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ABSTRACT: We discuss a string model where a conformal four-dimensional N' = 2 gauge

)

theory receives corrections to its gauge kinetic functions from “stringy” instantons. These
contributions are explicitly evaluated by exploiting the localization properties of the integral
over the stringy instanton moduli space. The model we consider corresponds to a setup with
D7/D3-branes in type I’ theory compactified on 73 /Zy x T, and possesses a perturbatively
computable heterotic dual. In the heteoric side the corrections to the quadratic gauge
couplings are provided by a 1-loop threshold computation and, under the duality map,
match precisely the first few stringy instanton effects in the type I’ setup. This agreement

represents a very non-trivial test of our approach to the exotic instanton calculus.
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1 Introduction and motivations

It has been recently found [1-3] that certain classes of D-brane instantons arising in inter-
secting brane models can generate effective interactions at energies that are not linked to
the gauge theory scale, and for this reason they are usually called “stringy” or “exotic” in-
stantons. This feature is very welcome in the search of semi-realistic string scenarios for the
TeV physics, where a hierarchy between various Majorana masses and Yukawa couplings
is expected. It is therefore of the greatest importance to devise efficient and reliable tech-
niques to determine quantitatively such exotic non-perturbative corrections through their
explicit realization at the string level. This consideration is one of the main motivations
behind the present work.

In refs. [4, 5] explicit models with stringy instantons were constructed; since then much
work has been done extending and exploiting these results [6-25] (for a recent exhaustive
review on the subject see ref. [26]). Even if the effects of exotic and gauge instantons are
quite different from each other, in both cases they can be obtained from Euclidean branes
entirely wrapping some cycle of the internal space. Depending on whether this cycle coin-
cides or not with the one wrapped by the space-filling D-branes on which the gauge theory
is defined, such Euclidean branes correspond to gauge or exotic instantons, respectively.

In the simplest cases, four-dimensional gauge instantons can be realized with bound
states of space-filling D3-branes and point-like D(-1)-branes (or D-instantons) [27, 28].
Indeed, in these systems there are four directions in which the string coordinates may
have mixed Neumann-Dirichlet (ND) boundary conditions, and the massless sector of open
strings having at least one endpoint on the D(~1)’s is in one-to-one correspondence with
the moduli (positions, sizes and gauge orientations) of the four dimensional gauge instan-
ton solution. Actually, also the effective action on the moduli space, the rules of the
instanton calculus and the profile of the classical solution can be explicitly obtained using
D(-1)/D3-brane systems [29-32].

In the exotic cases, the gauge and instantonic branes intersect non-trivially in the in-
ternal space or carry different magnetic fluxes, and the open strings stretching between
them have extra “twisted” directions besides the four ND ones along the space-time. This
twist lifts some of their massless excitations, and some instanton moduli (specifically those
related to sizes and gauge orientations) disappear from the spectrum. Their supersymmet-
ric fermionic partners remain massless though, and when integrated out they can, under
certain conditions, lead to the effective interactions we alluded to above.

A very simple example of this phenomenon occurs in the D(~1)/D7 brane system, which
exhibits the world-sheet features of exotic instantons since mixed open strings have eight
ND directions. By adding O7-planes, this system can be embedded in type I’ string theory
compactified on a 2-torus 75, a setup which possesses a computable perturbative heterotic
dual [33-39]. If the D7-branes are distributed democratically over the four orientifold fixed
points on 75, they support a maximally supersymmetric gauge theory in eight dimensions
with gauge group SO(8). In this gauge theory a D(—1)-brane represents a non-perturbative
point-like configuration that has been recently identified [22] with the zero-size limit of the
eight-dimensional octonionic instanton solution found long ago in refs. [40, 41].



The non-perturbative contributions of D-instantons to the effective action on the D7-
branes can be explicitly computed as integrals over the moduli space via localization tech-
niques, in analogy with what is done for usual gauge instantons [42], though with an exotic
moduli spectrum. All D-instanton numbers correct the quartic gauge couplings of the
eight-dimensional gauge theory [23], and this whole series of terms can be compared to
those obtained in the dual heterotic string theory, where they correspond to world-sheet
instantons describing the wrapping of the heterotic string on 75 [43, 44]. The success of
this comparison provides a very non-trivial check of both the type I’ /heterotic duality and
the correctness of this approach to the exotic instanton calculus [23]. Similar techniques
can be used also in non-conformal settings and for exotic instantons with fewer number
of super-symmetries [24], although the heterotic counterpart of the induced interactions in
these cases is far from clear (see also ref. [25] for related recent work).

An interesting feature of these eight-dimensional gauge theories is their similarity with
the four-dimensional ' = 2 super Yang-Mills theories: indeed, the eight-dimensional pre-
potentials and the correlators of the chiral ring satisfy Matone-type relations for arbitrary
SO(N) gauge groups [24]; this observation points to the existence of some direct relation
between the eight-dimensional effective action and some underlying Seiberg-Witten curve,
connected presumably to an F-theory description (see, for example, refs. [36, 45, 46] for
earlier results in this direction).

In this paper we investigate the exotic calculus in a four-dimensional setup. We con-
sider a perturbatively conformal N' = 2 gauge theory that, on the one hand, admits a brane
realization where exotic instantons generate a whole series of corrections to the quadratic
gauge couplings, while on the other hand it possesses a calculable heterotic dual against
which these corrections can be checked (see [47] for a recent test of four fermionic couplings
in the six-dimensional version of this type I/heterotic dual pair). This allows to provide
a test of the exotic instanton calculus as reliable as the eight-dimensional one described
above, but in a four-dimensional context.

The gauge theory we consider is realized on the world-volume of D7-branes at an O7
fixed-point within a D7/D3-brane system of type I compactified on 74/Zs x T3. This is a
T-dual variant of the first example of a consistent N = 2 open string compactification in
which all tadpoles cancel [48, 49]. In section 2 we describe in detail the four-dimensional
model, which actually admits different realizations corresponding to different consistent
distributions of branes, and show how the conformal N' = 2 theory we are interested in
arises. Then, we determine the holomorphic quadratic gauge couplings of the low-energy
effective theory [50-52] starting, in section 3, with the perturbative terms (limited to 1-
loop by supersymmetry). The theory, however, admits also non-perturbative corrections
produced by brane instantons. These can be Euclidean 3-branes wrapped on 7;/Zo, namely
the same cycle wrapped by the D7-branes supporting the gauge theory, or D-instantons.
In the first case, they correspond to ordinary gauge instantons and might yield corrections
weighted by powers of exp(—872/g?), where g is the Yang-Mills coupling. The D-instanton
corrections, instead, are weighted by powers of exp(—m/gs) = exp(—4n2/g? Vy), where gs
is the string coupling and V, the volume of 7;/Zs; they represent non-perturbative exotic
contributions which are the subject of the analysis in sections 4 and 5. In particular, in



section 4 we show that the spectrum of moduli supported by D-instantons is such that they
can affect the quadratic gauge couplings of the D7-branes, and in section 5 we compute
these corrections by carrying out the integrations over the exotic moduli space by means of
localization techniques analogous to those used for ordinary instanton calculus; the formulas
are rather involved, but we have been able to get explicit results up to £ = 3 D-instantons.
Section 6 introduces the heterotic dual model and describes the computation of the 1-loop
thresholds from which the holomorphic quadratic gauge couplings can be deduced. Upon
using the duality map, we show that the type I’ and the heterotic results perfectly agree.
We take this as a highly non-trivial test of the correctness of our D-instanton computation.
A summary of our main findings and some considerations regarding possible developments
can be found in the conclusive section 7. Finally, in the six appendices we have gathered
many technical results needed to reproduce the computations in the main part of the paper.

2 A N = 2 conformal model from an orbifold of type I’

We consider type IIB string theory compactified on a 6-torus 7;(1) X 7;(2) X 72(3) and modded
out by Zy x Zo where the generators of the two Zy groups are

Q== 1® and §g=1V1® (2.1)

with © the word-sheet parity, F, the space-time left-fermion number and I the reflection
along the coordinates of T;”. This compactification preserves eight supercharges, i.e.
N = 2 supersymmetry in four dimensions.

Type IIB string theory compactified on ’]'2(3) and modded out by € is usually called
type I’ and is dual to a torus compactification of the heterotic SO(32) string with Wilson
lines breaking the gauge group to SO(8)*. For this set-up, the D-instanton corrections to the
quartic gauge prepotential on D7-branes were computed in ref. [23] and checked against
the dual heterotic results [36-39], finding perfect agreement. In this paper we consider
instead a K3 compactification of the type I’ theory in the orbifold limit represented by
(7;(1) X 7;(2)) /Zo, where Zs is generated by g, and analyze the quadratic gauge couplings
on stacks of D7-branes. The compactification of the unoriented string on a 7;/Zs orbifold
was considered long ago in refs. [48, 49], and the global constraints imposed by the tadpole
cancellation condition were solved in that case. Thus, upon compactification on ’2'2(3), our
present set-up can be seen as the T-dual version of that model, for which the quadratic
gauge couplings on D9-branes were recently considered in ref. [53].

)

with respect to the I3 reflection. These points are labeled by a 2-vector @ as indicated

The action of Q' selects 4 O7-planes, located at the invariant points of the torus ’2'2(3

in figure 1.
Similarly, ©'g preserves 64 O3-planes, located at the fixed points of the inversions in
all three tori TQ(Z) which we will denote by a 6-vector E (see figure 2).

The (dimensionless) volume V of the internal compactification manifold is given by

v =111P71® (2.2)
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Figure 1. The location of the 4 O7-planes in ’72(3) is identified by a 2-vector & whose components
can take the values 0 and 1/2, if the torus is parameterized with “flat” coordinates ranging from 0
to 1 (see appendix A for our notations and conventions).
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Figure 2. The location of the 64 O3-planes in 7'2(1) X 7'2(2) X 7'2(3) is identified by a 6-vector E whose
components again take values 0 or 1/2.

where TQ(i) is the Kdhler modulus® of the torus ’2'2(i), whose complex structure we denote by
U® . Since the third torus plays a distinguished réle, in the following we will write simply
T and U in place of T and U®). The low-energy effective super-gravity action for the
above orientifold compactification is best expressed in terms of U® and of the complex
fields ¢, whose imaginary parts tg) are given by? [54, 55]

1)

tgl) I T2(2)T27 t§2) — o—%10 T2(1)T2, ty = tgs) — o910 TQ( T2§2) ’ (2.3)

where ¢1¢ is the ten-dimensional dilaton.
The four-dimensional Planck mass Mp;, which represents the natural UV cut-off in the
low-energy effective theory, is

1 1
2 -2 _
M3, = e P10 = ot Ao T, (2.4)
where
A= Cy+ie 0 =\ +i)o (2.5)

is the usual axio-dilaton field. The tree-level bulk Kéahler potential K of our theory can be

written as

3
K =—log (A2) — > log (1 U5") . (2.6)
i=1

! As usual, the Kihler moduli TQ(i) are complexified into T = Tl(i) + iTQ(i) by the B-field along the i-th
torus; see appendix A for our conventions.
2The real parts tgl) are related, instead, to suitable RR potentials.



As we will briefly recall in the next subsection, the cancellation of the RR tadpoles requires
the presence of D7-branes transverse to 72(3) and of D3-branes transverse to the internal
6-torus, with a specific action of €', § and ©'g on their Chan-Paton (CP) factors. In this
framework the modulus t9 defined in (2.3) basically corresponds to the tree-level coupling
of the gauge theory on the D7-branes, while Ay = e ?10 describes the gauge coupling
on the D3-branes. Notice that the orientifold projections (2.1) are compatible also with
D-instantons and Euclidean E3-branes wrapped on ’]'2(1) X ’]'2(2), which must therefore be
added to our model giving rise to non-perturbative corrections.

2.1 Tadpole cancellation constraints

Let us denote the number of D7-branes in each fixed point @ by Ng, and the number of
D3-branes in each fixed point E by M & Open string states connecting the various branes
will be described by CP matrices with index range Ng or ME depending on whether the
string ends on a D7- or on a D3-brane respectively. The Zy x Zs generators (2.1) act on
these CP indices by means of unitary matrices 7. More precisely, we denote the (Ng x Ngz)
matrix representing the generator ¢ on the D7-branes at the fixed point & by v5(g), and
use the same notation, mutatis mutandis, for the other orbifold generators and for the
CP indices of the D3-branes. All these unitary matrices square to the identity since they
represent Zo generators, and thus for all of them we have

T h=v, y=9". (2.7)
Moreover, in any representation (both on the D7’s and on the D3’s), the group relations
require that

() y(§) = (29) . (2.8)

The tadpole constraints arise from the analysis of the IR divergences in the exchange
channel of the Klein bottle amplitude and of the annuli and Mdbius diagrams with bound-
aries on D7- and/or on D3-branes. In the RR sector such divergences signal the propagation
of massless RR forms, and hence the presence of unphysical tadpoles that should be can-
celed globally for consistency. In our model (see appendix B.1 for details) this cancellation
is achieved if, following ref. [49], we take the (N& X NO7) matrices gz to be of the form

(@) = ( ; 3)  al8) =a(9) = (_?ﬂ ig‘) , 29

the (Mg X Mg) matrices Vg to be of the form

fyg(ﬂw:vg-(g):(_‘fﬂf), 75(9’§)=<§ ‘;) (210)

and then if we require that

D Ng=32 and Y Mg=32. (2.11)
3



When these conditions are satisfied, all RR tadpoles are canceled globally. However, it is
possible also enforce a more stringent constraint and locally cancel the RR charge carried
by each O7-plane if we require that

Nz =38, (2.12)

i.e. if we place exactly 4 dynamical® D7-branes on top of each O7-plane. Since there are 64
O3-planes but only 16 dynamical “half” D3-branes as indicated by (2.11), it is impossible
to cancel the RR charge locally at each O3 location; however, we can at least cancel the
O3-charge in the last torus by choosing

> Mg=38 (2.13)
&

with the sum running over all { = (5_21, {E) for any fixed 52, i.e. over all O3-planes on top of
the O7 specified by 52 This is the choice we make from now on. Thus, on each O7-plane
we put 4 dynamical D7-branes and 4 “half” D3-branes. The latter can then be distributed
over the 16 orbifold fixed points that are common to a given O7-plane, leading to different
possibilities which will be briefly mentioned in the next subsection.

2.2 A conformal set-up

Let us focus on one of the O7-planes, say for example on the one at & = (0,0), and on the
4 dynamical D7-branes located there. The latter support open string excitations whose
CP factors are (8 x 8) matrices A subject to the following conditions

VEQYATAL(Q) =eqr A, LG AL @) =5 A, (2.14)

where e/ and € are the eigenvalues of ' and § on the oscillator part of the corresponding

states, in such a way that these are invariant under the Zs x Zo orientifold. For instance,

for the massless vector V, (represented by the state 1", [0) with g = 0,...,3) and the
2

massless complex scalar ¢ (represented by the state 1/)(_32 |0) along the torus 7;(3)), we
2

have ¢5 = —eqg = 1. On the other hand, for two massless complex scalars h(Y) and K2
along the directions of 72(1) X 72(2) (represented by the states 1/)92 |0) and T/J(EZ |0)) we have
g5 = €or = —1. Then, using (2.9) the CP structure of the Varioés massless fQields selected
by (2.14) turns out to be

A S A S Ar Ay A Ap
V, = = h = h? = 2.15
. (—S A) Y (—S A) ’ Ay —Ay )7 4y —4,) 1)
where A, A; and As are (4x4) antisymmetric matrices, and S is a (4 x4) symmetric matrix.
We therefore see that the vector V), and the scalar ¢ are in the adjoint representation of

%Here we follow the same terminology introduced in ref. [33]. Therefore, when the D7-brane CP indices
take Ny values, we say that there are Ng/2 dynamical D7-branes since half of the CP indices can be
regarded as images of the others under the orientifold parity Q'. Likewise, when the D3-brane CP indices
take Mg values, we say that there are Mf/ 2 dynamical “half” D3-branes since a further half of the CP
indices can be regarded as images under the orbifold parity g.



U(4), embedded in SO(8), while the two scalars h) and () are in the antisymmetric
representation  of U(4) plus its conjugate , again embedded in SO(8). Adding the
corresponding fermions from the R sector, the massless spectrum of the 7/7 strings consists
of one N/ = 2 vector multiplet in the adjoint representation of U(4) schematically given by

®(z,0) ~ p(z) + 0% F(x) + fermions (2.16)

where F' is the gauge field-strength, one hyper-multiplet in the representation and one

hyper-multiplet in the conjugate representation.

Now let us consider the 7/3 open strings stretching between D7- and D3-branes. In
this case the massless excitations correspond to twisted states with mixed Neumann-
Dirichlet boundary conditions along the directions of 7;(1) and 7;(2), and organize in 4
hyper-multiplets (one for each “half” D3-brane) transforming in the fundamental repre-
sentation  of U(4). To see this, let us consider m “half” D3-branes located at a given
orbifold fixed point E In order to survive the orbifold* projection, the CP factor A of the
massless states of the 7/3 sector must satisfy the following constraint

15G) Ay (9) =g A with g5 =1, (2.17)

which, upon using (2.9) and (2.10), is solved by

X1 Xo
A= 2.1

with X; and Xy being generic (4 x m) matrices. Thus, these mixed states transform as
m hyper-multiplets in the fundamental representation of U(4). In our model, of course,
we have m = 0 for 12 fixed points and m = 1 for 4 fixed points contributing in total 4
hyper-multiplets. Nothing changes in this respect, if the “half” D3-branes are distributed
differently among the various orbifold fixed points.

On the contrary, what changes according to the configuration of D3-branes is the
theory on the world-volume of the latter. If the 4 D3-branes are all located at the same
fixed point, we have a gauge theory with group U(4) and a matter content similar to the
one discussed above for the D7-branes. If, instead, 3 D3-branes are located at one fixed
point and and the fourth D3 is at a different one, we have a gauge theory with group
U(3) x U(1), and so and so forth. The case in which the 4 D3-branes are all in 4 different
fixed points, thus giving rise to a theory with a U(1)* symmetry, is of particular interest
since it is this configuration which admits a simple perturbative heterotic dual. Thus, from
now on we will restrict our analysis to this case only. The theory we consider is therefore
the one living on the 4 D7-branes on top of one of the orientifold O7-planes, with the 4
D3-branes placed at four different orbifold fixed points, as shown for example in figure 3.

The gauge group is U(4) x U(1)*, with the latter factors representing flavor symmetries
from the point of view of the theory on the D7-branes. The massless content of this N' = 2

4The orientifold projection Q' does not impose any restriction but only identifies states of the 7/3 sector
with states of opposite orientation belonging to the 3/7 sector.
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Figure 3. Brane locations in our model. The square denotes the orientifold fixed point & = (0, 0)
where the 4 D7-branes are located, while the circles denote the positions of the 4 “half” D3-branes.

N =2rep. sector Eqy €5 CP factor  # U(4) quq
vector 7/7 - + (AS j) 1 adj. 0
hyper 7/ — — (i; _Ajl) 1 -2
hyper 7/ — — (i; _Ajl) 1 +2
hyper 7/3 undef. + <)§é2 ;j) 4 -1

Table 1. Massless spectrum on the world-volume of the 4 D7-branes at one of the orientifold fixed
points of our model.

model is summarized in table 1, where in the last column we have indicated also the
U(1)p7-charge of the various multiplets. Notice that while the adjoint fields are clearly
neutral, the charge of 7/7 hyper-multiplets is, in absolute value, twice the charge of the
7/3 hyper-multiplets. This fact can be easily understood, since the 7/7 fields correspond
to open strings with two charged endpoints on the D7-branes, as opposed to the 7/3 fields
which have only one charged endpoint on the D7-branes.

It is not difficult to check that this model is conformal. Indeed, the 1-loop G-function
coefficient for a N/ = 2 theory with gauge group G is given by

b=2 [T(G) -3 an(r)} , (2.19)
where the index T'(r) of a representation r of G is defined by

T(r)dap = tr (Ta(r)Tp(r)), (2.20)

T(G) stands for T'(adj) and n, is the number of hyper-multiplets transforming in the



representation r. In our case (see table 1) we have G = U(N) with N =4, and

n =n =1, n =4. (2.21)

Since the relevant indices are®

T(@)=N=4, T()=T()=", =1, T()=, (2:22)
the B-function coefficient vanishes:
b=4—-n =0. (2.23)

As we will see in the next section, the quadratic effective action for the D7 gauge
fields contains also a double-trace structure (tr F')%, which clearly arises only in the U(1)
sector and renormalizes separately from the Yang-Mills term tr F2. The 1-loop S-function
coefficient for the double-trace coupling, which we denote as b, can be deduced from
the coefficient of the S-function for the U(1) factor of the gauge group, which in turn is
computed from the charges of the various multiplets. Such abelian g-function coefficient
is given by

Bua) = — Z Ny q? d(r) (2.24)

where ¢, is the U(1) charge of the hyper-multiplet in the representation r whose dimension
is d(r). Inserting in this expression the U(1) charges and multiplicities given in table 1,
one finds

Bumy=(4—-n )N—4N’=(4—n )tr1—4(tr1)*. (2.25)

Our specific model is precisely of this type, with N =4 and n = 4. Thus, from (2.25) we
easily deduce that the U(1) contribution to the S-function of the single-trace term is the
same as the non-abelian one (2.23) and vanishes in our model, while the contribution b’ to
the double-trace term is

V=—-4. (2.26)

This concludes our analysis of the properties dictated by the (massless) spectrum of
string excitations on the D7 branes. In the next section we turn to the structure of the
interaction terms in the low-energy effective action, starting from the perturbative contri-
butions.

3 Type I’ gauge effective action: perturbative part

The tree-level action for the A/ = 2 Super Yang-Mills theory discussed in the previous
section can be obtained by computing disk scattering amplitudes among the various mass-
less excitations of the open strings with at least one end-point on the D7-branes and then

®The following formulas actually refer to the SU(N) part of the gauge group. Later we will consider also
the U(1) factor.

,10,



taking the field theory limit o/ — 0. Alternatively, at least for the pure Yang-Mills part
we can consider the Dirac-Born-Infeld (DBI) action for a D7-brane, namely

27
SpBI = Az e 0\ [ (GuN + 27’ F 3.1
DBI (%\/O/)S/ ze \/( MN + 27 Fyy) (3.1)

with Gy being the world-volume metric and Fjy the gauge field-strength (M, N =
0,...,7), and then compactify it to four dimensions on (’]'2(1) X ’]'2(2)) /Zs. In this way, after
promoting the field-strength to be non-abelian and rescaling the four-dimensional metric
to the flat one, we obtain, at the quadratic level,

1 4 2
Stree = 22 /d xtr(Fy,), (3.2)

where pu,v =0,...,3, and the Yang-Mills coupling constant ¢ is given by

47

o =t (3.3)

with ¢9 defined in eq. (2.3). Now we turn to the 1-loop terms.

3.1 1-loop contributions

To derive the 1-loop threshold corrections to the quadratic gauge couplings on the D7-
branes we use the background field method. The 1-loop amplitudes are extracted from
the second derivatives of the weigthed partition function of open strings with at least
one endpoint on the D7-branes in presence of a constant magnetic field on the D7-brane
world-volume (see ref. [56] for previous studies of F2-amplitudes in ' = 2 brane set-ups).

For concreteness we switch on a magnetic field H along, say, the directions 2 and 3, i.e.

Fos=—F3 ="H, FMVZO for ,U'=V7é2737 (3'4)

and taking value only in the Cartan directions of the gauge group. Furthermore, we suppose
again to have N dynamical D7-branes and set N = 4 in the end. As discussed in section 2.2,
in the real basis for the CP indices the adjoint of U(N) is embedded into SO(2N), so that
Cartan subalgebra of U(N) is represented by skew-diagonal matrices. However, with a
complex change of basis we diagonalize them and hence bring our Cartan magnetization
in the form

i i

e diag(hl, hg, N hN, —hl, —hg, ey —hN) = e dlag(hl) . (35)
Here we have introduced the index ¢ = 1,...,2N running over all D7-brane labels; the
fundamental and antifundamental indices of U(NN), taking values 1, ..., N, will be denoted

instead by I and I respectively. Thus, we have i = I for i = 1,...,N and i = [ + N
fori = N +1,...,2N, so that hf = —h;. The U(N) field strength H corresponds to the
(N x N) upper block in (3.5), namely

H= 10/ diag(hl,hQ,...,hN) =

i
o o diag(hr) . (3.6)

2T
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In presence of the magnetization (3.5), a 7/7 open string stretching between the i-th and
j-th D7-brane is twisted by an angle

1 h; — h;
vij = — (arctanh; —arctanh;) ~ — 7 + O(R?), (3.7)
T T
and the spectrum of physical excitations changes correspondingly.
The 1-loop effective action of the D7-branes can be deduced from the 1-loop vacuum
energy in the background (3.5). For the 7/7 open strings this vacuum energy has the
following schematic form

> dr 1+ 1+g1+(-DF .
/0 272 ZTr (hiyhj)< 9 9 g (2 ) q"° 24) = Aq/7(h) + Mqp7(h)  (3.8)

i7j

where H(;)F is the GSO projector, ¢ = e7"™2, and the trace Tr (hs,h;) 1s computed over the
spectrum of 7/7 open strings with boundary conditions determined by the values (h;, h;).
In the right hand side of (3.8) we have distinguished, as usual, an annulus contribution
Az7/7(h) and a Mébius strip contribution My 7(h), which is non-vanishing only if h; = —h;
due to the presence of ' inside the trace [22].

Our model contains also m = 4 “half” D3-branes at the same fixed point of 72(3) of
the D7-branes, so that also the D7/D3 strings can have massless modes contributing to
the low-energy effective action. At 1-loop we should therefore take into account also annuli
with one boundary on a magnetized D7-brane and the other on one of the D3-branes,

corresponding to the amplitude

 dry 1+g1+(-DF , .
Az3(h) + Az/z(h) :/0 9y ;Tl" (hi,a)< 9 9 g (3.9)
where a labels the CP indices of the D3-branes, taking 2m values.

The amplitudes (3.8) and (3.9) are computed in appendix B.2 and the result is given

in egs. (B.37), (B.39) and (B.41). All in all, the total 1-loop effective action turns out to be

S1-100p = Ags7(h) + Mz s7(h) + Az/3(h) + Asz7(h)
(3.10)

__ " [(4—m)trH2—4(trH)2}/o

OodTQ

5 W () + O(h?) .
T

82

with

_ \w1+w2U\2T
Wir)=3 ™ w (3.11)

weZ?

representing the sum over winding states on ’2'2(3) (see eq. (A.25)). Notice that the ex-
pression in square brackets has the same structure appearing in eq. (2.25), and that the
coefficient of the single-trace term is the correct S-function coefficient for this model (see
eq. (2.23)), since the number m of D3-branes equals the number n  of fundamental hyper-
multiplets. In our conformal case, i.e. m =n = 4, there is no running for the single-trace
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coupling, but there is a non-vanishing 1-loop contribution proportional to (tr H)?. Pro-
moting H to a full dynamical field F),,, this contribution in the end reads

1 o
St-toop = 4 5 / i (tr F)2 /O T2y 0+ O(F?) . (3.12)

72

It is important to stress that this 1-loop action is entirely due to zero-mode states wrapping
around 7;(3) and giving rise to the winding sum W (7,. The contributions of the massive
string states, instead, exactly cancel as a consequence of the fact that in A" = 2 theories the
F2-terms are “BPS saturated” quantities (see e.g. ref. [56] for an extension of this result
to more general brane setups). This property makes the quadratic gauge couplings reliable
variables to follow under the non-perturbative type I’ /heterotic duality.

The integral over the modular parameter 79 in (3.12) can be evaluated following the
methods of ref. [50], as reviewed for example in the appendix of ref. [57], and, after regu-

larizing the divergences, the result (up to moduli independent constants) is

Us |?7(U)|4>

* dr
|7 W) =~ tog(ai) ~10g (1]
0 2

T2

. (3.13)
= —tog (1 ,2) ~oa (%o Ua n(0)")

where in the second step we introduced as UV cut-off the four-dimensional Planck mass
Mpy (2.4). Thus, the 1-loop action (3.12) becomes

1 2
S1-toop = 5 / i (tr F)?| — 41og (’“](4 51) — 4log ()\2 Us |77(U)|4> FO(F?) . (3.14)

From this explicit result, we can read the S-function coefficients and the 1-loop threshold
corrections to the gauge couplings, as explained in appendix E (see in particular eq. (E.1)).
The absence of single-trace quadratic terms implies that b = 0 in agreement with eq. (2.23),
and

A=0. (3.15)

On the other hand, for the double-trace structure we see that b’ = —4 in agreement with
eq. (2.26). The 1-loop threshold follows then from eq. (E.1) and reads
A’ = —4log <)\2 Us \77(U)]4) . (3.16)

Notice that this threshold is invariant under the target-space modular trasformations acting
on U, but it is not invariant under the S1(2,7Z) transformations of the axio-dilaton A. This
lack of invariance signals the necessity of non-perturbative corrections which, as we will
show in sections 4 and 5, are induced by D-instantons.

3.2 Holomorphic gauge couplings

The moduli dependence of string loop corrections to the gauge kinetic terms of a supersym-
metric effective quantum field theory like ours is best described in terms of holomorphic
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couplings, as explained in refs. [50-52] and briefly reviewed in appendix E. These Wilsonian
functions, in general, have the following structure

1
I =fo+ An Ja) + fop. (3.17)

where the subscripts (o) and (1) refer, respectively, to the tree-level and 1-loop contributions,
while the last term accounts for possibile non perturbative corrections.

In our specific theory, there two such functions: one for the usual single-trace Yang-
Mills term tr F2, which we will denote by f, and one for the double-trace term (tr F)2,
called f’ in the following. At tree level we have

foy ==it, o =0, (3.18)

as one can see from eq. (3.3) and the fact that no double-trace term is present in the tree-
level action (3.2). The 1-loop contributions, instead, can be obtained from the formulas
(see also eq. (E.8))

Re fi1) = A+ Auniv + 0K, Re f(jy = A+ Ay + V' K, (3.19)

where

K =—log(A\Us) . (3.20)

is related to the Kéhler metric of the adjoint scalar fields, while Ay is a universal effect
due to the mixing of the dilaton with the compactification moduli [50, 51]. Since both A,
A, Auniy and K contain non-holomorphic terms, the relations (3.19) imply that all such
terms should compensate each other for consistency to yield holomorphic expressions for
Ja) and f(’l). In type II or type I theories (as opposed to heterotic models) the universal
correction Ay is actually of O(gs), gs being the string coupling, and thus it does not
contribute to the coupling functions at 1-loop. This can be seen for example from the
explicit calculation of the corrections to the Kéhler potential performed in ref. [58]. This
same observation was used in ref. [59] to obtain the Kéahler metrics of twisted matter
fields from instantonic annulus diagrams in agreement with the explicit perturbative string
derivation presented in ref. [60]. Thus, for our purposes here, we can drop the Ay, term
from the various formulas. Recalling the expression (3.20) for K and using the results for
b, ', A and A’ obtained in the previous subsection, from eq. (3.19) we finally get

Re f1y =0, Re f{; = —4log (In(U)|*) , (3.21)

in agreement with the holomorphy requirements. In the next sections we will study the non-
perturbative corrections f,, and fr'l_p. to the coupling functions induced by D-instantons.

4 D-instantons and their moduli spectrum

We now discuss the effects of instantonic branes on the system described so far. There
are two types of branes that are point-like with respect to the four-dimensional uncompact
space and can be put on the O7-planes in a supersymmetric fashion, namely
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3
7%

Figure 4. A possible arrangement of the D(-1)/D3/D7 system in case a). The empty square
denotes the fixed point @ of ’72(3) occupied by the D7-branes, the empty circles the four fixed points
€'in ’2’2(1) X 7;(2) X 7;(3) occupied by the D3’s and the filled circle the one among these latter where
k D(-1)’s are positioned. There are four inequivalent possibilities for the D(~1) location.

e extended Euclidean 3-branes (or E3-branes) wrapping 72(1) X 7;(2);

e point-like D(—1)-branes that are completely localized in all directions.

The E3-branes represent ordinary gauge instantons for the field theory living on the D7-
branes; indeed in the E3/D7 system there are precisely four directions with mixed Dirichlet-
Neumann boundary conditions and the spectrum of the physical excitations of the open
strings with at least one endpoint on the Euclidean branes is in full agreement with that of
the ADHM construction for gauge instantons [27, 28, 32]. On the other hand the D(-1)-
branes describe truly stringy (or exotic) instanton configurations for the D7-brane gauge
theory [22]. In fact, in this case between the instantonic and the space-filling branes there
are eight directions with mixed boundary conditions, and the corresponding spectrum of
moduli is not the conventional one.

In this paper we only discuss the contributions produced by the D(—1)-branes, leaving
the study of the E3-branes to a future work. In particular we will show that fractional D-
instantons located at orbifold fixed points have the right content of zero-modes to correct
non-perturbatively the gauge kinetic function of the N/ = 2 U(4) theory discussed in
section 3, and later will check the result against the dual heterotic string calculation.
Again we focus on the four D7-branes located at one of the orientifold fixed points, and
place on them a number of fractional D-instantons. However, since there are also four D3-
branes distributed in four different orbifold fixed points, we have to distinguish between
two possibilities, depending on whether the D-instantons are at the same position of one
of the D3-branes or are at an empty fixed point.

In the first case (case a) in the following), schematically represented in figure 4, there
is one orbifold fixed point, say 5, occupied both by the D(-1)’s and by one D3; therefore we
can find massless excitations not only in the spectrum of the (—1)/(—1) and (—1)/7 open
strings, but also in that of the (—1)/3 strings stretching between the D-instantons and the
D3-brane located in that point. Since there are four different D3-branes, this situation can
be realized in four different but completely equivalent ways.

In the second case (case b) in the following), represented in figure 5, only the (—1)/(—1)
and (—1)/7 open strings can support massless moduli because the (—1)/3 strings have

always a non-vanishing stretching energy due to the non-zero space separation between their
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Figure 5. A possible arrangement of the D(-1)/D3/D7 system, case b). This time the D(-1)’s
occupy a fixed point where no D3’s are sitting. There are twelve inequivalent possibilities.

endpoints. Since in our model there are twelve orbifold fixed points that are not occupied
by D3-branes, this case can be realized in twelve different but completely equivalent ways.

In order to select which moduli survive the orientifold and orbifold projections, it
is necessary to specifiy how the discrete parities ' and § act on the CP indices of the
D-instantons. Extending the consistency arguments of ref. [49] to our case, we can show
that this action can be represented by matrices Fg having the same form as the matrices
vg acting on the CP indices of the D7-branes and introduced in eq. (2.9), namely

rdQ) = (g g) . THg) = Tdg) = (-?]1 i(f) . (4.1)

Clearly this implies that the number of CP indices for the D(-1)’s must be an even integer,
say 2k, so that the various blocks in (4.1) are (k x k) matrices. Adopting the same termi-
noloy used for the D7- and the D3-branes, we say that this case corresponds to having k
“half” D-instantons. Let us also note that the physical moduli organize in representations
of the Lorentz symmetry group, which in our local system is broken to

SO(4) x SO(4) x SO(2) = SU(2)4 x SU(2)_ x SU(2); x SU(2)_ x SO(2) (4.2)

by the presence of O7/03-planes and D7/D3-branes. In the following, we will refer collec-
tively to the SU(2) factors above as SU(2)%. The subscript 4 refers to the fact that the
irreducible factors SU(2) . inside SO(4) rotate (anti)-self-dual tensors.

Let us now give some details.

(—1)/(—1) strings: this is the neutral sector since it comprises states that do not trans-
form under the U(4) gauge group. A generic modulus in this sector has a Chan-Paton
matrix structure A which must fulfill the invariance conditions

LAY AT rg(Q’) =e A and  THJ) Arg(g) =gz, (4.3)

where e and e; are the eigenvalues of Q' and g on the oscillator part of the correspond-
ing state.

The physical zero-modes are easily obtained by dimensionally reducing the N’ = 1
supersymmetric gauge theory from ten to zero dimensions. In the NS sector, the ten real
bosonic moduli split in different sets according to their transformation properties under
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the Lorentz group (4.2). Adopting an ADHM inspired notation, we label them as follows.
There are two complex scalars By (¢ = 1,2) associated to the four real string states 9" | /9 |0)
along the space-time directions; they transform as a vector of SO(4), i.e., in the (2,2,1,1)
of SU(2)* and have e = gg = 1. Two complex scalars B, (€ = 3,4) are associated to
1/1(712/2 |0) and 1&&21)/2 |0) along the directions of ’2'2(1) X ’]'2(2); they transform in the (1,1,2,2)
and have eqr = 1, ¢5 = —1. Finally, there is one complex scalar x associated to the string
excitation 1/1@ /o |0) along ’2'2(3), which is a vector of SO(2) and a singlet of SU(2)4, and
)

All these bosonic fields are matrices, and must satisfy the invariance constraint (4.3)

thus it has eqr = —1, g5 = 1 since ' contains the reflection in the ’]'2(3 directions.

with A replaced in turn by By, B; and x, with the values of e/ and € specified above
and listed in table 2. Using the explicit form (4.1) for the matrices Fg, we see that this

S A St S A S
B, = B, = = 4.4
l <—A S) ) ¢ (SQ _Sl> X (—S A) ) ( )

where S, S7 and S are symmetric (k x k) matrices, and A is an anti-symmetric (k X k)

requires that

matrix. Thus the scalars By and x transform in the adjoint representation of U(k) (the first
embedded in the symmetric representation of SO(2k), the second in the anti-symmetric
one), while the scalars B; transform in the symmetric representation of U(k) plus
its conjugate

A similar analysis can be performed in the R sector of the (—1)/(—1) strings. Here we
have sixteen fermionic moduli which we can group into four sets Maq, Maa, Naa and Ngg
with «, &, a,a labelling the spinor representations of the four SU(2)’s. We have denoted
by M’s and N’s the components with positive and negative SO(2) chiralities, respectively,
that correspond to eigenvalues plus and minus under €. On the other hand, under g all
modes carrying an index a pick up a minus sign. The resulting o/ and ¢; eigenvalues
have to be inserted into the constraint (4.3) and determine the form of the CP matrices.
We notice that Msa, Mas have the same eigenvalues as By and B, and therefore they
share the form of their CP factors. The other two sets of fermions satisfy again (4.3) with
polarizations of the form

A Ay A S
Nd(z - 5 Naa - 5 4.5
(b h) e (45 13

where A, A; and Ay are anti-symmetric (k X k) matrices, and S is a symmetric (k x k)
matrix. Thus, Ng; transform in the anti-symmetric representation  of U(k) plus its

conjugate , while N,, transform in the adjoint of U(k).
For later convenience we have summarized the above properties of the neutral moduli
in table 2, where in the last column we have indicated also their scaling length dimensions.
It is useful to remark that the components of the moduli By and M, along the
identity play a distinguished role in the computation of D-instanton induced interactions;
in fact they do not interact with other moduli and correspond to the 4-dimensional super-
coordinates = and 6 [31, 32]. Due to their Chan-Paton structure, the moduli B; and Mg,

,17,



moduli SU(2)4 Eqr €4 CP factor U(k) dimensions

B 2211 !
¢ (’ T ) + + (S A) adjoint

M, (1,2,2,1) ~A S /2
B; (1,1,2,2) S, S, Lt
+ - + 1/2
Mo (2,1,1,2) Sy =51 L
g _ Ar Ao -3/
Naa  (1,2,1,2) (A2 —Al) + L
Noo  (2,1,2,1) A S . L3/
- djoint
X (1717171) * (_S A) acJom Lil

Table 2. The spectrum of neutral moduli aring from (—1)/(—1) open strings stretching between
two D-instantons.

instead, have no trace part; their components = and 6 along o3 (in block-diagonal terms) do
appear in the moduli action, and thus cannot generically play the role of supercoordinates
in the internal directions along the orbifold. We will however see later that effectively they
behave as such when we compute certain types of instanton-induced interactions.

(—1)/7 strings: this is the charged sector that accounts for open strings stretching
between the k D-instantons and the four D7-branes, whose CP factors are (2k x 8) matrices.
Since there are eight directions with mixed Dirichlet-Neumann boundary conditions, in the
NS sector it is not possible to construct vertex operators of conformal weight one, and thus
there are no physical bosonic moduli in the spectrum. On the other hand, in the R sector
we do find physical moduli. These are fermionic scalars y’ that, in order to survive the
orbifold projection, must satisfy the following relation

TH§) 1 15(9) = eqn’ with 5 = +1. (4.6)

We do not get any further condition by applying the orientifold parity €', since it exchanges
the string orientation and thus leads to suitable identifications between states of the (—1)/7
sector with those of the 7/(—1) one. Recalling the explicit form (4.1) and (2.9) of the
matrices Fg—(g) and vz(g), we can easily see that the above constraint implies that

o x X
- 4.7
s (—X2 X, (4.7)

where X7 and X, are generic (k x 4) matrices. Thus, these fermionic moduli organize into
a complex scalar transforming in the fundamental/anti-fundamental representation ( , )
of the symmetry group U(k) x U(4). Their properties are summarized in table 3.
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moduli SU(2)4 €4 CP factor U(k) x U(4)  dimensions

/ X1 Xy 1/2
Yo (1L,1,1,1) + <X2 X1> () L

Table 3. The spectrum of charged moduli arising from (—1)/7 open strings stretching between k
D-instantons and four D7-branes.

(—1)/3 strings: let us finally consider the flavored sector of the instanton moduli space
which arises from the open strings connecting the D-instantons with the half D3-branes. As
we have explained at the beginning of this section, this sector exists only when the D(—1)’s
and the D3’s occupy the same fixed point. In our model, this happens in case a) considered
in figure 4, with just one half D3-brane at the fixed point of the D(-1)’s. The CP factors
of the (—1)/3 moduli are then (2k x 2) matrices transforming in some representation of
U(k) x U(1). It will be useful in the following to consider the generalized case with m half
D3-branes suppporting a U(m) symmetry, with 2k x 2m CP factors; the configuration a)
corresponds to m = 1. In the case b) represented in figure 5, the D3/D(-1) moduli are
absent and we may say that this case corresponds to m = 0. As usual in D(-1) /D3 systems,
in the NS sector one finds two complex variables w, which transform as a chiral spinor
with respect to the SO(4) acting on the ND directions, namely belong to the (2,1,1,1) of
SU(2)* in our language. In order to survive the orbifold projection, they must satisfy the
following constraint:

PHg) wa Vg (9) = ggwa  with 5 = +1. (4.8)

Recalling eqgs. (2.10) and (4.1), one can easily conclude that

i Y
= , 4.9

From this we deduce that the moduli w, transform in the fundamental representation
under U(k) and the anti-fundamental under U(m).

In the R sector we find eight fermionic moduli which can be organized in two spinors,
e and pg, of of opposite chiralities with respect to the internal S/(\)(4) In particular, g
transforms in the (1,1,2,1) of SU(2)* and is invariant under § like w,, with which it
shares the same CP structure (4.9). Instead, p; belongs to (1,1,1,2) and is odd under g,
leading to

THg) Havg (9) = egpa with g5 =—1. (4.10)
This is solved by taking
i Y,
1 = 4.11
Ha <Y2 —Y1> ) ( )
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moduli SU(2)4 €5 CP factor U(k) x U(m)  dimensions

W, (2,1,1,1) Y, Y, !
+ o ( ’ ) 1/2

L (1,1,2,1) Y> Vi L

. B Y1 Yo 1/2

b (11,1,2) (1,2 _Yl) () L

Table 4. The spectrum of flavored moduli aring from (—1)/3 open strings stretching between k
D-instantons and one “half” D3-brane at the same fixed point.

implying that the pg’s transform in the fundamental representation both of U(k) and of
U(m). All this is summarized in table 4, where again the last column contains the length
dimensions of the various moduli.

5 D-instanton corrections from localization formulae

The effective action on the D7-branes gets corrected by D-instantons. In our N/ = 2 setup
these corrections are encoded in a prepotential function of the chiral superfield ®(z,0)
containing the adjoint scalar ¢ and the gauge field strength F' of the U(4) gauge group
(see (2.16)), and can be expressed as follows

Spp. ~ / d'zd*0 Fop (®) + cc (5.1)

The prepotential F, , (®) receives contributions from D-instanton configurations of type
a) and b), described in figures 4 and 5, corresponding , respectively, to instantons sitting
on a fixed point occupied by a D3-brane or empty. Taking into account the multiplicity of
these configurations, we can write

Fop (@) = 12 Fm=0(p) 4 4 =D (@) . (5.2)

The prepotentials F(™) can be expressed as an integral over the “centered” moduli
space My, of the instantonic branes as follows

f(m)((p) — qu/dﬂ/l\]“m e_Smod(ﬁA\k,mvcb) . (53)
k

with ¢ = ¢™*. Here (—7ik\) is the classical action of k fractional half D-instantons, while
Smod(ﬂk7m,<1>) is the action describing the interactions of the centered moduli (i.e. all
moduli except z and #) among themselves and with the superfield ®; all these interactions
occur via disk diagrams® with at least part of their boundary attached to D(~1) branes.
5In principle one should include also annuli and Mobius diagrams with a boundary on the D-
instantons [1]. In the present model, such diagrams do not contribute: the D(-1)/D7 and D(-1)/0O7 ampli-

tudes are related to the running of the quartic coupling on the D7’s, which vanish in our model [22]; the
D(-1)/D3 and D(-1)/O3 amplitudes also vanish.
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The moduli z and 6 play the role of the NV = 2 super-coordinates and appear in
Smod (M\ k,m, ®) only through the superfield ®(x, ). This implies that during the calculation
we can take ® to be constant, and promote it to a full fledged dynamical field only in the
end. However, even with this position, the integrals in eq. (5.3) remain rather cumbersome,
and can be explicitly performed only for very low instanton numbers, typically & = 1.
Substantial progress can be achieved following the seminal observation [42] that, after
suitable deformations of the moduli action, the integrals localize around isolated points in
the instanton moduli space, and that an explicit result for the prepotential can be obtained
after turning off in a controlled way the deformations. This idea has already been made
systematic and applied with success in several interesting contexts [23, 24, 61-63]. Here
we put it at work for a system of k& D(—1)-instantons, m D3-branes and N D7-branes in
presence of O7- and O3-planes, and present explicit computations for the relevant cases
with N =4 and m = 0,1, up to k = 3.

We first take ® = diag(ay,...,an,—a1,...,—ay) where a, are constant expectation
values along the Cartan directions of U(NN), and then consider the e-deformed instanton
partition function

Z™ (a,€) = qu Z,(Cm)(a, €) = qu /d./\/lkm e FmoaMem-a) (5.4)
k k

Here we have conventionally set Zém) (a,e) = 1, and introduced S 4 which is obtained
by deforming Sp,o,q with Lorentz breaking terms parameterized by four parameters e; de-
scribing rotations along the four Cartan directions of SO(4) x S/(\)(4) From the string
perspective, these deformations can be obtained by switching on suitable RR background
fluxes on the D7-branes, as shown in refs. [23, 64]. Notice that integrals in eq. (5.4) run
over all moduli, including the “center of mass” super-coordinates x and . In presence of
the e-deformations it is rather easy to see that the integration over the super-space yields
a volume factor growing as 1/(eje2) in the limit of small €; . Therefore, to obtain the in-
tegral over the centered moduli this factor has to be removed. In addition, we have to take
into account the fact that the k-th order in the g-expansion receives contributions not only
from genuine k-instanton configurations but also from disconnected ones, corresponding
to copies of instantons of lower numbers k; such that >  k; = k. To isolate the connected
components we have to take the logarithm of Z(™ (a,¢). Thus, we are led to consider

Fm)(a,€) = erelog Z™ (a,e€) . (5.5)

The prepotential will be extracted from F(™) (a,€) after taking the appropriate e; — 0
limit and replacing a with the complete superfield ®. It is worth remarking that the
function F(™ (a, €) contains also information about more general interactions in the four-
dimensional theory such as non-perturbative gravitational couplings, flux induced mass
terms, etc. For instance, the gravitational terms can be extracted from F("™) (a,€) after
promoting €12 to dynamical superfields describing a graviphoton multiplet, as done in
ref. [64] or, in the eight-dimensional context, in refs. [23, 24]. Similarly, the terms involving
€34 can be interpreted as mass deformations for the antisymmetric matter that are induced
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by RR fluxes. In this paper we focus only on corrections to gauge kinetic functions, and
therefore higher order terms in €’s will be systematically discarded.

5.1 Localization formulae

The localization procedure is based on the co-homological structure of the instanton moduli
action which is exact with respect to a suitable BRST charge @Q:

Smod = QE . (56)

() can be obtained by choosing any component of the supersymmetry charges preserved
on the brane system. Supersymmetry charges are invariant under U(k) x U(m) x U(N)
but transform as a spinor of SO(4)2, so that the choice of ) breaks this symmetry to the
SU(2)? subgroup which preserves this spinor. In our case we take’

SU(2); x SU(2)s x SU(2); = SU(2)_ x SU(2)_ x diag [SU(z)+ xSU@).| . (57

This reduction is achieved by identifying the spinor indices “a” and “a” of the first and
third SU(2)’s in tables 2, 3 and 4 of section 4. After this identification is made, the
fermionic moduli My, and My, can be renamed as My—sq and M;_ .,

By and B; into BRST multiplets. Similarly, the singlet component 7 = Ny,e** and the

and paired with

(—1)/3 fermionic moduli p1a—, have the right transformation properties to qualify for the
BRST partners of Y and w, respectively.

The remaining fields N, = 0%*Nua, Neaa, pa and g/ are unpaired, and should be
supplemented with auxiliary fields having identical transformation properties. We denote
such fields as d,,, Dgsa, he and B/, respectively. In ordinary cases the auxiliary fields
collect the D- and F-terms of the gauge theory on the D(-1)’s, and the corresponding D-
and F-flatness conditions are the ADHM constraints on the instanton moduli space (see for
example refs. [61, 65, 66] for details). In our case we have an extension of this construction,
defining a sort of generalized “exotic” instanton moduli space. More precisely, the seven
auxiliary moduli d,,, Dgg, of dimension L?, linearize the quartic interactions among the
scalars By and B; and correspond to vertex operators® that are bilinear in the fermionic
string coordinates [23, 32]. In particular, the triplet d,,, disentangles the quartic interactions
of B, and B; among themselves, while the quartet Dg; decouples the quartic interactions
between B, and B;. Likewise, the dimensionless auxiliary (—1)/3 moduli h, disentangle the
quartic interactions between B; and w,. Finally, A’ completes the (—1)/7 BRST multiplet.
In the end, y remains unpaired and therefore Qx = 0.

In this way, all moduli but x form BRST doublets, which we will schematically denote
as ((;5, P = Q¢) in the following and which are explicitly listed in the first column of table 5.

"In the D(~1)/D7 system considered in ref. [23], the subgroup of the SO(8) Lorentz symmetry preserving
a fixed spinor is SO(7), embedded in such a way that a vector of SO(8) becomes a spinor. In our case,
eq. (5.7) represents the subgroup of this SO(7) which is compatible with the 4 + 4 split of the eight-
dimensional space induced by the orbifold compactification on 74 /Zs.

80ne can see that vertices associated to the moduli D4y transform under the discrete parities 0’ and g
in the same way as the fermionic moduli N4g, while the triplet d,, transforms like the fermions N,,. Thus,
the structure of their CP factors match that of their BRST partners as expected.
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Note that ¢ is a boson if the multiplet is built out of physical moduli, and is a fermion
if instead it contains auxiliary fields. Indeed, the auxiliary fields, being related to D- and
F-terms, can only appear as highest components in the BRST multiplets while the physical
bosonic moduli enter as the lowest components of the pair. These statistical properties are
listed in the second column of table 5. With all these ingredients at hand, one can show
that the moduli action Sp,,q can be written in the form (5.6). The details of the fermion
= are irrelevant to the computation, since integrals are insensitive to (Q-exact terms.

Since the length dimension of the BRST charge is L~/2, the length dimensions of the
components (¢, 1) of Q-multiplet are (A, A— ;) Thus, recalling that a fermionic variable
and its differential have opposite dimensions, we find that the measure on the instanton
moduli space

AMjom = dyx [ do dv (5.8)
(o.¥)

has the following scaling dimensions

LR a(nemna) (5.9)

Here, the first term in the exponent accounts for the unpaired k% bosonic moduli y, of

dimension L~!, and ny denotes the number of Q-multiplets where the statistics of the

lowest component is (—)f¢ = +. Using table 5, we can explicitly rewrite eq. (5.9) as
L—k2+é(nB-l—n,-(—l—nw—nN—nu—n#/) _ L4;N k

(5.10)

where ngy is the number of real component of a modulus of type ¢. The measure is therefore
dimensionless for N = 4, i.e. for the U(4) D7-brane gauge theory in our model. Note that
this result is independent from the number m of D3-branes at the fixed point where the
instantons sit, and therefore holds for both the two relevant cases m = 0,1 in our setup.

To localize the integral over moduli space, it is necessary to make the charge @
equivariant with respect to all symmetries, which in our case are the gauge symmetry
U(k) x U(N) x U(m), and the residual Lorentz symmetry SU(2)3. For our purposes it
is enough to consider the Cartan directions of the various groups. We label the Cartan
components of the U(k) parameters of @ by ¥, those of U(m), those of U(m) by b and
those of U(N) by d. From the string perspective Y, b and @ parametrize, respectively,
the positions of the D(-1), D3 and D7-branes along the overall transverse two-dimensional
plane, and their appearance in the moduli action can be deduced from disk amplitudes
with (part of) their boundary on the D-instantons and with insertion of (-1)/(-1), 3/3
or 7/7 fields. Thus, d@ can be interpreted as the vacuum expectation value of the chiral
superfield ® of gauge theory on the D7-branes, and b as the analogue for the gauge theory
on the D3-branes. Finally, the Cartan directions of the residual Lorentz group SU(2)? are
parametrized by e; (I =1,...,4) subject to the constraint

€1+€e+e3+e4,=0. (511)

Although only three out of the four €’s are independent variables, it is convenient during
the computation to keep all of them as independent variables and impose the relation (5.11)
only at the very end.
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After the equivariant deformation, the charge () becomes nilpotent up to an element
of the symmetry group. It is convenient to use the basis provided by the weights of this
group, and thus we denote by ¢, and 1), the components of ¢ and 9 along a weight

7= (qur): Tuny> Quimys Gsu)s) € W(9), (5.12)

where W(¢) is the set of weights of the representation under which ¢ transforms, which
can be read from the third and fourth columns of table 5. Then, in this basis the charge
Q acts diagonally as follows

Q¢q = wq ) qu = Qq¢q7 (5'13)

where ), parametrizes the equivariant deformation, i.e. the eigenvalues of Q?. From the
brane perspective, €}, specifies the distance in the overall two-dimensional transverse plane
between the branes at the two endpoints of the open string. Explicitly, we have

—

Qu =X quky + @ quavy + b quam) + € Gsu) - (5.14)

The € dgy(z) eigenvalues appearing above can be deduced from € gso(4)2, where ggo4)2
is the SO(4) x S/(\)(4) weight vectors of the physical moduli inside each multiplet, using
the relation (5.11) among the e; parameters. For example, the complex moduli By, trans-
forming as a vector of the first SO(4), have ggo(4)2 weights (£1,0,0,0) or (0,+1,0,0), and
thus their contribution to €, is 4=€; or +ep. Similarly, for B; which is a vector of S/(\)(4),
we find +e3 or e4. The same results are found for the M-fermions which transform as a
right spinor of SO(4) x S/(\)(4) and have weights (+3,43,+3,+7) with an odd number of
plus signs. For the N-fermions, transforming instead as a left spinor with an even number
of plus signs, after using eq. (5.11) we find 0, £1(e1 + €2), £5(e1 + €3) and £ (e2 + €3).
Finally, w, transforming as a right spinor of SO(4) has eigenvalues :I:;(el + €2), while p,
transforming as a left spinor of S/(\)(Zl) corresponds to :I:;(e?, — ¢4). Alternatively, these
eigenvalues can be read from the formula

€ sy = qi(e1 — €2) + qa(e3 — €4) + g3(e1 + €2) (5.15)

with ¢; = 0 for states in the 1, ¢; = i% for states in the 2 and so on.? All this is
summarized in the last column of table 5, where we have displayed the positive eigenvalues
of € dsy(eys (assuming €; > ez > €3 > €4) corresponding to the holomorphic components
of the various fields.

The complete localization of the integral around isolated fixed points implies that
the integral is given by the (super)-determinant of Q? evaluated at the fix points of
Q [42, 61, 66]. As we already mentioned, the moduli y and Y appear very asymmet-
rically in the BRST formalism: y parametrizes the U(k) gauge rotations, while y falls

°To see this, associate to each modulus the SU(2)* charges ¢+, G+ and the eigenvalue € - dsu@yr =
e1(q+ +q-) + e2(q+ — q-) + e3(G+ + G—) + €a(G+ — G—). Then, eq. (5.15) follows after the identification
@ =q-, 2 ={—, g3 = ¢+ — G4+ and the use of (5.11). For example, B1» € (2,1,2) have SU(2)® weights
(+1,0,+1) that once plugged into eq. (5.15) lead to +€1 and =e.
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(¢,9) (=) U(k) x U(N) x U(m)  SU(2)* € Jsu(2ys

(B&MZ) + (a‘dJ7171) (27172) €1, €2

(B;, M;) + ( ,1,1) +hec (1,2,2) €3, €4
(Néas Dae) — ( .1, 1) +h.c. (2,2,1) ea+e€3,€1+ €3
(N, din) — (adj, 1,1) (1,1,3) Og, €1 + €2

(X;7m) + (adj, 1,1) (1,1,1) Or

(//J,ah/) - ( ) ’1) —|—hC (1,1’1) 0
(wa,,ua) + ( ’1, ) —|—hC (1,1?2) 2(61 +€2)

(1, ha) — ( .1, ) +h.c. (1,2,1) %(63 —€4)

Table 5. BRST structure and symmetry properties of the D(—1)/D3/D7 moduli. With (—)f¢ = &
we denote the statistics, bosonic or fermionic, of the lower component of the doublet. The third and
fourth columns report the transformation properties under the symmetry groups. The last column
collects the eigenvalues € gsuy(z)s for the positive weights ¢’s specified in the third column.

into one of the doublets. Moreover, the contribution of the (,7n) multiplet to the super-
determinant cancels against an identical contribution coming from a real component in
(N, dy) with identical transformation properties and opposite statistics. After discarding
these contributions, the super-determinant of Q? takes a simple product form in terms of
the () -eigenvalues over complex variables and can be restricted to holomorphic compo-
nents of the latter, corresponding to the positive weights € W+ (¢). Thus, the k-instanton
partition function Z,gm) of eq. (5.4), now deformed also with the U(m) parameters b, is

given by the localization formula

Z]E;m) (a, b’ 6) = /de;7m eiSfxxod(M/@,m’avb) — /dX H dqb d¢ efQE
(o)

- TS TP T I ;0

1<J b geWt (¢

(5.16)

The factor ], j (xi — Xj)Q, known as Vandermonde determinant, comes from the Jacobian
resulting from bringing x into the diagonal form x = diag(x1, x2, ... Xx). The integral over
x; in the second line above has to be thought of as a multiple contour integral, according
to the prescription introduced in ref. [67].

The explicit expression for the products appearing in eq. (5.16) can be easily deduced
from eq. (5.14) by considering in turn, for each modulus ¢ in table 5, the set of weights
corresponding to its symmetry representations. Introducing for notational convenience

S1 =€y +€3, Sg—¢€1+€3, 8S3=¢€1 +¢€g, (517)
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the products for the (—1)/(-1) moduli can be written as
k

[T " =TI (e —)

qEWt (By) (=1i<j

4k Uk .
1:[ 0, =TT (e +x0)* - ) 1:[(4X§—e§) ,
qgewT(By) 523221 i=1 (5.18)
I = TIIT (0 +x0? - 52).
GeEWT (Naa ) (=11i<j
k
IT 20" =TI (0w -s3).
qEWT (N, X) 1<j

while for the (—-1)/7 moduli we have

I ¢ ﬁﬂ <Xi—au>, (5.19)

FeWw+ () i=1lu=1

and for the (-1)/3 moduli we have

» ko m €14 €9)2N —
[T %“¢:HH«m%M—“Qﬁ)ﬂ

LTEW‘F(WQ) i=1r=1 (5 20)
, .
0 ) Xi + br) (63 B 64) .
@EV};[(%) ! 21_[17"1—[1 < )

Putting everything together, the instanton partition function (5.16) is then given by

m S F k dXi i 2
A7 w00 = (4r,) [ o b= (e~ 4)

This multiple integral should be supplemented by a pole prescription. Here, inspired by
the prescription of ref. [67], we take Imb, = 0 and Ime; > Imey > Imesz > Tmey > 0,
and compute the integrals closing the contours in the upper half-plane Imy; > 0. In
appendix C, we provide explicit results of these integrals up to & = 3 instantons.

It is interesting to observe that the exotic instantons we have considered here can also
be re-interpreted as standard gauge instantons from the D3-brane perspective. Indeed, the
D(~1)-instanton partition function (5.21) coincides with that describing gauge instantons
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in a U(m) gauge theory, with two antisymmetric hyper-multiplets with masses —e3 and
—ey4, and four fundamentals with masses a,. The cases we are interested in, m = 0,1,
correspond however to a rather bizarre choice of the gauge theory where the standard
field theory notions tend to lose their meaning. In this sense, our exotic instantons can
be thought as a extrapolation of ordinary gauge instanton effects to degenerated limits of
quantum field theories.

5.2 Non-perturbative prepotential

In order to obtain the non-perturbative prepotential for the D7-brane gauge theory from the
partition function Z(™ (a, b, €), we first set the vacuum expectation values b, = 0 of the 3/3
scalars to zero, since in our string vacua the D3-branes are fixed at one of the orbifold fixed-
points. Thus, from now on we will not consider any more the b-dependence of the instanton
partition function. As a second step, we take the limit ¢; — 0 to remove the Lorentz
breaking deformations. A simple inspection of the explicit results for log Z (m)(a, €) given
in egs. (C.2) and (C.3), shows that this expression diverges as 1/(ejeaezeq) in this limit.
Such a divergence is typical of interactions in eight dimensions where the N' = 2 super-space
volume grows like [ d8zd®0 ~ 1/(€jezezeq). Indeed, although the os-trace components &
and 6 of the moduli B; and M; do not in general decouple from the moduli action, they
do in some of the fixed points that contribute to the completely localized integral. In these
points, £ and 0 effectively represent the super-coordinates of the internal orbifold where
the D7-branes are wrapped, and together with the true super-space coordinates x and 6
reconstruct an eight-dimensional volume factor. These contributions can then be thought
of as coming from regular D(—1)-instantons moving in the full eight-dimensional world-
volume of the D7-branes. Moreover, from the explicit results presented in appendix C, we
can see that the terms proportional to 1/(ejezezes) in log Z0™(a, €) are independent of m
(and also of b’s if we keep these parameters switched on). Thus, they can be associated to

a universal quartic prepotential defined as

Fiv(a) = limO e1eseseqlog 2 (a,€) (5.22)
€7—
Explicitly we have
16
Fiv(a) = <4a1a2a3a4) q— <Z a?a?) @+ ( 3 a1a2a3a4> e+ ... (5.23)
1<j

which has indeed quartic mass dimension. Surprisingly, the result (5.23) matches precisely
(half of) the non-perturbative quartic prepotential induced by D-instantons on the parent
eight-dimensional SO(8) gauge theory living on D7-branes of type I’ [23]. This is consistent
with the interpretation of these contributions as coming from bulk or regular instantons,
since such instantons are insensitive to the Zg-orbifold projection.

More interestingly, we can extract a finite quadratic prepotential by subtracting the
divergence coming from the eight-dimensional interactions. This quadratic prepotential is
defined as

(m) () — 1i (M (g.e)—
Fii (a) = lim (erezlog Z" (a,€) Fiv) . (5.24)
er—0 €3€4
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Since the moduli measure is dimensionless, as shown in eq. (5.10), no dynamically generated
scale may appear and the contributions atall instanton numbers must be constructed only
out of the a’s once the e-deformations are switched off. This is what happens. In fact, for
m = 0,1 we find the following quadratic prepotentials

fl({nzo)(a) = (_Zaiaj>q+ <Zaiaj—i Za?) q2—|— (_gzai%') q3+... ,

1<J 1<j i<j
(m=1) 7 (5.25)
=1 2\ 2 3
.7:Hm (a) = (3Zaiaj> q—+ <Zaiaj + 4 Zai) q° + (42%%) @+
1<J 1<J 7 i<j

The total quadratic prepotential Fn.p.(a), which takes into account the contributions from
the various m = 0, 1 configurations with their appropriate multiplicity, is obtained inserting
eq. (5.25) into eq. (5.2), and reads

Fapa) = 4[2(tra)’ - ra?| ¢ + O(a"). (5.26)

where we have rewritten in a basis-independent way the sums over the a’s. It is important
to stress that the terms proportional to ¢ and ¢® cancel when we sum over all possible
D-instanton configurations, and that the relative factor inside the square brackets is a
consequence of the explicit numerical coefficients we have found in evaluating the instanton
integrals using the localization technique.

We can now promote the vacuum expectation values a’s to the corresponding dynam-
ical superfield ®(z,0) and determine the quadratic non-perturbative action according to
eq. (5.1). Performing the #-integration, we then obtain

Sh.p. X /d4x [2(tr F)2 - trFQ} P+ 0(¢") + ce. (5.27)

From this expression, we can say that the non-perturbative part of the holomorphic cou-
plings f and f’ of our N' = 2 theory is given by

fap. = +0(q"), fi, =—20¢"+0(q") (5.28)

where « is an overall coefficient that accounts for the normalization of the instanton par-
tition function and the numerical factors arising from the 6 integrations. We would like to
stress again that the vanishing of the contributions at the one and three instanton level is
due to the non-trivial cancellations between contributions coming from fixed points with
one D3-brane or with none. In the next section we will test this result against a dual het-
erotic computation that predicts the absence of these odd instanton number contributions
to any order and reproduces the relative factor of —2 between the two structures at k = 2.
This will provide a robust test of our explicit calculations.

6 Heterotic gauge couplings

In this section we exploit the heterotic/type I’ duality to test the results we have found
via localization of the integrals on the moduli space of the D(-1)/D3/D7-brane system.
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The heterotic dual model can be built from the U(16) compactification of the SO(32)
heterotic string on 7;/Zs (with standard embedding of the orbifold curvature into the
gauge bundle) [33, 35] and further reduced on 73 with Wilson lines that break U(16) to
U(4)%. The gauge kinetic terms in this heterotic set-up are corrected at 1-loop by an infinite
tower of world-sheet instantons wrapping 72, which are dual to the D-instantons of the
type I theory [43, 44]. In this section we will compute the 1-loop heterotic thresholds and,
after applying the duality map, show a perfect match against the stringy multi-instanton
contributions found in section 5.

6.1 The heterotic orbifold

We first give some details on the heterotic model we will consider. We start from the SO(32)
heterotic string with super-string coordinates X™ and v™ (M = 0,...,9), and a left-
moving SO(32) current algebra realized in terms of 16 complex fermions A’ (I =1,...,16).
To find a four-dimensional N = 2 vacuum with gauge group U(4)* we compactify the theory
on 74/7Zy x To with a proper choice of Wilson lines on 7;. More precisely, the Zy orbifold
group is generated by

do Xt X' ¢t — =t AT S AT (6.1)
where X' and ' (i = 4,5,6,7) are the string coordinates along 7;. This action breaks
the gauge group SO(32) down to U(16) corresponding to the 256 massless vectors of the
form 1/)“ AL AJ ! |0) which are even under go. The further breaking to U(4)* is achieved
by turnlng on dlscrete Wilson lines on 75. These can be realized in terms of a Zo X Zo
freely acting orbifold with each Z, acting as a reflection in the U(16) lattice and a half-shift
along 73. More precisely, if we denote by X® and X? the bosonic coordinates of T3, and
for simplicity take the latter to be a square torus with radii Rg and Ry, then the two
generators g1 and go of Zg X Zg are defined as

gl . X8 N XS + 7TR8’ AI:L...,S N _AI:L..S,

6.2
92 . X9 N X9 + 7TR9, AI:5""12 N _AI=5,...12 ( )

This action splits the 16 complex fermions A’ into four groups of four, thus realizing the

desired breaking from U(16) to U(4)*.

6.1.1 Partition function and massless spectrum

As a preliminary test, we check that the massless spectrum of this heterotic orbifold is the
same as that of the dual type I’ model. To do so, we compute the heterotic partition func-

2 g g g -NF c 7 e
Zhet :/ d 7—Tr<1+go I+g1 1462 1+ (=1 qL0_24 QL0_24) (6.3)
F 279 2 2 2 2

where ¢ = €*™7 d?7 = dridry, F is the fundamental domain of the torus and the GSO

projection acts on the right-moving fields. Performing the conformal field theory trace over

tion

all sectors, we obtain

1 d*r vy ! h ho hi h _ hohi h _
Zhet = 24 /]__ 72 Z p[gs](o;ﬂ X[g(?gllg;](o; 7) P[g(?gllgﬂ(T’T)’ (6.4)

T2
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where the factor v
V4 4

= 6.5

3 (4n2a))2 73 (6.:5)

arises from the integration over the bosonic zero-modes of the four non-compact directions

with a (regularized) volume Vj, and the functions p[zg]((); 7) and X[Z;)Zlg}f

for the contributions coming from the trace over the right- and left-moving oscillators,

|(0; 7) account

respectively. Their explicit definition and properties can be found in appendix D (see in
particular egs. (D.1)-(D.4)). Finally, F[Z(?:lngQ
bosonic zero-modes in the internal compact directions and is given explicitly in eqs. (D.7)-
(D.9) (see also appendix A).

With this information, we can check the massless spectrum. To do so, we first notice

|(7,7) represents the contribution of the

that the massless states contribute only to the untwisted amplitudes with hy = hy = 0,
since the Zy x Zs-actions (6.2) have no fixed points. Indeed, expanding the lattice sums
for large values of 7, we have

ho0 O o
F[goglgz] =14+,

fro i (6.6)
[909192] =0+... for (h1,h2) # (0,0) .

Thus, only the left-moving contributions X[hoo 0

2] need to be considered. Using the re-
sults derived in appendix D (see in particular eq. (D.6)), it is not difficult to obtain their

asymptotic expansions for large values of 7, namely

1
[888]:g+(2v+502)+...,
1
X[ggolzg] = (j+(2v_]‘0)+ fOI’ (91792) ;é (050),
0004 1 .
X[19192]—q+(2u+14)+..., (6.7)
100 100
Xood =x[1oo) =128+... |
oo o] =x[20] =0 for (g1,92) # (0,0) .

Here and below we use the notation 2, ., to keep track of the transformation properties
of the various states with respect to the SO(2) Lorentz little group in four dimensions;
thus 2, stands for two degrees of freedom in the vector representation. Likewise, for the
right-moving contributions we find

pl=V+H+..., p[[]=V-H+..., p[j]=p[]=2H+..., (6.8)
where we have denoted by
V=2,+2-2,—-2.,, H=4-2x2,—-2x2, (6.9)

the number of physical states in a vector and a hyper-multiplet.

,30,



Taking the product of the left- and right-moving contributions, we find that the number
of massless states can be written as

Vx(2v+2)+4H]+4[V><16+H><(6+6+4x4) (6.10)

where the first square bracket corresponds to the gravity multiplet and four hypers con-
taining the geometrical moduli of the 7;/Zs orbifold, and the remaining terms build up
four copies of a vector multiplet in the adjoint of U(4) plus one hyper in the , one in the

and four in the representations, in perfect agreement with the type I’ dual spectrum
of table 1.

6.2 Threshold corrections

The moduli dependence of the gauge kinetics terms in the heterotic model at 1-loop can
be extracted from the 2-gluon scattering amplitude on the torus (VrVg), where

Vi = (2m/) Fl, / Pz (XFOXY + ) (2) Jhe(2) (6.11)
is the vertex operator for the emission of a gauge field along the Cartan directions of U(4)*
for which the corresponding current is Ji{m = MM, In a theory with eight supercharges,
like ours, this is a BPS saturated amplitude and therefore non-trivial contributions come
only from the fermionic zero mode part of the string vertices, namely

Vi = (2nd)2m FL I JL (6.12)

int

with Jf . = P31)*, s = 1,2, being the right-moving fermionic currents along the two Cartan
directions of the SO(4) Lorentz group. In the above expression the factor of 75 comes from
the integration over the position of the vertices over the world-sheet torus.

To compute the 2-point function (VpVp) it is convenient to exponentiate the string
vertices and rewrite the threshold amplitudes as a second derivative of a generating func-
tion. Since both the left- and the right-moving parts of the vertices (6.12) are quadratic in

free fermions, this generating function is nothing but the weighted partition function!©

d? 143014+ 14+3d0 14+ (—1)F c 75 o s
Zyon (w0, 7) :/ X TTr< +go1+01 14+G2 1+ (1) qL0—24 qL0724 e27r1[2T2wSJLor+v1JiIm]>
F 272 2 2 2 2
(6.13)

As we know, there two possible tensor structures for the gauge kinetic terms: the single
trace tr F2 term, and the double trace term (tr F')2. The 1-loop thresholds for each structure
can be read from appropriate combinations of v;-derivatives and will be denoted again as
A and A’ respectively. To find them, it is enough to specify one Cartan direction along
SO(4) and two Cartan directions along one of the four U(4)’s. Thus, we can fix for example
s=1and I = 1,2, and define
Apy =

4 000,00 ) Zyet (w0, 7) (6.14)

w=v=0

1
41(2m)

For convenience, in the exponentiation we have attached the factor of 272 of the gluon vertex (6.12) to
the Lorentz current. We will instead keep track explicitly of the dimensional factors of (2ma’).
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with w = wy. Then the quadratic gauge thresholds A and A’ for the two tensor structures

can be obtained from the following relations

A= (27‘('(1/)2 (All - Alg) 5
1672 (6.15)
AI = (27‘1’0/)2 Alg .

We now give some details on the calculation of such quantities.

6.2.1 Calculation

Just like Zj, also the weighted partition function (6.13) can be written as a sum over all
projected and twisted sectors. Indeed, using the functions defined in appendix D, we have

e / o), ) X[ @y T Ry (616)
gl,h =0

which is a rather obvious generalization of the partition function (6.4). To proceed, it is
convenient to organize the various contributions according to the orbits of the modular
group. More precisely, exploiting the modular transformation properties of the various

building blocks given in appendix D, one can show that the contributions coming from

1hih 1hih
the sectors [ ! 2] [ e
09192 19192

transformations of the modular group to the amplitudes in the sectors [

] can be obtained by applying, respectively, the S and T'S
?lehQ] The latter
can therefore be taken as representatives of a modular orbit, and the weighted partition

function (6.16) can be rewritten as

1 0 Ohihay, - — 0h ho _

Zhet(w / [ﬂ[o](wﬂ') X[Ogl 92](1),7') I‘[Ogl g2](7-77-)
gi,hi=0

+ (Pm(w,r) X[ 2@, 7) T 22)(r, 7) + orb )]

19192
(6.17)
Now we are ready to evaluate eq. (6.14). Using the Riemann identity for the -
functions, we first rewrite the right-moving contributions as follows

0 191 (Tgw)4
p[o](wa ) = 7712 )
6.18)
Y (mw)? [1+h0](’7'2’w)2 (
h‘ 17T
o[ J(w,7) = —4el™h S (g0, ho) # (0,0),
0[1—}—90]
from which we easily find
Op[)w,m)| =0,
h o . (6.19)
Rl )], = —8Cr &0 (g0.ho) £ (0,0)
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Thus, only the sectors with (go, ho) # (0,0) contribute to the quadratic thresholds. Insert-
ing these results in eq. (6.14) and using eq. (D.7), we have

1
V4 d27' 0Oh1 ha, > _ h1 ha —.
Ay = 41872 F 7'22 hzo[avlav‘]x[lgl gz](v’T)‘Uzo Lo [91 gz](T’T’T’ U) + orb
9gi,Ni=
v P21 & 0hy h ! hih
_ 4 1hey - — 1 h2 —.
Oy e o) N LTINS sE R U TR
h;=0 g:=0
1
=S a0t (6.20)

where the second line follows from the fact that the double derivatives of the y-functions
are independent of ¢g; and go. We would like to stress that, unlike in the case of the
partition function where only the untwisted sectors with (h1,hs) = (0,0) were relevant to
derive the massless spectrum, in the threshold calculation all sectors, including the twisted
ones, contribute. In the following we will in turn analyse the two types of contributions,
the untwisted one arising from sectors with (h1,h2) = (0,0) and the twisted ones arising
from sectors with (hq, he) # (0,0).

Orbits of X[IOO] In this case we have
00
AIS )= T / 2 [XIJ ZPQQ 9192 7,7;7,U) + orb (6.21)
where we have introduced the notation
_ 1 0007~
X1 (7) = o 00, X [0 @ )| (6.22)
Using the summation identity (see also eq. (A.16))
- 00 T
> Togl, )R 7T U) = 2T <2T, 275 ,U> : (6.23)
g:=0
and exploiting the modular properties of the right hand side, we have
2v. d’r T
AIS)O) == 4!4 /]r -2 {XIJ(f) + Orb] Py <27, 27; 2,U>
; (6.24)
2V4 d°r T
=~ 4 2 cry(7) o 27U
where . .
_ 7 T+
cry(7) = [XIJ<2) +X1J< 5 ) +X1J(— 2%>] (6.25)

is simply twice the Hecke operator Hr- (x7s). It is important to note that c;; are modular
forms of weight zero with no poles and therefore are constants. Indeed, as shown in
appendix D (see eq. (D.14)), it turns out that

cry(7) =6, (6.26)



so that to obtain A, 09 we may simply use the general integration formula [50
1J

d’r _ 4
| Paatr 20 = g (T Uan (1) ()] (6:27)
F 12
with ¢ = 8”;1;3” Putting everything together and discarding all moduli independent

terms, we finally obtain

A0 = ”24 log <T2 Uz(n <€> 0 (U) (4> . (6.28)

0 h1 he

Orbits of x[l 00

| with (hy,hz) # (0,0). In this case, from eq. (6.20) we have

1% d?r !
AI(}” ha) — _ 44'1 / 2 [XI(}” h2)(f) Z PP [Z;:QQJ(Taf;T, U) + orb (6.29)
CIE 9i=0
where
hih 1 0h1hay,—»
XIE] ' 2)(7—) 87'('2 aUIaUJX[l 0102](U7T) F=0 (630)

for any (hy, ha) # (0,0). Actually, as shown in appendix D, it turns out that these functions
are constants, namely

hih hih
a7y = —x ) (7) = 2, (6.31)

so that the calculation of A, (hl ha) drastically simplifies. Furthermore, if we use the sum-
mation identity (see also eq. (A.l?))

1
/ h1 ha - _ . T _ T
> Tao[) 2] (7, 75T, U) = 4Ta <m7 4,U> — 205 (27, 275 ,U) (6.32)

hi,gi=0

where the ’ means that (hy, hg) = (0,0) is excluded from the sum, we obtain

1 1
> A - A
hi,=0 hi,=0
2 T T
= — / &°r 2F2 2 < 75 ,U) - F2,2 (27, 27_—; ’U>

4
7 (P )
9 g<T2U2|77( )| |n(€)|

(6.33)

up to moduli independent terms.
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6.2.2 Results

Now we can collect all results and obtain the final expressions for the quadratic gauge
thresholds in our heterotic model. Plugging the contributions of the two types of or-
bits (6.28) and (6.33) into eq. (6.20), using eq. (6.15) and recalling that vy = Vy/(47%a’)?,
we find

T8
A =4log <T2 Uy [n(U)[* ’77(:4;)‘ ) ’
2

MEstE
T\4

It is interesting to observe that these expressions are invariant under the following target-

(6.34)

space modular transformations
F0(4)T Q' (6-35)

where 'y is the standard modular group acting on U, while I'%(4)7 is the subgroup of the
modular transformations on 7" of the form

al +b

— with a,b,c,d €Z, ad—bc=1 and b= 0 mod4. (6.36)
cl'+d

The target-space modular transformations (6.35) are those that are consistent with the
Wilson lines which break U(16) to U(4)%. Any meaningful string amplitude should therefore
be invariant under such transformations.

6.3 Holomorphic gauge couplings and duality check

To obtain from the above thresholds the holomorphic gauge couplings of the heterotic
model, we can follow the same reasoning described in section 3.2 for the dual type T’
theory. We only have to remember that in the heterotic set-up the bulk Kéahler potential
reads as s

K =—logS — Y log (13" UJ"), (6.37)

i=1

where Sy, related to the four-dimensional dilaton ¢4 by Sy = ¢=2%4, is the imaginary part
of the chiral superfield S which determines the holomorphic coupling function at tree level

and plays the same role as the ¢ superfield of the type I’ theory, and that
K =—log (T2 Us) . (6.38)

Then, as shown in appendix E, the 1-loop contributions f(;) and f(l1) are given by the same
relations (3.19), now expressed in terms of the heterotic variables [50, 51]. In particular,
for the single-trace Yang-Mills term, using eq. (6.34) and recalling that b = 0, we have

(5l

It is important to stress that the universal term A,y is related to the 1-loop corrections
of the Kihler potential, which in the heterotic setup is of order (gs)° [50, 68], and, like

T\|8
Re f(l) = A+ Auiv + 0K = 4log <T2 U ’n(U)‘4 |n(§“)|4> + Auniv - (6'39)
2
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any meaningful amplitude, it must respect all symmetries of the compactification manifold
including the target-space modular invariance (6.35). From these considerations we are

then led to write

Re f1) = 4log (‘77(?’4> , (6.40)
In( 2 )[4
and T
Auniy = —4log (T Uz In(@)I* In(, 1) - (6.41)
Likewise, for the double-trace coupling we have
Re f('l) = A+ Ay + V' K = —4log [n(U)|* + 4log (}ZE?;;:) (6.42)
4

where the second equality follows upon using b’ = —4 and egs. (6.34) and (6.38). Notice
that all non-holomorphic terms correctly compensate each other and yield a holomorphic
result for f(l1)' This is an a posteriori confirmation of the universal term (6.41).

The heterotic holomorphic couplings (6.40) and (6.42) are exact and do not receive any
kind of corrections beyond 1-loop. Therefore, when translated with the duality map to the
type I theory, they must contain all information, both perturbative and non-perturbative,
on the corresponding type I’ couplings, including the (exotic) instanton corrections com-
puted in section 5. We now show that this is indeed what happens.

Under the heterotic/type I duality map, the Kéhler modulus of the heterotic theory
T is mapped into the axio-dilaton A of the type I’ model according to (see also ref. [36])

T
4

Thus, the weak coupling regime gs ~ 1/X2 — 0 in type I’ can be recovered from the large

— A (6.43)

volume expansion 75 — oo of the heterotic theory and wviceversa. Expanding egs. (6.40)
and (6.42) for large 15, we find

Re f(1) = gTz +8§: [Z :l (e%ikZ — ezﬂikg) + h.c.
k=1 L dlk

S 1 ikT ik T
Ref(/n = —4log IU(U)\4+8Z [Zd (627”92 — 2¢? k4> +h.c.
k=1L djx

)

(6.44)

After translating into the type I’ variables ¢ = e™ = e“iz, these formulas predict a

tree-level term proportional to

Ao tr F2 (6.45)

a 1-loop contribution
2
—4(log [n@)|*) (tr F)”, (6.46)

which agrees with the perturbative type I’ result (3.21), as well as a series of instanton-like
contributions with even instanton numbers, correcting both the single and the double trace

gauge kinetic functions, with a leading term proportional to

¢ (tr F2 - 2(tr F)Q) . (6.47)
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The relative coefficient between the two trace structures is in perfect agreement with the
multi-instanton calculus of the type I’ theory, as one can see from eq. (5.27). Also the
absence of odd instanton corrections is in agreement with the results found in section 5.

The presence of the tree-level term (6.45) proportional to Ay may seem puzzling at
first sight, since A is the chiral field accounting for the gauge coupling on a D3-brane and
not on a D7-brane. The same type of contribution was found also for the T-dual version of
our model in ref. [53] where a convincing explanation for its presence was given. Indeed,
it was argued that since the gauge branes are entirely wrapped over the orbifold 74/Zs,
their gauge kinetic function, besides the usual “untwisted” contribution, should receive also
“twisted” contributions from the exceptional 2-cycles at the orbifold fixed points, where a
hidden non-trivial U(1) gauge bundle is localized. In the case of fractional D7-branes this
mechanism is responsible for gauge coupling corrections proportional to Ao. It would be
very interesting to explicitly derive this result from disk scattering amplitudes involving
twisted fields at the orbifold fixed points.

7 Conclusions

It is by now clear that “exotic” instanton corrections to the effective actions of D-brane
worlds can have relevant consequences. Our work has been motivated by the importance
of putting on firm grounds the techniques to compute such effects in a four-dimensional
context. Let us summarize here our results.

We considered a type I /heterotic dual pair realizing a N' = 2 super-conformal gauge
theory in four dimensions with gauge group U(4) and a matter content made of four
fundamentals plus one antisymmetric hyper-multiplet and its conjugate. The type I’ model
is built with D7- and D3-branes in a 74/Zy x 73 background with O7- and O3-planes. In
this setup, the U(4) gauge theory lives in the uncompactified part of the world-volume of
the D7-branes on top of one of the O7-planes. On the heterotic side this A/ = 2 vacuum is
realized starting from the U(16) heterotic model on 74/Zg after a further compactification
on 7T with non-trivial Wilson lines breaking U(16) down to U(4)%.

In both settings we studied the terms of the low-energy effective action quadratic in
the gauge field strength plus their supersymmetric completion, namely

S = 8177 /d4x [Ref tr F2 + Ref’ (trF)Q} +-- (7.1)

where f and f’ are the Wilsonian couplings. These are holomorphic functions of the bulk
moduli, which depend on the following set of variables

type I’ (t,\U),

7.2
heterotic : (S, T, U). (7:2)

Here ¢t and S represent the tree-level Yang-Mills coupling in the type I’ and heterotic
setups, respectively, \ is the axio-dilaton of type I', and T and U are the Kéahler and
complex structures of 75.
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In the type I’ side, the holomorphic functions f and f’ get contributions at the tree-
level, at 1-loop and also from D(—1)-branes, which represent exotic instantons for this
system. We computed such non-perturbative corrections by means of localization tech-
niques for the integration over the exotic moduli space up to k = 3 instantons. Altogether
we obtained

. 2 4
f=—-it+aq¢"+0(q) , (7.3)
= —=8logn(U)% —2a¢*+ O(¢h) .

where g = exp(mi\) and « is a coefficient related to the overall normalization of the measure
of the exotic instanton moduli space.

In the heterotic side, instead, the holomorphic couplings f and f’ are exact at 1-
loop due to their BPS nature. We determined them by computing the 1-loop threshold

_ o [
f= S+81g<n(g)2>,

corrections finding

o (7.4)
f'= —8logn(U)* + 8log (77(%) ) )
n( 4 )t
Expanding for large values of 7" and using the duality map (6.43), these heterotic formulas
predict no instanton corrections at £ = 1 and k = 3, and a relative coefficient —2 between
the k = 2 corrections to f and f’, in perfect agreement with the results obtained in the type
I’ setting. Moreover, the precise match of the 1-loop terms of f’ between (7.3) and (7.4)
can be taken as a strong evidence that the overall normalization of our coupling functions
is the same in the two settings, thus providing an indirect way to fix the numerical factor a.
We regard these results as a nice and non-trivial confirmation of the validity of the exotic
instanton calculus, which can then be applied with confidence also to four-dimensional
theories and to models for which the heterotic dual is not known or does not exist.

We think there are several lessons to be learned from our computations and several new
directions which deserve to be explored in the light of our results. In first place, the presence
of branes with different world-volume dimensions implies that the standard prescription
of localization in four and eight dimensions needs to be changed in a non trivial way in
order to extract the corrections for the gauge couplings. In second place, the heterotic
computation gives a result for arbitrary instanton numbers, while the explicit integration
over the instanton moduli space could be computed only to the order £ = 3. More extended
checks of this duality would be desirable. This could be achievable by noticing that if one
considers the D7-branes as non dynamical, then the exotic instanton partition function can
be reinterpreted as the ordinary gauge instanton partition function for the four-dimensional
theory living on the D3-branes with fundamental matter hyper-multiplets having masses
given by the positions of the D7-branes. An analysis to extract some sort of Seiberg-
Witten curve in this case seems to be possible even if, as we have discussed, this is a rather
unconventional extrapolation of the standard field theory notions. We leave this kind of
analysis for future work.
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A Zero-mode traces and lattice sums

In this appendix we collect some formulas on the traces over the bosonic zero-modes and
the lattice sums that are useful for the calculations of the 1-loop threshold corrections,
both in the type I’ set-up and in the heterotic model.

Closed strings. In untwisted sectors the bosonic string coordinates have zero-modes zR,
x1,, pr and pr, that contribute to the Virasoro characters since

1 - 1
Ly = 5 pk +osc., Lg= 5 p? + osc. . (A1)

For d real non-compact directions, the right- and left-moving momenta are (pr.), = (pr), =

\/ 02‘/ k., with k, a continuous variable, and thus the zero-mode contribution to Tr qL"qio

d
/ddx/ d kd e—7ro/7’2k2 _ Va . (A.2)
(2m) (Am2a/Ty)2

2miT

is simply

where we have set ¢ = e with 7 = 7 +im.

Now let us consider two directions compactified on a 2-torus 75. They can be described
by two periodic coordinates z* € [0, Vv o/], a complex structure U and a (complexified)
Kahler parameter 7" which are encoded in the metric G;; and in the Kalb-Ramond field

s (1 Uy 0 -1
G = B = . A3
U, <U1 |U|2> ’ <T1 0 > (A-3)

In the following we will denote as G% the components of the inverse metric

Glo * (WP_M>. (A.4)

B, according to

CTyU, \-Up 1

In this case, the right and left bosonic zero-modes are given by
1 . 1 .
with n;,w® € Z, and eq. (A.1) should actually read

1 . _ 1 .
Ly = 2(pR)iGU (pr)j +o0sc., Lo= 2(pL)zG” (pr);j + osc. (A.6)
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Thus, the zero-mode contribution to the Virasoro character Tr ¢“0 g0 becomes
Z efﬂTgniGijanrQWiTlwin¢+27r72wi(BG_1)ijnjfﬂTgwi(GfBG_lB)ijwj ) (A7)
(n,w)ezt
Utilizing the Poisson resummation formula
T svT 1 T —1
Z e~ TN Xn2miY'n _ \/ Z efw(me) X~ 1(m-Y) (AS)
nez? det X mez?

and the explicit form of the torus metric and B-field, we can rewrite eq. (A.7) as
1
F2,2(T’ 7_—; T, U) y (Ag)
T2

where we have defined
Too(r, /T, U) =Ty, Y e T @ Balreizm)
(m,w)ez*
STy S eRRT e - S, [0 M ()2

M

1,1
w'm
In the right-hand sides of eq. (A.10) the prefactor is just the volume of the torus (in units

of o), since fde\/detG =o' Th.

By suitably reshuffling the summation variables, it is easy to check that I's 9 is invariant

(A.10)

with

under the modular group acting on the world-sheet parameter 7; indeed
F2,2(7—+ 1,7+ 1;T,U) = FQ,Q(T,’T';T,U),
ngg(—l/T, —1/?;T, U) = F272(T,77';T, U) .

In presence of Wilson lines and/or insertions of projection operators, the lattice sum

(A.12)

corresponding to the trace over bosonic zero-modes is formally identical to eq. (A.10), but
with
1 h1 1 g1
w + m- + S
M = 2 2 m, w') € Z* A13
<w2+h22 m2+922>, ( ) ( )
where the parameters g; and h; depend on the type of Wilson lines or projection operators.
To explicitly exhibit such a dependence we introduce the notation

oo M 02] (r, 7 T,U) (A.14)

to denote the lattice sum on the torus. Of course, we have I'p 9 [(0] 8] =T99.
Under the world-sheet modular group, the lattice sum (A.14) has the following trans-
formation properties

hih _ h h _
ool 2](r + 1,7+ LT,U) = Tap[ ") " 1(r, 7 T,0), (A15)
h1h _ _ :
PP [gllgﬂ (=1/7,=1/7;T,U) =T95 [ii%ﬂ (r,75T7,U),

which are a generalization of those in eq. (A.12).
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In the heterotic threshold computation of section 6, the shifts h; and g; take the values
0 or 1 only, as they arise from a Zsy (freely-acting) orbifold procedure. In particular, h; =0
and h; = 1 correspond, respectively, to untwisted and twisted sectors, while g; = 0 and
g; = 1 indicate to the absence or the presence of the projection operator. In this case there
are some useful summation identities; in particular we have

1
hh _ hih T
Z o[ (7T, U) = 2Ta (] <2T2T 2,U>,

(A.16)
h1 h2 . B 004 (7 T.T
9192 T7T’U)_2F2’2[9192] (2’272’(]) .
Using these identities, we also find
1
S (Poelo L ) AT U) 4 Taa) 0 (7 T U) 4 T ) (7,7 7,0))
. 2,2 91 92 U 2,2 91 92 U 2,2 91 92 U
gi=
h h T 00 _T A7
ZQZFM 1ha] (2 27 2,U>—2F272[00} <27’,27’;2,U> ( )

T T
= 4F272 (’7’,7_'; 4,U> —2F2,2 <2’7’,2’7_'; 2,U> .

Open strings. Also the bosonic zero-modes x and p of the open string coordinates
contribute to the Virasoro characters since

L 5

Lo =, P +osc.. (A.18)

In the case of d real non-compact directions with Neumann-Neumann (NN) boundary
conditions, we have p, = V2a! k,, with k, a continuous variable, and thus the zero-mode
contribution to Tr ¢’ is simply

ddk: /
/ d'x / emamit . Va v (A.19)
(42’ T9) 2 (12)2

where we have set ¢ = e7""2 with 75 being the real modular parameter of an annulus. This
expression is formally identical to the closed string one in eq. (A.2).

Now consider a pair of directions compactified on a 2-torus 75. If these directions
have NN boundary conditions, the open strings carry a quantized momentum given by
pi = \/2n;, with n; € Z, and the Virasoro generator becomes

Lo =ni G n; + osc. (A.20)
where G is the inverse of the open string metric [69]

Gij = (Gix + Bix) G* (G — Byy) - (A.21)
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In matrix form we have

T? (1 U . Ty \U|? —Uy
g ToUs, \Uy U2 ) g IT|2Ux \ -U; 1 ( )

Then, the zero-mode contribution to the partition function reads

[nqU—n \QT
P(roT,U) = 3 e mmming = §° o7 iy (A.23)

nez? neZ?

In the case of open strings with Dirichlet-Dirichlet (DD) boundary conditions, the
bosonic zero-modes account for the integer windings w’ around the torus, and the Virasoro
operator becomes

Lo = w'Gijw’ + osc. . (A.24)
Thus, the zero-mode trace for two compact DD directions is
\w1+w2U\2T2

W(ry T, U Z e w'Gijw! Z e "7 : (A.25)

wWeZ2 wWeZ2

Notice that W does not depend on the B field and hence on 77, as opposed to what happens
for P. Notice also that the two functions P and W are related to each other by T-duality.
Indeed, performing a T-duality along the directions of 75, one exchanges NN with DD
boundary conditions and makes the following replacements
U—>—1 T—>—1 (A.26)
U’ T’
under which P and W are mapped to each other as one can easily check from the explicit
expressions given above.
If the DD string endpoints are separated by a distance ¥ along 73, the trace (A.25)
generalizes to
W TQ,TQ, Z e " (w'—0")Gij (w! —v7) . (A.27)
weZ?
Furthermore, all these formulas can be easily generalized to higher dimensional factorized
tori. For example, for a 4-torus TQ(I) X 72(2) the lattice sums over momentum and winding
modes become

2 2
Pi(ry) = [[ P(rs: T, UD)  and Wi(m) = [[W (s 13", UD) . (A.28)
i=1 =1

B Details on the type I’ computations

In this appendix we provide some details on the perturbative computations performed in
the type I’ model to recover the tadpole cancellation conditions and the 1-loop corrections
to the D7-brane effective action.
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Preliminarly, we note that the 1-loop amplitudes can be conveniently written in terms
of the SO(4) level-one characters defined by

_ Y3+ 9% V3 — 92 S = 04:19§+19%
2n2 m2 22 m2

where the J-functions and their properties are collected in appendix F. On these characters

the generators T' and S of the modular group are represented by the following matrices

2 42
Oy Vi = 2 = (B.1)

1 000 1 1 1 1

i -1 1 1 1-1-1
7o |0TLO0L g . (B.2)

0 0 10 2 1-1-1 1

0 00 i 1-1 1-1

Consequently, the transformation P = T'ST?S, which relates the Mobius amplitudes in the
direct and transverse channels according to

i 1 i1 . 1
o "o Tt <Z+2>’ (B-3)
is represented on the characters by the matrix
0100
1
p-| 1000 (B.4)
0001
0010
In addition we introduce the supersymmetric combinations of characters
Qo = V104 — CyCy,  Qy = O4Vy— S4Sy, (B.5)

Qs = 04Cy — 5404, Q.= VySy — CyVy,

which have a definite parity under the Zs-orbifold generators. These characters transform
under S and P in the same way as Oy, Vi, S4 and Cy respectively. Their expression in
terms of J-functions is

Uy =i =05 _ 0

Qo + Qv = = - )
2 nt
%02~ 020%  9%03
QO - QU = 9 4 = - 4
1 i (B.6)
s c 2774 774 ’
9203 — 9202 9202
QS - QC — 2774 - - 774

where the second equalities in the right-hand sides follow from the Riemann identity (F.3).
Finally, it is also useful to recall the modular transformations of the Dedekin n-function

n(r+1) =en(r),
n(=1/7) = V=it 9(7), (B.7)

in 1\ ., i
n<2+2>_e4\/1/7277<272+2>'
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B.1 Tadpole cancellation

The tadpole constraints arise from the analysis of the Klein bottle amplitude and of the
annuli and Mobius diagrams with boundaries on D7- and /or on D3-branes. For each bound-
ary these 1-loop diagrams contain a trace over the corresponding CP indices and hence,
when the orbifold /orientifold generators are inserted, also a trace on the corresponding ~y
matrices. All such amplitudes can be constructed in a rather straightforward manner by
collecting such CP factors and the traces over zero- and non-zero-modes. Here we give some
details for the various amplitudes in the direct (open string) channel, and then perform a
modular transformation to obtain their expression in the transverse (closed string) channel
and determine the massless tadpoles. To simplify a bit the calculation, but without any
loss of generality, we switch off the B field in the internal space so that the momentum
sum and the winding sum become related to each other under the world-sheet modular
transformations in a simple way. Indeed, applying the Poisson resummation formula (A.8)
to eq. (A.27), we find

1 1
W_’(7—27 TQ, U) PU ( ;TQ, U) ; (BS)
7915 T2
where we have defined
Py(ry; Ty, U) = Y e7mmamiGiing=2minaat (B.9)
nez?

Note that for v* = 0, we have P5(79;T5,U) = P(19;T5,U). Similar transformation proper-
ties can be obtained also for the lattice sums Py and Wy on a 4-torus. In the following we
will understand the dependence on the Kéhler and complex structures of these functions
to simplify the notation.

1-loop amplitudes in the direct channel. In our model the annulus amplitude is
defined by
A= / a2 gy LIS CD o g (B.10)
27'2 2 2

where the trace is taken over all types of open strings, i.e. 7/7, 3/3, 7/3 and 3/7, as well
as over their CP indices and sectors. For the 7/7 strings we find

A7/7— V4 / dro Z{N N Qo;?;QU <ITQ> P4(’7’2)

o0 . (B.11)
T dtrra() trw(g) 90 @ () } Wi ()

n%63 2

where 14 is the dimensionless volume introduced in eq. (A.19). The two lines in (B.11)
correspond, respectively, to the two contributions with 1 and ¢ inserted in the traces, and
the sum is over all pairs of D7-brane fixed points.

Let us now consider the 3 / 3 annuli. The location of the D3-branes is identified by a
6-vector f that we write as f = (54,52) to exhibit the position along 7; and 7. Then,
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proceeding similarly as for the 7/7 annuli, we find

(B.12)
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R
[ ]
o
)
—

133
where Wé@ is the obvious generalization to 7 X 75 of the winding sum (A.27), and in the

second line the ’ means that the sum is restricted to couples of fixed points 5 and 5_7 lying
on top of each other on 7; and separated by a distance 52 — é; on 75. More precisely this
sum is over fixed-point pairs satisfying 5_21 = fz. This constraint arises because only states
with zero winding number along 74 can contribute to the trace when g is inserted.

Finally, the annulus contribution from 7/3 and 3/7 strings turns out to be

V4 dT2 Q3+Qc it
.A7/3+.A3/7—— / T2 Z{QN M§ 2792 < 9 >
a€

+2tr7a(9) tr1g(9) Q;;ﬁfc (2) }Wam) .

(B.13)
Let us now turn to the Mobius amplitudes, which in our model are given by
dTQ Q/1+gl+( ) o 2(L07C)
i B.14
M= / 27, [ 2 2 ¢ . (B.14)

with the trace computed over open strings of type 7/7 and 3/3, and their CP indices. Of
course the 7/3 and 3/7 strings do not contribute to the Moébius amplitudes.
For the 7/7 strings we have

vy [ dr _ Qo+ Q, [ir 1
M7/7 = - 44/0 7232 Z {tr (’Y@l(Q/)’YaT(Q/)) 8 ( 22 + 2) Py(12)

_ ~ N Q - Q iTQ 1
+atr (7 (Q9)1z(@9) 0, 2, ) W),
n*v5 2 2
(B.15)
while for Mobius diagrams with their boundary on D3-branes we find

vy [ dm _ Qo Qv (i 1
3

+ tr (ng(Q/ J) ;‘C(Ql )) QO;_gQU <i72—2 + ;) Wy(r2) pW(r2) .

(B.16)
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The last type of contribution which is relevant is that corresponding to a Klein bottle.
This is a closed string amplitude which in our model is given by

dTQ
K=
/ 279

F F _
Q/ L+g1+(=1)" 14+ (-1) o5 qLO—;l]

2 2 2
) (B.17)
, ~
:/ dm Ty D 1+g1+ (_1) e—47r72(L07204)
2miT

where ¢ = e with 7 = 7 + im» being the modular paramenter, and the trace taken
over both the untwisted and twisted closed string spectra. Since ' exchanges left- and
right-movers, only those states with Ly = Lo and F = F contribute, thus explaining the

espression in the second line. Evaluating the traces, we find

e=t { “ 0 2im) [Pulm) - W) 32 (%)} W () - (B.13)

The terms proportional to (Q,+ @) come from Tr 1 and Tr g in the untwisted closed string
sectors, while the terms proportional to (Qs + Q.) account for two identical contributions
from the twisted sectors.

1-loop amplitudes in the transverse channel. In order to obtain the tadpole condi-
tion, we have to rewrite the above amplitudes in the transverse channel. For the annulus
% , and then using the modular transformation properties
of the lattice sums and the supersymmetric characters. In particular, with the help of
eq. (B.8) we have

this is achieved by writing m =

i i ¢ ¢ i i
Wi (72 T3, UD) = o1 Pﬁ(z;TQ()’U(O ’
(B.19)

0
i ; T, i ;
Py(r: 13", UD) = €W~<§;T§’,U@>> .

Using these relations, we find that in the transverse channel the amplitudes (B.11), (B.12)
and (B.13) become

o0 (1) (2)
15T
.A7/7— v / drl E { 2 2 N&N QO:QU(K) W4 <€>
0 &

32715 2

(B.20)
1 R Qs +Qc . l
- 2T, trya(9) trya (9) 77292 (i) } Ps—a <2> )
vy [ 1 Qo + Qu <€>
An o = / dr Mg Mg P 5
T4, {32T(1 @, 525; o 0Fee |y
(B.21)
Qs + Qe ¢
Z tr ’}/5 tr’}/g/( ) 219?1 (1€) P£2 5/ 9 )
55’
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and
vy * 1 Qo - Qv .
Az3+ Agjr = / dl E Ng Mz il

1 ~ ~ QS_QC . E
- iy ) wogla) S (15)}13@52 (5) -
(B.22)

The transverse channel for the Mébius diagrams is reached by means of the transfor-
mation (B.3) which on the lattice sums implies in particular the following relations

P(r 13", U0) = 20w (26,147, UD),
2

7"

(B.23)

W (r; T30, UD) = = p(24;70,U0)

Then, in the transverse channel the Mo6bius amplitudes (B.15) and (B.16) become

o0 T Q.+ Q
1% 2 _ ot &y (. 1
Mz =— 44/0 e > j{ 2 ! 2 tr (77N 7E () o <1£+ 2) Wy (20)

8 1o/ \NAT 10! 4 Qo - Qv . 1
Tt (72 (Q'9) 7z (2'9)) 203 (16 + 2) } P(20),
(B.24)
and
= 8 — / / QO_QU . 1
2 - /A /A Qo + Qv . 1
g™ (7 (@ (@)™ s <1£+ 2) P4(2£)}P(2€).

Finally, the exchange channel for the Klein bottle is reached by the transformation 7 = 21@
so that using egs. (B.23) and (B.7) and the modular properties of the characters, we get

o0 (1)p(2)
vy Qo+ Qu ., |321,7T, 32
K 4 /0 df { s (if) o'T, Wa (20) + T2(1)T2(2)T2 4(20)
256 Qo — Qu .
P(2¢0) . B.2
+ T 23 (16)} ( 6) (B.26)

The annulus, Mobius and Klein bottle amplitudes exhibit divergences for £ — oo which
are due to the exchange of massless closed string states. The exchanged states can be
identified from the corresponding character Q,, Q,, Qs and Q., while the TQ(i)—dependence
specifies the volume of the D-brane/O-plane source. Since only massless states contribute
to the divergences we can discard the massive character @).. Contributions proportional
to s, which correspond to the exchange of a twisted state, should cancel identically since
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they appear only in the annulus amplitudes. From eqs. (B.20)—(B.22), we see that this
requires

tryz(g) = trygg) =0 (B.27)

Defining V4 = T2(1)T2(2), we see that the contributions proportional to @), and @, can be
put in the form

2
B 2 1
Aow = gop) gNainMg] :
__2V4 1N TrA/ 1 L/~ ax Tyt
Moy =="p | 2t (05 (Vg () £, 3w (751 (29) 73 (2'9))
¢ 8 (B.28)
1o 10/ Lo/ T 10! 4
iV4th(’Yg () 7 (Q))JFVZZU(”E (Q'9) 7z (29)) |,
é
32V 1)
. 4
Kow="p |1+, | -

with the upper sign referring to @, and the lower one to @,. The open/close string
consistency requires that the sum of these three amplitudes should form a complete squares.
This condition implies the following constraints on the CP traces

Ng = tr (77 ()& (@) = tr (v (9% ('),

M= tr (z1(2) 7 () = tr (7 (V97 (29))

(B.29)

which are satisfied with the matrices given in egs. (2.9) and (2.10). Plugging them into
eq. (B.28), we then find

V4

Ao,v + Mo,v + ’Co,v = 32T2

2
1
(ZNd—32>iV4(ZME—32)] : (B.30)
@ £
so that the cancellation of the tadpoles is globally achieved if

d Na=32 and Y Mg=32. (B.31)
- -
3

However, for any @ we can also impose the stronger conditions

Ny=8 and Y Mg= (B.32)
€1

where the sum runs over all 6-vectors E of the form (51, 52) for any fixed 52, which ensure
local cancelation of the tadpoles along the last torus 7;(3).
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B.2 1-loop magnetized diagrams

Here we discuss in turn the various 1-loop diagrams for open strings (partly) attached to
magnetized D7-branes that were considered in section 3.1.

1
1 1) we transform in the
—1

complex basis the matrices v acting on the D7-brane CP indices in order to be consistent

As a preliminary step, using the Cayley matrix S = \}2<

with what is done on the magnetization (see eq. (3.5)). Denoting by 7 = SyS~! these
transformed matrices, from eq. (2.9) we easily find

3(0) = (f)l g) 3(9) = 5(@9) = (3 _°ﬂ> (B.33)

where we have omitted the label & since we are focusing on a given fixed-point.

In presence of magnetic fluxes h; open strings satisfy twisted boundary conditions.
Taking the magnetic fluxes oriented along, say, the first complex direction and denoting
by v the open string twist, the contribution of the worldsheet fermions to the partition
function becomes

793(1/)793 — 194(V)19§1 — 792(1/)79% _ 191(5)4

Qo+ Qu)(v) = - )
( )( ) 2774 774
D3(v) 0303 — 04 (v)0403 D1(5)? 92(4)?
(Qo—Qu)(v) = 3()3444()43:_ 2 21
2n n
) ) Do o s (B.34)
793(1/)793792 — 792(V)192793 791(2) 194(2)
(Qs + Qc) (V) = 4 = - 4 s
2n n
(@ - Q)W) = Ia(v)0ad3 — 02(v)0203 _ 01(5)7 Us(5)
S [ 2,'74 774 ’
where the right hand sides follow from the Riemann identity (F.3). In particular for an
open string stretching between the i-th and j-th D7-brane, the twist is given by v = V”;Q

with v;; related to the magnetic fluxes h; and h; at the two endpoints via eq. (3.7). On
the other hand, the contribution of a twisted complex bosonic coordinate is
_i(hi = hy) 7

47‘(20/ q91(iug¢2) .

The 1-loop amplitudes for magnetized D7-branes can be read from the formulas writ-

(B.35)

ten in the last subsection after replacing the characters Q,, @, @s and Q. by their twisted
versions (B.34) and the contribution of one complex bosonic direction by (B.35). The
quadratic structures in the background field are then extracted from the h2-terms in the
expansion of these string amplitudes. Notice that at this order the contributions propor-
tional to (Q, + @,) can be neglected since they are of order h*. Thus, the magnetized
version of the annulus amplitude (B.11) is

[ dr L14+g 1+ (D" )
Az/7(h) —/0 - %:Tr(hi,hj)<2 5 .  © 24 (B.36)

0o d7_2 191(11127—2)2192(11127—2)2

_ . (N (A (b — B ; T
=iy Z ('y(g)) : (fy(g)) ; (h; hj)/o 272 791(11/2'7'2) 03 79% W (r2)
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where in the second line we have understood that the second argument of the ¥J-functions
is 152 and have written only those terms that can contribute to the quadratic action.

Expanding up to O(h?), we find

Az7(h) = 8‘7/;42 <Z (h;;af/uf - Z (hg:aflu>2> /0°° ‘21:2 W () + O(h?)

1,J 1,0

Vi 2 [ dr 5
= 4
gy AT H) /0 o W(n2) + O()

Notice that the contributions of oscillator modes completely cancel at this order. This

(B.37)

is a consequence of the fact that the quadratic terms in N' = 2 gauge theories receive
contributions only from BPS states [56].

Now let us consider a Mobius strip with its boundary on the magnetized D7-branes.
Taking into account that, due to the presence of €’ inside the trace, only the configurations

with h; = —h; give a non-vanishing contribution, from (B.15) we have
* dry QA 1+g1+(-DF _ e

h) = TX 1y —h; m2(Lo=34) B.38

Mz 7(h) /O . ; T(m—m)( 9 o 5 © 24 (B.38)

- o OOdTQ ﬁl(iV§T2)2/192(iyi2T2)2
= 11/42 Q )) - (2hy )/0 27_22 9, (iVZ'TQ) n? 79% W (1)

where now the second argument of all modular functions is ”2 + 5, and again only those

2 )
structures contributing to the quadratic terms have been ertten. Expanding to order h?,
as before we find a complete cancelation between the modular forms in the numerator and

denominator with the result

Mao(h) 42 (o, ) [ o wie + o

Ve / T () + O(h?)
0

82 T

Finally, we consider the annulus amplitudes with mixed 7/3 boundary conditions. First we

(B.39)

observe that since the magnetic fluxes are turned on only on D7-branes, these amplitudes
are proportional either to trps(1) or to tr p3y(g) = 0, and therefore only the unprojected
part contributes to the result. Indeed, we find

dr 114+g1+(-DF ,
-’47/3( )"’-AB/? / ° F(hi7a)<2 9 (2 ) qLO 24)

2’7’2
B.40)
a2 o (i 2 (
il/4 oodT2 "91(1le2) 194(1u27'2)
2 Za: /0 22 g () )
Expanding to second order in h, we obtain
Vi hr \? [ dr 5
h h)=— h
Az/3(h) + Asj7(h) 1672 2 <27m,> /o om W(r) + O(h?) B

v, >
— 8;2 mtrH2/ 272 W(r) + O(h?) .
0

T2
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Collecting egs. (B.37), (B.39) and (B.41), the total 1-loop effective action is

S1-100p = Ag7(h) + Mzsz(h) + Az/3(h) + Aszj7(h)
(B.42)

__n (4—m)trH2—4(trH)2] /OO a2 W (r2) + O(R*)
0

82 27

as reported in eq. (3.10) of the main text.

C D-instanton sums: explicit results up to 3 instantons

In this appendix we present the results of calculations up to k = 3 instantons, including
finite €1 5 (gravitational) and €3 4 (anti-symmetric hyper-multiplet mass) corrections.
According to eq. (5.21), the 1-instanton partition function is given by

4

€1+ € d 1 - +b,)% — (c—ea)?
Zl _ 1 2 / X1 H (Xl ) 4 H(Xl _ au) ) (Cl)

e J 2mi (4xF — )4 —€f) T (y1 — by)2 — (T2

r=1 u=1

The pole prescription is specified by Imb, = 0, and Ime; > Imes > Imeg > Imeg > 0, and
the integral is computed by closing the contour in the upper half-plane, Imy; > 0. The
poles contributing to the integral (C.1) are located then at x1 = b, + 5 (r =1,...,m),
x1 = % and x1 = . Z; is then the sum of residues at these points. A simple inspection of
this formula shows that no dependence on b, arises at the leading 515215354 order. This can be
seen by noticing that the b-dependent factors cancel between numerator and denominator at
x1 = 5,5 ~0, and that the b-dependent poles x1 ~ b, contributes only to the 61152 -order.
For higher instanton numbers one should perform the integrations over x1,..., x% one
after the other, subsequently evaluating the residues at the poles satisfying the above men-
tioned rules. Unfortunately, the problem becomes algebraically more and more complicated
as k increases, and we have been able to explicitly perform the integrations up to k = 3
only. Since our main interest is the pure U(4) gauge theory living on the D7 world-volume,
when there are also D3-branes, we only present the result of the calculations for b = 0.

The result for m = 0 can be written as

- 4 2 2
€162 log Z(m*O)(a, €) = < 1020304 Zaiaj a1t e Zai _ gt ezeqt e4> ¢

€3€ 2 4
at4 i<j i

2
1 €2 + €169 + €2 62+6162+62
+<_ Zaz2aj2+1 1€2 22%2_(1 3)
7

€364 “— 4esey 16ezeq
1<)

3 2 2
—i—Zaiaj—leZa?-i-eljl_QZari- (€3+€ZE4+€4)>612
i

i<j i
16aiacazay 4 €1+€9 6§+6364+ei 3
* ( 3eseq 3 ; AR Z @ 3 ¢+

)

(C.2)
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while for m =1 and b = 0 we find

- 4 3(e3 + esea + €3
€169 log Z(mfl)(a, E) _ ( 1020304 +3 Z aza; — €1 + €2 Z a; + (63 €3€4 64) g

€3€ 2 4
at4 1<j 7

2
. e% + €169 —i—e% o2 (6% +€1€2+€%)
6364 Z ! desey ZZ ! 16€3€4

1<J

61+62 +ezeste;  teeatel

1<j
16a1asa3a € —i—e
* ( ;632643 ' 4Za2aﬂ L Za@ (€5 + esea + 631)) ¢+ (C.3)
1<j

It is interesting to notice that the two formulas (C.2) and (C.3) share their divergent
1
€3€4
b-dependence cancels in this term, so that in any case JFry is given by

term. A more extensive inspection for finite non-zero b shows that indeed the full

Fiv =4ajazazas q + ( - Z aila;® + 111(6% +eren +€2) — 116(6% +ereg + 6%)2> i
i<j (C.4)
16 3
+ g 010203049 +oe
This expression matches precisely with ;fso(g), including its gravitational corrections.
After the subtraction of the quartic terms, the resulting quadratic prepotentials are then
given by the formulas (5.25) in the main text.

D Details on the heterotic computation

In this appendix we provide some details on the calculations presented in section 6 for the
heterotic model.

In the partition function (6.4) and its weighted version (6.16), the trace over the right-
moving oscillators of the heterotic string can be written as a spin-structure sum as follows

1 .
1 im(a+b+ab) " " 9 4
Bl =) 3 L oo = M oy
a,b=0
and X
b 4 eiﬂ(a+b+ab+bho) " " a2
p[0](w, 7) = R A K R e
a,b=0 19[14’90]
9 ) (D.2)
_ _4 eiﬂ.ho 01(7—21’0) ﬁgl_; 0](7’2'[1))
Jr
619[14—9(())]

for (go, ho) # (0,0). Here we have used the standard conventions for the ¥-functions sum-

marised in appendix F, and in particular the Riemann identity to perform the summation
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over a and b. The trace over the left-moving modes, instead, is given by

1
Ohihat,— 1 1 - 5 =ra12 srathi14 3rathe14 3rathi+h
X[Ogllg;](v’T) ~ 9 Z —94 ﬂ[b](vl)ﬂ[ ](U2)19[ ] ﬂ[bigll] ﬂ[big;] ﬁ[bi—gll:g;] , (D.3)

a,b=0 U
and
1 17T(ag() +bho—1 goho h, h h,
h0h1h2—»— 2 ) =ra+"0 —ra+ "0 —ra+"0 .2
ARRRCLESD S gtz Ve o000 0 O
2 520 [14g0) (D.4)
Sra+ "9 4hi4 gra+ "0 vhoy4 5rat "0 +hy+ha 4
X 19[b+g20+gl} [b+920+g2] [b+920 +g1+92]

for (go, ho) # (0,0). The factors of 4 in egs. (D.2) and (D.4) account for the 16 fixed points
of the Zs orbifold action in our heterotic model. Notice also that for (go, ko) # (0, 0) the left-
moving amplitudes X[ Ohlgh;] involve Z4 ¥-functions with half-integer characteristics but,
as we will see, they can always be rewritten in terms of standard ¥-functions, as expected
for a Zs-orbifold. Furthermore, the relative phases between the different structures in all
these formulas are fixed by modular invariance up to discrete torsions that we have chosen
to be zero for simplicity. In particular, one can show the following modular transformation
properties

h hoh1ho7/ - — h h h h R
p[g(())](w’ T+ 1) X[g(())gllg;](v’ T+ 1) - p[g -:ho](w’ T) X[Qo-(i)-ho Qlj‘hl g2+2h2](v’ T) ’

h hohi h o
Pl (w, —1/7) X [0 1 )@, = 1/7) = || S0 homhodo) p [0 () x [0 52 1(7,7)
(D.5)

In the calculation of the massless spectrum of this heterotic compactiﬁcation one needs

the explicit expressions for the left-moving functions of the type X[ ](O 7). They are

90 91 92
given by
0007~ _ U0 +010 4+ 95
X[ooo](oﬂ'): K 27734 27
- 95 9%
Xogy ) @.7) = "0 for (91,02) # 0.0),
0007, v _ V305 (=r0 116 o1 q16) _ U303 .
X[lgng](O’T) g (19[1/2} 79[1/2] >_ 27724 (79 +19) (D.6)
1007, _ _ U303 /2112916 or1/2716 0308 o -
X[ooo](oﬂ'): g243 (79[0/] _19[1/] >: 2723 (19%—}-%),
7 21
67— o1 U301 (5 . 9B, -
X[?(o]g] 0,7) =e"> 7;244 (ﬁwi]w _ﬂ[i/f/z] 16) - 2%244 (92 +91)
X[(l);122](6’ T) = XH;SQ](Q 7)=0 for (g1,92) # (0,0),

where we have repeatedly used the identities (F.9) to rewrite the Z4 9¥-functions in terms
of the standard Jacobi ¥-functions.

Finally, in the partition function (6.4) and its weighted version (6.16) the function
[ho hi ha

9o 1 0o ](T, 7) represents the contribution of the bosonic zero-modes in the internal com-
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pact directions, which is given by

0hih 1 hih
[Ogllg;] - 3 Faa Do [911922] ’

ho h1 h 1 hih
F[gggllg;] = PP [gllg;] for (go, ho) # (0,0) .

(D.7)

Here I'y 4 is the standard lattice sum over 74, while I'; 5 [211522} is the lattice sum for the
various sectors of the Zo X Zs freely acting orbifold over 75, namely

7Ty

i — T 2
F272 [211:22] (T’ T; T, U) = T2 Z e27r1TdetM e o'mUs |(LU) M (Zy)] (DS)
M

with the sum running over four integers specifying the wrapping numbers over 75 according

to
1 h1 1 g1
W+ me+ i 2
= , , S/ D.9
(wZ_}_h; m2+g22) (m ’U)) ( )
In the calculation of the 1-loop thresholds, the second derivatives of the X[Zg:;g?]

functions are needed. In particular, in eq. (6.21) we have used the following expressions

_ 1 00077 _ 1 U303 /210 11500 115 =11 qn a0l 115
xu(7) = {72 831X[100](07T) ~ 8n2 7;)244 (79[1/2]”19[1/2] - 79[1/2]”79[1/2] ) ’
_ 1 00077 _ 1 9399 /210 112 510 114 =1 (2 211 114
x12(7) = {72 O, 00X [19)(0,7) = Q2 7;244 <79[1/2]/ 19[1/2] _19[1/2]/ 19[1/2] >’
(D.10)
while in eq. (6.29) we have introduced
1
Al = g A1)
1 930% <10 17501 17 (500 Srl 7 370
~ ]2 7;244 19[1/2] 19[1/2] <19[1/2]H19[1/2] _19[1/2]”19[1/2])7 (D.11)
1 )
)(1(2h1 h2)(7_—) = 872 8U18U2X[(1)]Z’]1 },lg](oﬂ__)
1 U30% <10 16 11 16 (570 172501 12 arl 172 5710 12
=82 7;)24419[1/2] 19[1/2] <19[1/2]I 79[1/2] _79[1/2]/ 19[1/2] )

for any (h1, hs) # (0,0).
Using the duplication formulas together with the modular properties of the J-functions,
and the relations collected in appendix F, one can show that

v (D) = o, b [0+ 0 — 2By) — 33(94 — 0% — 25)]

2) ~ 24712
F 1 R
X1 <T : > i [03(94 + 94 — 2B5) + 9593 + 94 + 285) (D.12)

—1 1 o ~ X - ) )
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Here, in the right-hand sides the ¥-functions are evaluated at 7, and as customary [34, 39]

3

we have replaced the second Eisenstein series Fy with the modular form Eg = Fy — I

Likewise, we have
T T+1 -1 1 .,
X12 (2):)(12( 5 ):X12<27__>:8ﬁ1219‘2179§193:2_ (D.13)

From these expressions, the Hecke transforms of x;; read

c11(7) = [Xn(;) +X11(?;— 1) +X11(;j)} =6,

_ _ (D.14)
0= |ae(3) +rn(75 )+ =
c12(T) = =6.
12 X12 9 X12 9 X12 97
Finally, from eq. (D.11) and the ¥-functions properties we have
hi ha) [~ L L
Xl(l ' 2)(T) = 128 524 03 02 0481 = 27
e 771 (D.15)
_\ 98 98 38 _

as reported in eq. (6.31) of the main text.

E Holomorphic couplings

Here we briefly review the relation between string thresholds and holomorphic gauge cou-
plings required by A/ > 1 supersymmetry in four dimensions following refs. [50, 51]; our
model exhibits N’ = 2 supersymmetry, and in the main text we focused directly on this
case, but we find convenient to recap here how the N/ = 2 relations arise from the general
N =1 case.

In a supersymmetric string vacuum, the 1-loop gauge coupling constant g(u) for a
gauge group G is given by

4 A . 1
92(,[1,) 1—loop gg 4m

4

(E.1)
g(QJMFQ’I

blog( )+A

where gg is the bare tree-level coupling, A is the threshold correction and b is the 1-loop
B-function coefficient given by

b=3T(G)-> 7, T(r) . (E.2)

Here, n,. is the number of N/ = 1 chiral multiplets transforming in the representation r
of G whose index is denoted by T'(r), with T(G) standing for T'(adj) (see eq. (2.20)).
Formula (E.1) applies to any supersymmetric string vacuum, either heterotic or type II or

type L
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On the other hand, as explained for example in ref. [51], the general form of the 1-loop
coupling constant required by supersymmetry in the four-dimensional effective quantum
field theory is

2

Re f(1) + blog <Z\l22 ) +27(G) log (Re f(o))
3

47

1
=Re f) +
92 (lu) 1—-loop ©

47

(E.3)
—cK — 2ZﬁrT(r) log Z,

where f(g) and f() are, respectively, the tree-level and 1-loop contributions to the Wilsonian
holomorphic gauge coupling function f, K is the tree-level Kéahler potential, and Z, is
the tree-level Kahler metric for the chiral superfield in the representation r. Finally, the
coefficient ¢ is defined as

c=T(G)-> 7 T(r)=b-2T(G) . (E.4)

In comparing egs. (E.1) and (E.3) we must take into account the fact that the tree-level
coupling obtained from string theory does not necessarily coincide with Re f(q since there
may be 1-loop effects that spoil this identification [51]. Indeed, in general we have

27021- = Re f(O) + 417'(' Auniv(]w7 M) (E5)
where Ayniv (M, M ) is a universal term related to the 1-loop correction of the Kéhler
potential, which is a (real) function of the compactification moduli M (different from those
parametrizing the gauge coupling) that can mix with the dilaton. Using this information
and equating the string theory expression (E.1) with the field theory one (E.3), we easily
obtain

Re f(1) = A + Auiv + ¢ log (Re f(o)) +cK +2 Z n, T(r) log Z, . (E.6)

s

The terms in the right hand side contain non-holomorphic pieces that, for consistency,
must compensate each other in order to yield a holomorphic result for f(y).

When the N = 1 chiral multiplets organize into N = 2 hyper-multiplets, like in our
case, it is possible to show that [52]

c log (Re f(g)) + ¢ K + ZZﬁr T(r)log Z, = bK , (E.7)

where K is related to the Kihler metric of the adjoint chiral multiplet which becomes part
of the N' = 2 vector multiplet according to K = log Z,qj. Thus, for N' = 2 vacua the
relation (E.6) reduces to

Re f1) = A+ Ay + 0K . (E.8)

eq. (E.7) can be explicitly verified in our specific type I’ and heterotic setups. To this
purpose let us recall that the various quantities to be used are:
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e in type I

Re f(o) = t2, I?:—log()\gUg), c=b—8=-8,
z = @UPPUPYTR L Zag = (al) 7
7 —z (tg)UQ(l))fl’ 7 —g — (téQ)UQ(Q))*l,
1 1 2 2
Nadj = N =n =1, n =8; (E.9)
1,2 1,2

e in heterotic

Re fo) = 52, IA(:—log(TQUQ), c=b—8=-8,
Z — (T2(1)U2(1)T2(2)U2(2))_1/2, ZadJ — (TQUQ)_l,
z =z =mYut, oz =z =@PUu?),
1 1 2 2
Fagj =1 =0 =1, no=8. (E.10)
1,2 1,2

The Kéhler metrics for the various multiplets in the type I’ model written in eq. (E.9) can
be deduced from those reported for example in refs. [55, 57, 60]; those for the heterotic
model written in eq. (E.10) can be obtained upon replacing the type I’ variables with the
corresponding heterotic ones, or can be deduced from results existing in the literature, for
example in refs. [50, 51, 68].

F Theta functions

In this appendix we collect some useful formulas on the Jacobi ¥-functions and the Dedekind
n-function. We adopt the standard definitions

a L(n—2 mi(n—2)(v—"2 ! - n
I () =3 @ 2= () = g2 [T - ") (F.1)
nez n=1

with ¢ = e*™7. We also take ¥; = 19[1], Yy = ﬂ[é], Y3 = 19[(0]], vy = 19[(1]]. Most of the
times, when we do not write explicitly their arguments, we understand that the {¥J-functions
are evaluated at v = 0 with modular parameter 7. Sometimes, we indicate only its first
argument v. When ambiguities may arise, we write explicitly both arguments. In the
calculations we also need the properties of the second Eisenstein series Fy defined by

12 — ng"
Ey(r) =~ Orlogn(r) =1-24% " (F.2)
n=1

1—qn

3

FE5 does not enjoy nice modular properties, but Ey=Ey— o

is a modular form of weight
2, even if it is not holomorphic.
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e Jacobi/Riemann identities and other relations:

03— 03— 07 =0, 95 —0y -0 =489, o304 =21,

1 a ab,q[a a a+h w 2 1dhy [ WY 2 (F3)
p 2D O[] I @?=—-o (5) 900 (5) -
e Duplication formulas:
92
oaofzr) =[5 7%, 94(012r) = /i3 04
2
aofzr) = B, ater) =7,
2 2
Ey(27) = 1(2}32 +04+q94)
T T
95 (0\2>:\/19 0 (01) = /20595
194(0\ >:\/ -3, 77<;):\/794777
By (2> =28, — 94— 9h (F.4)
e Modular transformations:
T o O]l +1) =T Dg[ & T(u|r), (7 +1)=ely(r),
g T g b -1\ _
s of) (U17) =vemeT e ol Joln, a () = veinne).
(F.5)
which imply
T U3 0y, Uy —esdy, FEy— Eo,
9y V94 93 U3 - ) (F.6)

e 7,4 Y-functions:

I o] (v]7) = V1(20]47) + V4(20]47),

im

9s1) (v17) = e\/; [191 (vlr + ;) + 1, (vyr - ;)] : (1)

e Derivatives of ¥-functions (the’ denotes a derivative with respect to the first argument
of the ¥-functions):

9 2 A A lgg 2 4 4
VA us 4 4 ! 3 o7 2

- _ By — 95 —93), vV, =2m’, = —n“Esy. F.8
U4 3 ( 2 2 3) ! 7 U3 2 ()
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o Useful identities (all ¥-functions have vanishing first argument):

1 1
19[f1p14 =5 Vs (95 +93) . 79[51/2]4 =5 VsV (03— 3) .
19[ 0 ]I/ 9 A
79[12/2] - —7;2 (94 — 69393 + V4 + 4F) ,
+£1/2
19[ 1 :|I/ 9 )
19111/2 :—7;2 (94 + 69393 + V4 + 4F5) |
l1/2)
19 0 / 19 1 !
T, sk,
ﬁ[i1/2] ﬂ[il/Q]
0 14,7 1 4 /T
ﬂ[i1/2] (2):7942179%’ 19[i1/2] <2>:19421"9%a
79[;1/2]”(5) vi(2r) 7
=4 =" (U5+ 9] — 2E»)
0 1/, 3+ Uy )
Il (5)  val) 3

ﬂ[ill/Q]H(;) Uy
Nl (5) Y
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