solutions to the field equations if k1 # ko, a
case in which a different Ansatz seems to be necessary.”

A few comments are in order here about our solution (5.15). One can write it in the
following form

Ay 0-10 0 94
As 1000 s

—k Gy 5.20
Ag 00 0-1 o | 4 (5.20)
A; 0010 D

Since the matrix in eq. (5.20) is the generator of a rotation in the factorised torus ®?:1 T2,
the gauge field takes the elegant form

A# =k Juw 0,Gy4 = M, 0,G4 (5.21)

with a field strength
F., =M,,0,0,G4 — M,,0,0,G4 , (5.22)

where M, is a self-dual matrix (M, = %G/WPUMPO-). The dual field strength results
Foo = —Fpy — Myy AGYy. (5.23)

Again, F),, is not anti-self-dual due to the non harmonicity of the Green’s function on the
torus. An anti-self-duality condition can only be approximatively recovered in the large
volume limit.

Away from the source at r = 0 (where r = |z| = (23 + 22 + 22 + 22)'/?) the Green’s

function G, (z;) of the Laplacian on a T™ torus admit a local expansion®
c2 72
Go =1t 55 = 50 (5.24)
and thus the gauge field on the 7% admits the local expansion
A, = —% Mz, (Vi1 +8r7) . (5.25)

The first term in eq. (5.25) corresponds to a constant magnetic field with identical
components on the 72’s in our factorized Ansatz for the Abelian generator. The last term
in eq. (5.25) resembles very closely the form of the SU(2) instanton solution in the singular
gauge. This is not surprising since, defining f(r) = G/ (r)/r, the gauge field becomes

Ay =M, x, f(r), (5.26)

TOf interest for the Brane Supersymmetry Breaking models would be the case ky = —ko. In the Brane
Supersymmetry Breaking models, however, supersymmetry is non-linearly realised; it would be interesting
to understand how to find solutions of the field equations in that framework.

812" becomes In(r) for n = 2. For a global definition on the T™, this expression needs to be periodised
by adding images, as in the two-dimensional case of eq. (5.9).
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that is analogous to the most general U(2)-invariant expression. Unfortunately, its be-
haviour close to the origin is very singular, since in our case f(r) = Cr~%. As a result, one
obtains a divergent instanton number

[e.e]
/d%« FuF, = —87r2/0 dr dii (r'f?) = 400, (5.27)
where we have put k = 1. Strictly speaking, one cannot extend the integral up to infinity,
but the contribution due to the finite volume is only a constant term and cannot make
finite the integral in eq. (5.27). We suggest that this divergence should be interpreted in
terms of the singularity of the small-instanton transition. We are considering here a “fat”
instanton and we are formally taking the limit to zero-size. However, since it cannot be
shrunk to zero size, it should be considered as an instanton on a non-commutative torus
in the limit of zero B-field [59-62]. In that case, the behaviour close to the singularity is
modified to be of the form f ~ r~2, thus giving a finite instanton number, and equal to
the number of D5-branes.

In our compact-space situation, the low-energy dynamics of a D-brane is described by
the Dirac-Born-Infeld Action’

LpBI = V/ det(g + F) . (5.28)

Its non-linearity might then affect the solution and could render the singularity milder.
With an Euclidian metric g,, = 6., the Euler-Lagrange equations deriving from
eq. (5.28) are

9, (FM, (1— F2),} \/det(1 + F)) ~0, (5.29)

and it can be actually shown that, in a non-compact space and away from the singularity,
the gauge potential in eq. (5.20) is a solution of the full Dirac-Born-Infeld equations. This
is essentially due to the fact that, away from the origin, we have an anti-self-dual field
strength, as follows from eq. (5.23) with AG4 = 0. Using Fw/ + F,,, = 0, one can easily
show that

(F?),, = —0,, PI(F),  det(1+4 F)=[1+ Pf(F)*, (5.30)

and the Pfaffian can be written as Pf(F) = F3, + F3 + F?. Therefore, any anti-self-dual
field strength is a solution of the full Dirac-Born-Infeld equations in a non-compact space.

In order to study the behaviour close to the singularity » = 0, we can limit ourselves
to the case in which the function f(r — 0) > 1. For 2f + rf’ # 0, we expand

Fup(1— FQ);Vl Vdet(1 + F) ~ L (2f +rf") My, + Fer+rl) (Mppzpry — Mypzpzp)

2 2rf
(5.31)
eq. (5.29) can be written at leading order as
3104 N1’
[7“ 7 J;J”’f)] ~ 0, (5.32)

9In what follows we take o/ = i
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and thus

P Af+rf) =871, (5.33)
where 3 is an integration constant. Solutions exist only for § = 0 and read
Co
f(r—0) = C; and f(r—0) = gt (5.34)

where C;’s are (arbitrary) integration constants. Viceversa, the case 2f + rf’ = 0 turns
out to be incompatible with the Dirac-Born-Infeld field equation.

In the case of a compact space, however, the anti-self-duality of the field strength is
violated by the non harmonicity of the Green’s function, since

Fio + F34 = AGy, Fi3+ Fyo =0 and Fis+ Fo3 =0, (5.35)

where for simplicity we have taken k¥ = 1 in eq. (5.20). As a result, one cannot expect
that the solution of the linearised equations be still a solution of the full Dirac-Born-Infeld
Action. Expanding the equations of motion and keeping the leading and sub-leading terms
in a small field expansion, one can write

Oy <F,W + (F?) 0 — iFW Tr(F2)> =0. (5.36)

The linear term reproduces the Maxwell’s equations, while using egs. (5.35) and (5.21) the
sub-leading terms become

3 _ 1

1
(P = 3 Fw Tr(F?) = AG4 Pf(F) M, — 5(AG4)2 . (5.37)

We can then look for a perturbative solution

Fu =F9 +F)

o (5.38)

where F, ;(L?,) is the field strength of the potential in eq. (5.26). Assuming the same functional
dependence for the perturbation

A;(ll) = M,uz/ Ty 9(7”) ) (539)

and inserting the expansion in the linearised equation

1
9, [F,SB + (FO%) — FOTr (F“))?)] = 0. (5.40)
one finds M J
Mop Xy @ / —1 0)y) —
nin (4g+rg + VL PE(E )) 0, (5.41)
whose solution is
g(r) ==V, f2(r). (5.42)

Moreover, using Pf(F(©)) = 2(2f2 4 rff') one also gets 4g + g’ 4+ Pf(F(©)/V; = 0. Hence
the perturbative expansion of the gauge field is

Ay=Myax, (f-V7H2+0002) . (5.43)
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The nature of the singularity is not affected by the non-linear corrections, since eq. (5.43) is
only valid far from the singularity. It is important to notice that the subleading correction,
reliable only in the infrared, is in perfect agreement (at large volume) with the subleading
correction to the profile of the Abelian part of a non-commutative U(2) instanton in the
singular gauge, as found for instance in ref. [63].

The previous discussion can also be rephrased in terms of a first-order formulation.
Indeed, the equation (5.29) is automatically satisfied if one imposes the generalised anti-

Fupo (1= F?) ) \/det(1+ F) = —Fp,, (5.44)

that is compatible with the perturbative solution in eq. (5.43).

self-duality condition

Finally, let us mention that since the singular part of the solution has a fast variation
near the singularity, the Dirac-Born-Infeld Action is in principle not a good approximation
of the string effective Action. It is then plausible that higher-derivative corrections play
an important role and change the behaviour of the solution near the singularity, leading
eventually to a finite instanton charge.

5.2 The non-Abelian case

A constant background magnetic field actually emerges also in the zero-size limit of a non-
Abelian gauge configuration, pertaining to the case where more D-branes are coincident.
For simplicity, let us focus our attention to the case of an SU(2) instanton in a compact
internal torus, with auxiliary fields given by

1 _. . .
D = —5 (81@1 —+ 81@1) -+ [@i7¢z] s
_ 1 . (5.45)
F = —76U Di¢j7

V2
where D; is the covariant derivative, acting on the various fields as
D'D =9'D + 2[®', D],
D;F = 0;F —2[9;, F], (5.46)
Di®; = 0;9; — 2(P;, Dj] .
The equations of motions
D'D —V2e9D;F =0, (5.47)

are similar to egs. (5.13) and can be solved adopting the standard Ansatz for the gauge
connection

A, =10y,,0,l0gGy, (5.48)

where 0, are self-dual and each of its components is an anti-Hermitean matrix, in such a
way that AL = A,. Explicitly, they are given by

0 —o3 09 —0q

. 1 o3 0 —o01 —09
10w = =

(5.49)

—09 01 0 —o3 |’
01 g9 g3 0
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where the o; are the Pauli matrices, and the o, are related to the 't Hooft symbols. In
complex formulation, the fields can be written in the form

1

@i = 1(03 8Z —0_ € 5j)10gG4,
] B - (5.50)
P = 1(03 0" — o4 €7 0;)logGy,

with o4 = 01 £ i09, as usual. In a non-compact space, the ' and D flatness conditions
imply that the gauge configuration be anti-self-dual since, when written in terms of the
field strength they become

1 ,
D= —(Fy5+ Fer) =0, F= 7 [Fu7 4+ Fs6 + i(Fas — F57)] =0, (5.51)
However, as in the Abelian case, the anti-self-duality condition fails to hold in a compact
space, since now

F,U,l/ = - (F[,LV + iaHV GZ1 AG4) 5 (552)

and the Green’s function on 7% is not any more an harmonic function.

Some comments on the results of these last two sections are in order. The constant
internal magnetic field distributed on the D-branes and related, by T-duality, to the rotation
of D-branes, is associated to a diagonal U(1) inside the U(V) gauge group supported by N
magnetised D-branes. It coincides with the constant magnetic field we find in the Abelian
case or is embedded in the non-Abelian solution just shown, and it is a consequences of a
non-vanishing FI term if the internal space is compact. In the infrared, the behaviour is
very reminiscent of the behaviour of the SU(2) BPST (anti-)instanton [64] in the singular
gauge. In that case, however, the situation is quite different. The constant magnetic field
resulting when the maximum size equals the volume for the BPST instanton takes the form

1
F~——id,, (5.53)
Mg
where now 7, is anti-self-dual, and g is the gauge coupling constant. In a form notation,
the magnetic field corresponds to the two form flux

F=H [03 (le ANdZy — dzg N dZQ) +o_dzi NdZay + oy dzo A dzl] , (5.54)

and it is not possible to bring this solution into the Cartan sub-algebra, by a gauge ro-
tation. The SU(2) instanton is a genuinely non-Abelian solution and has no connection,
for instance, with the Abelian configuration corresponding to two equal magnetic fields
Hy = Hs in the factorised four-torus. The solutions we find are clearly not instantons.
The field strength is not anti-self-dual and it exhibits a real singularity at the origin, being
not gauge-equivalent to a non-singular configuration. One possible interpretation of the
solutions is related to non-commutative instantons in the limit of zero B-field and zero
size, as mentioned in the previous section. However, we are convinced that an accurate
analysis of the higher derivative and higher order corrections could shed new light on these
solutions, that certainly deserve a much deeper investigation.
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A T*/Z, orientifolds with intersecting branes

We remind here the partition functions for the 7%/Zy orientifold of type IIB superstring
with D7 branes at angles, both for supersymmetric vacua and for configurations with
Brane Supersymmetry Breaking. As we shall see, the two choices differ in some signs in
the Klein-bottle amplitude and in the open-string sector. To this end the standard world-
sheet parity 2 has to be dressed with the complex conjugation R : 2; — Z; on each
complex coordinate of the i-th 7% and, for consistency, with the operator (—1)%, F}, being
the left-handed space-time fermion number. Moreover, one has the option to add some
inner automorphism & that flips the sign in the twisted sector of closed strings [27-29]. As
a result, the 2 = 2R (—1)L & orientifold will include O7_ and O7/, planes, the former
wrapping the horizontal a; cycles of each T2 and the latter wrapping the vertical b; cycles,
with an orientation determined by o, of each T2. Here o is the eigenvalue the operator &

)

has on the twisted sector and, as expected, select the kind of O7’ planes.
The relevant one-loop amplitudes in closed-string sector thus read

4
+16 Qs +Q.|?

4

2
! 416 |Qs— Q.|

_ 1 2 A(44) O n n
7—2{|QO+QU\A Qo | i i

for the torus amplitude, and

2
K= i(Qo +Qu) (Ao + Io) + ? o (Qs + Qc) <1;74>
for the Klein-bottle amplitude. Here we have introduced the notation
Aoy = Z q(m:I:Qb)TA(m:th) 7 oy = Z q(m:th)T A~ (m42b) : (A.1)
mezZ4 mezZ*
for the contribution of the (shifted) Kaluza-Klein and winding zero modes with

o R: o Ri)

a5 8 A2
R o R A (8-2)

A= diag(

As usual, the choice ¢ = +1 corresponds to the conventional choice [45, 46] and the
massless excitations now comprise an AV (1,0) supergravity multiplet coupled to one tensor
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multiplet and twenty hypermultiplets. Alternatively, the choice ¢ = —1 corresponds to
vacua with Brane Supersymmetry Breaking [27, 28] and the massless excitations comprise
an N(1,0) supergravity multiplet coupled now to seventeen tensor multiplets and four
hypermultiplets.

The open-strings will involve D7 branes wrapping factorisable two-cycles on the 7% =
T? x T?. As a result, each stack a of branes is identified by four integers (m¢,nd),i=1,2
corresponding to the wrappings of the horizontal a; and vertical b; one-cycles of the i-th
T2. In writing the annulus and Mobius-strip amplitudes we do not include explicitly the
contribution of horizontal and vertical D7 branes (that in the T-dual {2 orientifold would
correspond to D9 and D5 branes, respectively) since these simply correspond to the choices
(1, 0; 1, 0) and (0,1;0, 1) for the wrapping numbers (m{, n{; m§, n). In the case of vacua
with Brane Supersymmetry Breaking, however, some care has to be taken in the case D7
branes sit on orientifold planes, since in this configuration the Chan-Paton labels become
real and the gauge groups orthogonal and/or symplectic. For completeness, in table 4 we
report the correct spectrum also for these horizontal or vertical branes. A generic D7 brane,
however, is not invariant under the ) projection, and thus one is bound to introduce also
its image under the orientifold action in order to get invariant configurations. Given the
expression for 2, the image brane, in the following indicated with the label @, has wrapping
number (m$, —n{; mg, —ng), if (m{, nf; m§, ng) are those of the fundamental D7, brane.

As a result, the annulus amplitude consists of the following contributions:
e A,,: open strings starting from and ending on the same stack of D7, branes;
o A,5: open strings starting from a D7, brane and ending on its D75 image;

e A, open strings starting from a stack of D7, branes and ending on a stack of D7,
branes;

o A.;: open strings starting from a stack of D7, branes and ending on a stack of D7;
image branes;

In equations,

1 _
Aaaziza:NaNa

2
(Qo +@Qu)[o] PY W PEIWE 4 (Q, — Qu)[g] <2”> ] :

0P
A= 3 3 [N @0+ Q] + N2 Qo+ ()] g i
#3202 @ Q)[4 + & N2 Qo= Q] g iy
A= 3 30 [Nu N Qo+ Q) [] + NN (@0 + @) [#] Tl[“jb}
5 o
L (e N N (@ = @[] + s N N3 (@0 — @) [ ] rjﬂfb} ,
0

— 37 —



A= 30 [Na Ny Qo+ Q0[] + M N Qo+ @) [ 2] g

2 a,b Tl

a>b

+ % > [Gaeb Na Ny (Qo — Qu) [‘ﬂ + €y Na Ny (Qo — Q) [@b” Sal_)B
;>bb 715 [‘6]

In writing these amplitudes we have followed the notation in [32]. The momentum
and winding lattice sum, depend clearly on the total length L of the D-brane and on the
minimal separation L of the multiple wrappings

L = RO e B, 150 = RO RY 10,

with RY)Q the sizes of the horizontal and vertical sides of the i-th T2. The characters depend
on the relative angle of branes a and b through

QO{ZS} = Vi [02(¢1)O02(¢2) + Va(€1)Va(C2)] = Cu [S2(C1)C2(¢2) + C2(C1)52(¢2)]
Qu[ ] = 01 D2(C)02(G2) + O2(C1)Va(G2)] = S [92(G1)S2(C2) + Cal(1)Ca(&)]

where the internal SO(4) symmetry is clearly broken to SO(2) xSO(2) due to the non-trivial
rotations of the branes, and

e im¢ e 108

03(6) = S5 Walclr) +0u(C] . 5a(6) = S alcln) +in (e
6227r{ SQiWC .

V) = o ) ] GO = S alcln) — (<l

with ¢; = [(¢% — ¢})T + (¢% — ¢})]/m. The contribution of the rotated world-sheet bosonic
coordinates is encoded in the combinations

ab] V1(GIT) 2ine, ab] V2(GilT) aire
T[] _i1_1[2m(7)62 o, m[d] _Zl_l[Qn(T)eﬂ G

Finally,

counts the number of intersections branes a and b have on the 7%, while

Sap = H (1 + II(m$ +m?) I (n¢ + nf))
i=1,2

with IT(p) = (1 + €'™)/2, u € Z, counts the number of mutual intersections that coincide
with the fixed points of the T%/Zy orbifold, assuming that all branes cross the fixed point
at the origin of the T*. These are related to the wrapping of the collapsed cycles on the
resolved orbifold.

The phases ¢, reflect the action of the Zs orbifold group on the Chan-Paton labels of
the D7 branes. These phases are of course correlated with the sign ¢ = %1, since in the
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supersymmetric case the action of Zy is complex while in vacua with Brane Supersymmetry
Breaking it is real. In particular,
& =—0, (A.3)

€, is the complex conjugate of €., and the phases have to be chosen to satisfy the twisted
tadpole conditions
Z (€a No+ & N,) =0. (A.4)
a

Although in the supersymmetric o = +1 case eq. (A.4) vanishes identically, since N, = Ny,
and thus all ¢, can be taken to be ¢, = 7, for the choice ¢ = —1 one has to have some
stacks with positive ¢, and others with negative .

The last one-loop amplitude is the M&bius-strip one and gets contributions from the
brane intersections with the orientifold planes. One has

~

aO
a&]

Ma - i ; |:Na (Qo + QU) [aot_l] + Na (QO T QU) [aoa]} Tl

—
o

1 A A aa \T o o aa I; !
+ZZ[Na(Qo_Qv)[O]"‘NQ(QO_QU)[()H - 25 )
a TQ[ 0 ]
where, here and in the rest of the appendix, the hatted characters include suitable phases
as explained in [51, 52], and

Lo=4 ][ ¢, Ilo=40 [] m¢,
i=1,2 i=1,2

count respectively the intersections of the D7, branes with the horizontal and vertical
orientifold planes. The intersection number I7,, depends on the sign o since, while the
horizontal O7 planes the wrapping numbers can be taken to be (1, 0; 1, 0) in both cases, to
the vertical O7’ planes one has to associate the wrapping numbers (0, 1; 0, o), that reflect
the RR charges of the O7/. As a result, for a given stack of D7, branes, the intersection
I7 ., flips the sign for the two choices o = £1. Notice that on the T' 4 /7y orientifold there are
exactly four copies of O7 and O7’ planes, as reflected by the multiplicity in the intersection
numbers.

Finally, for completeness we report the untwisted RR tadpole conditions

> mim§N, =16, > nin§N,=160. (A.5)
a a

A.1 Partition functions of the brane supersymmetry breaking model in the
bulk

Finally, we consider here the possibility to move all branes in the bulk in the six-dimensional
Brane Supersymmetry Breaking vacua. The closed-string amplitudes are not affected by
this deformation, while the annulus and M&bius strip amplitudes depend now on the Wilson
lines and brane displacements. Since branes wrap generic bulk cycles, the orbifold group
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Multiplicity Representation Relevant Indices
Yla+ Lo+ Lo, +4) Nl Va
Yla — Lo — I, +4) Na(Nat1) Va
35(Lap + Sap) (Na, Np) a<b
%(Iaﬁ — Sab) (Na, Np) a<b

Table 3. Representations and multiplicities of charged hypermultiplets living at the D7 brane
intersections on a T*/Zy. The gauge group is G = [, U(N,).

does not act on the open-string spectrum. Denoting collectively by a (b) the Wilson lines
and positions of the D7 (Wl) branes one has:

1
A= 5{(n2 Iy + d? Ao)(V404 — 54854+ 04Vy — C4C4)

2
+4nd (0454 — Cy404 +V4Cy — 54‘/21) <1;7) (Aﬁ)
4
1
+ 3 [nQ(F+2a+F—2a)+d2(/1+2b+/1—2b)] (‘/2104—5454-1-04‘/21—0404)},
and
M = Rk (I'toq + I'—24) (VaO4 — 5484 4+ O4Vy — C4Ch)

+d (/1+2b + A o) (—‘7404 — S4§4 — 04‘74 — 046'4)
A o . . 20\ 2 (A.7)
+2n (VZLO4 + 85454 — O4Vy — 0404) <19>
2

o . R .. o1\ 2
+2d(=V4O04 + 5484 + O4Vy — C4Cy) (19?7> ] ;

where I, and A, were defined in eq. (A.1). As usual, we have denoted by n (d) the
Chan-Paton label of the D7 (ﬁ/) branes. The twisted tadpoles are now absent since bulk
branes are not charged with respect to twisted forms, while the (massless) untwisted ones
are not affected by this deformation, though the total number of physical branes is now
halved due to the separation between branes and their ) images. The massless excitations
are summarised in table 5.

Also in this case, one has the possibility to rotate the bulk branes. The deformation is
rather standard and can be deduced from intersecting-brane vacua compactified on a flat
T*. The only difference is in the Mobius strip amplitude, since in this case D7 branes inter-
act also with O7’_ planes. The corresponding massless open-string spectrum is summarised
in table 6.

B Six-dimensional Higgsings: some additional examples

In this appendix, we present the explicit field-theory Higgs procedure that interpolates
between different six-dimensional vacua. These deformations have a stringy description
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Multiplicity Representation Multiplet /Fields Chirality
1 PaPa+ "2 (731_1) + mz(”;ﬁ’l) Gauge Multiplet  Left-handed
1 dl(dZIH) + dz(déﬂ) Vector Boson -
i(—IaQ—IaO‘f‘Ia_O/—‘l) w 4 scalars -
N —Tia—To—T,+4) Pa(pa—1) Weyl fermion  Left-handed
1(—La+Ilo—1I,5—4) w 4 scalars -
+(~Lua+1a0+15+4) w Weyl fermion Left-handed
%( Ly + €a€pSap) (pa, b) Weyl fermion Left-handed
%( Top — €a€pSan) (PasDb) 4 scalars -
%( I+ €a€pSap) (Pa, Pb) Weyl fermion Left-handed
%(_I — €a€pSab) (Pa,Pb) 4 scalars -
1 (my, mg) hypermultiplet  Right-handed
1 dl(dg_l) + dQ(ds =1) Weyl fermion Left-handed
1 (dy,da) 4 scalars -
1 (dy,ds) Weyl fermion Right-handed
1 (m1,d1) + (me,d2) 1/2 Weyl fermion  Left-handed
1 (m1,dg) + (me,dq) 2 scalars -
%( Iy7 + €45a7) (Pa,m1) Weyl fermion Left-handed
%(— Sat) (pa,m1) 4 scalars -
s(—I7 Sa7) (Pa, m2) Weyl fermion Left-handed
%( Iy7 + €45a7) (Pa, m2) 4 scalars -
%(Ia + €aS7) (Pa,dy) Weyl fermion Left-handed
(L7 — €aSqm) (Pa,dy) 4 scalars -
$(Iy7 — €aSa7) (Pa, d2) Weyl fermion Left-handed
%(Iaw + €a a7’) (Pas d2) 4 scalars -

Table 4. Massless spectrum of the non-supersymmetric T%/Zy orientifold for branes at angles.
Left-handed (right-handed) fermions correspond to C4 (S4) characters. For completeness we also
include a certain number of straight D7, with Chan-Paton labels m; and ms, and D7 branes, with

Chan-Paton labels d; and ds, to stress the subtleties emerging when branes wrap the same cycle

as orientifold planes.

in terms of brane recombination. We anticipate that in the supersymmetric examples the

Higgs mechanism leads precisely to the massless spectrum of the intersecting brane models

obtained after recombination. In the non-supersymmetric examples, instead, it is often

the case that after the Higgs fields acquire a vev, some states have to get a mass from

Yukawa (for fermions) or quartic couplings (for scalars) in order to match the spectrum of

the corresponding intersecting brane models.
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Multiplicity ~Representation  Field/Multiplet Chirality

1 (120,1) Gauge Multiplet  Left-handed
1 (1,136) Vector Boson -

1 (1,120) Weyl Fermion Left-handed
1 (136,1) Hypermultiplet  Right-handed
4 (1,120) Scalar -

1 (1,136) Weyl Fermion  Right-handed
1 (16,16) Hypermultiplet  Left-handed

Table 5. Massless spectrum of the Brane Supersymmetry Breaking model with orthogonal branes
in the bulk. The gauge group is SO(16) x USp(16).

Multiplicity Representation  Field/Multiplet Chirality
1 DaPa Gauge Multiplet  Left-handed
1 PaDa Hypermultiplet  Right-handed
—Ia— +(Ieo — L) w 4 Scalars -
—Ia — 3(1ao + Ip) (p a—1) Weyl fermion Left-handed
—Iua + 5(1ao — 1) p“(p“+1) 4 Scalars -
—Iog + (Lo + Iy Pa <”a+1) Weyl fermion  Left-handed
Iy (pa, Db) Hypermultiplet Left-handed
13 (PasDb) Hypermultiplet  Left-handed

Table 6. Massless spectrum for Brane Supersymmetry Breaking vacua with intersecting branes in
the bulk. The generic gauge group is [], U(pa).

B.1 A supersymmetric U(8) x U(8) model

From a stringy perspective, such a vacuum can be obtained after eight horizontal D7 branes
are recombined with all vertical D7’ ones. The resulting configuration consists of two stacks
of eight branes each and with wrapping numbers

D7, @ (1,0;1,0), D7y = (1,2;1,1). (B.1)

The open-string light excitations comprise a vector multiplet with gauge group U(8) x U(8)
and hypermultiplets in the representations 2 x (28,1) + 6 x (1,28) + 2 x (8, 8).

Also in this case, the low-energy description of the gauge-symmetry breaking is in
terms of a two-steps Higgs mechanism.

Step one. First, one has to break the original U(16) x U(16) symmetry to U(8)?
U(8)2, by displacing the branes on different fixed points, or by introducing suitable discrete
Wilson lines. This discrete deformation can be ascribed in field theory to a discrete Higgs
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mechanism. The original spectrum decomposes then according to

120,1) —
120) —

) — 2% [(28,1,1,1) + (1,28,1,1) + (8,8,1,1)] ,
)
,16) —
1) —
) —

2
2 % [(1,1,28,1) + (1,1,1,28) + (1,1,8,8)] ,

— (8,1,8,1) + (8,1,1,8) + (1,8,8,1) + (1,8,1,8), (B.2)
(64,1,1,1) +(1,64,1,1) + (8,8,1,1) + (8,8,1,1),
(

1,1,64,1) + (1,1,1,64) + (1,1,8,8) + (1,1,8,8).

256,

X (
x (1,
(16
(
(1,256
Here and in the following representations in bold face correspond to states that become
massive as a result of the Higgs mechanism.

Step two. At this point, one can assign non-vanishing vev’s to states transforming in the
bi-fundamentals (1,8,8,1)+ (1,8, 1, 8) that breaks the last three U(8) factors to a diagonal
one, while leaving untouched the first U(8). This process corresponds to the recombination
of eight D7 and sixteen D7’ branes. Decomposing the previous representations in terms of
the final U(8) x U(8) gauge group, one finds

2 x (28,1,1,1) — 2 x (28,1),
2x[(1,28,1,1) + (1,1,28,1) + (1,1,1,28)] — 6 x (1,28),
(8,1,8,1) +(8,1,1,8) — 2 x (
(1,8,8,1) + (1,8,1,8) — 2 x (

) —

)

28
8),

1
8,
1,64),

(B.3)
(64,1,1,1) — (64,1),
(1,64,1,1) 4 (1,1,64,1) + (1,1,1,64) — 2 x (1,64) + (1,64).

After the highlighted states become massive and decouple from the light spectrum, one
exactly recovers the massless excitations associated to the intersecting branes (B.1).

B.2 A non-supersymmetric SO(16) X SO(8) x U(4) model

For completeness, we analyse here the Brane Supersymmetry Breaking vacuum with gauge
group SO(16) x SO(8) x U(4) and its low-energy construction in terms of a Higgs mecha-
nism. It was shown in section 2.1.2 that this vacuum can be obtained by recombining four
D7 branes together with the sixteen D7. Twisted tadpole cancellation imposes tight con-
straints on the model, and thus the resulting configuration involves three stacks of branes
with wrapping numbers

D7, : (1,0;1,0), D7- : (1,0;1,0), D7, : (1,-2;1,2), (B.4)

with associated two-cycles IT ]%7 and ITp7, as explained in section 2.1.2. The spectrum of
light excitations can be deduced from table 4 and is reported for completeness in table 7.

The low-energy field theory description is rather complicated and involves now four
steps. For brevity, in the following we shall focus our attention just on the gauge group
breaking patterns giving a brief description of the massless spectrum at the end.
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Multiplicity Representation Multiplet/Field
1 (16,8,1) Hypermultiplet
8 (16,1,4 + 4) Scalar
2 (1,8,4+4) Weyl Fermion
24 (1,1,6) Scalar
10 (1,1,6) Weyl Fermion

Table 7. Massless spectrum of the SO(16) x SO(8) x U(4) model.

Step one. One breaks the original SO(16)? x USp(16)? gauge group to SO(16) x SO(8) x
U(4) x USp(8) x USp(16) by assigning a vev to the complex scalar in the representation

(1,16;16,1) — (1,8,1,8,1) + (1,1,16,1,1)+ (1,8,4+4,1,1) + (1,1,4+ 4,8,1)

S B.5
+(1,1,16,1,1)+(1,1,10+6,1,1) + (1,1,10 + 6,1, 1), (B:5)

where the states in bold face become massive and we have written in italic the states that
acquire the vev and trigger the gauge symmetry breaking.

Step two. One further breaks the group to SO(16) x SO(8) x U(4) x USp(8)? by assigning
a vev to the quadruplet of scalars in the representation

(1,1,4+4,1,16) — (1,1,16,1,1)+ (1,1,6 + 6,1,1) + (1,1,4+ 4,1,8)

ol (B.6)
+(1,1,16,1,1) + (1,1,10 + 10,1,1)

where, again, the states in bold face become massive and we have written in italic the
states that acquires the vev and triggers the gauge symmetry breaking.

Step three. One assigns a vev to the scalars in the representation
(1,1,1,8,8) — (1,1,1,28) + (1,1,1,36) , (B.7)

to break USp(8)? to the diagonal USp(8), so that the residual symmetry is SO(16) x SO(8) x
U(4) x USp(8).

Step four. The final step consists in breaking the gauge symmetry to the desired SO(16)x
SO(8) x U(4) group using a vev for the scalars in the representation

(1,1,444,8) — (1,1,16)+ (1,1,6 +6) + (1,1,16) + (1,1,10 + 10).. (B.8)

Although we omit the details on the light spectrum, let us conclude with some
comments:

e One obtains 24 scalars in the (1,1,6) representation, that match the spectrum in
table 7.

e There are in addition four scalars in the representation (16,8,1) and eight scalars in
the (16,1,4 + 4), that also appear in table 7.
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e Extra scalars in the (1,1,16) and in the (1,8,4+4) seem to appear in the low-energy
description. However, these are expected to acquire a mass through quartic-order
couplings with the Higgs fields. We have checked that these couplings are actually
compatible with the various quantum numbers.

e Similar considerations hold for the fermions. One recovers those in table 7 plus
additional states that however are expected to get a mass via Yukawa couplings. Also
in this case we have checked that quantum numbers do not prevent these couplings,
that then are expected to emerge.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution Noncommercial License which permits any noncommercial use, distribution,
and reproduction in any medium, provided the original author(s) and source are credited.
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