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1 Introduction

Non-perturbative effects in gauge theories can be rephrased in the language of string theory
by considering the effects induced by branes of lower dimensions distributed along the
world-volume of branes of higher dimensions. The prime example of this construction
is represented by the D(~1)/D3-brane system which realizes the ADHM moduli space of
gauge instantons in four-dimensional gauge theories [1-7]. The massless sector of the open
strings with at least one end-point on the D(—1)-branes accounts for the moduli of the
gauge instanton solutions in four dimensions, and their effective action can be recovered
by computing string scattering amplitudes on disk diagrams connecting the two stacks of
branes [3-6].



This analysis can be generalized to other brane systems. In particular, new stringy non-
perturbative corrections to four-dimensional gauge theories can be obtained by adding Eu-
clidean D3-branes wrapping non-trivial cycles of the internal space. When orientifold planes
are inserted, these exotic instanton configurations [8-15] can generate non-perturbative ef-
fects in the effective action which are prohibited in perturbation theory, like for instance
certain Majorana mass terms or Yukawa couplings, which may be relevant for phenomeno-
logical applications.

These methods can also be used to study non-perturbative effects in eight-dimensional
field theories by considering systems of D7-branes in presence of D-instantons. Indeed, the
prepotential generated by exotic instantons in O(N) gauge theories in eight dimensions
has been studied in [16, 17] by means of a system made of D(~1) and D7-branes on top of
an orientifold O7-plane, allowing to explicitly test the non-perturbative heterotic/Type I
string duality [18]. More general Dp/Dp’ systems can be also considered after turning on
fluxes for the Neveu-Schwarz B-field, in such a way that supersymmetry is restored in the
vacuum [1, 19].

The peculiarity of all these exotic or higher dimensional instanton systems is that they
lack the bosonic moduli connected to the size and the gauge orientation of the instanton
configurations. Moreover, they possess extra fermionic zero-modes, in addition to those
connected with the broken supersymmetries, which can make their contributions to the
effective action vanish if they are not properly lifted or removed. The problems related
to the presence of these extra fermionic zero-modes can be cured in various ways, for
example by adding orientifold or orbifold projections, or more generically by considering
curved backgrounds. However, in all these cases the non-perturbative configurations always
remain point-like since no bosonic moduli can account for a non-zero size. The fundamental
reason for this is that in all these exotic configurations there are eight directions with mixed
Dirichlet /Neumann boundary conditions, differently from the standard cases in which there
are only four mixed directions.

The non-perturbative contributions to the gauge theory effective action are obtained
after an explicit evaluation of the instanton partition functions which are expressed as
integrals over the instanton moduli space. This is possible thanks to the localization
techniques introduced in [20] for the NV = 2 super Yang-Mills theories in four dimensions,
building also on previous results in [21]. In the end, the instanton partition functions are
reduced to integrals of rational functions which can be performed using standard complex
analysis methods. Actually, the poles of these rational functions that contribute to the
integrals can be put in one-to-one correspondence with sets of Young tableaux which in
turn are related to the partitions of the integer numbers [20, 22-26]. When this approach is
used for gauge theories in dimensions higher than four, higher dimensional Young tableaux
appear and a connection with the planar and solid partitions of the integers arises [24, 27].
The instanton partition functions are thus expressed as weighted sums over integer, plane
or solid partitions. Therefore, studying these systems may be interesting not only for the
string theory applications we mentioned above, but also for mathematical reasons, related
directly to such weighted sums (the generating function of solid partitions is not yet known
in closed form) but also, for instance, in the study of Donaldson-Thomas invariants of
Calabi-Yau four-folds [28].



Recently, the instanton partition functions of a pure supersymmetric U(N) gauge the-
ory in nine dimensions and of its conformal extension with a U(V) flavor symmetry have
been analyzed from this point of view in [27, 29] and shown to be given by a simple
all-instanton plethystic exponential formula. More recently, these systems have been gen-
eralized to non-conformal set-ups with a U(M) flavor symmetry in [30] where also the
instanton contributions to the chiral correlators have been computed. In all cases it turns
out that the non-perturbative sectors are described by sets of moduli that share some fea-
tures of both the standard and exotic instantons. Thus, in [27, 29] it has been conjectured
that they might arise from the open strings of a DO/D8-brane system with a Neveu-Schwarz
B-field and with anti-D8 branes in the background.

The aim of this paper is to provide an explicit string theory derivation of the moduli
space and of the instanton partition functions studied in [27, 29]. We consider a D(-1)/D7-
brane system in Type II B string theory and do not introduce any anti-branes which would
make the configuration unstable, but instead turn on a magnetic flux along the world-

volume of the D7-branes.!

More precisely, we start from a stack of (N + M) D7-branes
to describe a gauge theory in eight dimensions; then we introduce a constant magnetic
field on the first N D7-branes to break the gauge group to U(NN) x U(M), maintaining
stability and supersymmetry. Finally, we add k& D(—1)-branes. The open strings with at
least one end-point on the D-instantons describe the moduli space of the non-perturbative
configurations. The spectrum of the open strings that start and end on the D(—1)-branes
is standard and includes, among others, the bosonic moduli describing the positions of the
instantonic branes in the world-volume of the seven-branes. The spectrum of the mixed
strings stretching between the D(1) and the D7-branes is instead peculiar because, despite
the presence of eight directions with mixed Dirichlet/Neumann boundary conditions, due
to the presence of the magnetic flux, it comprises a set of bosonic moduli that can be

associated to the size and orientations of the instanton configurations in eight dimensions.

We also provide a detailed analysis of the vertex operators associated to all moduli and
use them to derive the effective instanton action from disk amplitudes. After introducing
vacuum expectation values for the scalar fields on the D7-branes and turning on a closed-
string background with Ramond-Ramond fluxes, which is known to mimic the so-called
Q-background in the moduli space [31], we compute the instanton partition function using
localization. Our results agree with those in [27, 29]; in particular for a suitable choice of
the background the instanton partition function reduces to a weighted sum over the solid
partitions of the integers. Our derivation also suggests a possible consistent generalization
of the results of [27, 29] in which the £ background is less constrained; we will investigate
this possibility in a future work.

Finally, we show that the moduli space of vacua of the matrix theory defined on the
D(-1)-branes is compatible with an ADHM construction of instanton connections in eight
dimensions, which has also been recently discussed in [32]. In the concluding section we
comment on the significance of our results for the eight-dimensional gauge theory, which

Notice that this magnetic flux is an open string background and thus is not represented by a Neveu-
Schwarz B-field which belongs to the closed string sector.



Table 1. The D7-branes are aligned along the first eight directions.

receives non-perturbative corrections from these instanton configurations only in its U(1)
part and only in curved space. Our notations and conventions, together with some more
technical material, are collected in the appendices.

2 The D7-brane system and its open strings

In Type II B string theory, we consider a stack of (N + M) D7-branes aligned along the
directions pu,v,... = 1,...,8 (with Euclidean signature). The directions 9 and 10 are,
instead, transverse.

On the world-volume of these D7-branes there is an eight-dimensional gauge theory
with group U(NN + M) and sixteen supercharges. The part of the effective action which
only depends on the gauge field strength can be written as

SD7=SQ+S4+---. (2.1)

Here S5 is the quadratic Yang-Mills action in eight dimensions

! /d8a: tr(F?) (2.2)

a 29%(1\/1

Sa

with a dimensionful gauge coupling constant

G = 47Tg5(27r\/o7)4, (2.3)
(gs is the string coupling and v/ is the string length), while S, is a quartic action of
the form . 9
S1=-7m /d% tr(ts F4) — 4!(1%)4 /dS:r tr(FAFAF AF) (2.4)
where
M = 4rdg, (2.5)

is a dimensionless coupling, and ¥ is the vacuum angle, which in string theory is identified
with the scalar field Cy of the RR sector according to

9 =2rCp . (2.6)

The eight-index tensor tg appearing in the first term of (2.4) is such that [33]?

1
tr(tgFY) = G R RIS b (B s+ Frugps) (2.7)

1 1 1
=tr <FWFW’FA“F,)A+ §FWF””FPAF“’\— ZFWF“”FP,\FP’\— 8FWFP,\F‘“’F”A>.

2For an explicit definition of tg, see for instance appendix B of [34].



Finally, the ellipses in (2.1) stand for o/ corrections containing at least five field strengths
or their covariant derivatives.

The gauge field strength F),, is actually part of a scalar superfield ®(x,6) in eight
dimensions, defined as

B(z,0) = ¢(x) + V2ZOA(z) + % 600 o () + .. (2.8)

where 6 is the fermionic superspace coordinate, ¢ is a complex scalar and A is an eight-
dimensional chiral fermion.® In terms of the superfield ®, the quartic action (2.4) (plus its
supersymmetric completion) can be written as

Sy = T/dga: a0 tr(®*) + c.c. (2.9)
where 7 is the complexified string coupling

i
T=Ch+ — . (2.10)
9gs
In principle the quartic action (2.9) can receive quantum corrections and takes the gen-
eral form

S = /dsx d®0 F(®,7) + c.c. (2.11)

where F(®, 1) is the (holomorphic) prepotential.

We now introduce a (constant) background field on the first N D7-branes. The other M
D7-branes, which remain without background field, will be called from now on D7’-branes.
In this way the initial gauge symmetry group U(N + M) is broken to U(N) x U(M). In
particular, we consider a background that corresponds to a constant flux on the D7-brane
world-volume described by

0O +/1 0 0 0 0O 0 O
-f10 0 0 0 0O 0 O
0 0 0 +f 0 0 0 O
0 0 —f, 0 0 0O 0 O
ora FO) = 1 : 2.12

e 0 0 0 0 0 +fs 0 o | MV (2.12)

0O 0 0 0 —fs O 0 O
0O 0 0 0 0 0 0 +fs

0 0 0 0 0 0 —f4 O

In the following we will specify the four parameters fi,..., fs in such a way to preserve

some supersymmetry, but for the time being we may consider them as arbitrary.? The
background (2.12) gives rise to four different types of open strings, as represented in figure 1:
the 7/7 strings starting and ending on the N D7-branes with fluxes, the 7/ /7’ strings starting
and ending on the M D7’-branes without fluxes, and the 7/7" or 7'/7 strings which start

3See appendix A for our conventions on spinors and Dirac matrices.
4We notice that the flux breaks Lorentz invariance in the eight-dimensional space, so that the preserved
supersymmetry can be also viewed as a two-dimensional supersymmetry in the transverse space.



N D7-branes M D7'-branes

Figure 1. A background flux is turned on on the N D7 branes. The D7/D7 and D7’'/D7/ open
strings are untwisted, the mixed ones (depicted as dashed) are instead twisted.

and end on branes of different type. The 7/7 and 7'/7’ strings are untwisted and contain
exactly the same physical states of the original strings. In particular they give rise to the
same effective action (2.1) for the group U(NV) (in presence of the background (2.12)) and
for the group U(M), respectively. The 7/7" or 7’/7 strings, instead, are twisted and their
spectrum is completely different, depending on the values of the fluxes.

2.1 The D7/D7 and D7/ /D7 strings

To analyze the spectrum of the D7/D7' and D7’ /D7 open strings, it is convenient to group
the space-time coordinates in pairs and introduce the complex combinations

221 g2l . 2201 g 20
zZ2=——— and Zj=——

V2 V2
for I =1,2,3,4,5. The directions with I = 1,2, 3,4 are longitudinal to branes, while the
direction with I = 5 is transverse. In this complex notation, the background (2.12) implies
that in the 7/7’ sector, the complex string coordinates {Z!(z), Z;(2)} and their fermionic
partners { Wl (2), W(2)} with I = 1,2,3,4 are twisted with a twist parameter 6; given by®

(2.13)

o _1—if1

2wify
e . 2.14
1+1ifr (214)

This means that they have the following monodromy properties around the origin of the
world-sheet:
ZI(e%iz) = 2mifr ZI(Z) , Z[(GQTdZ) = ¢ 201 Z1(2), (2.15)

5In the 7'/7 sector we have to send fr to —fr.



and
\I/I(e%iz) = 2™ \IJI(z) , @I(e%iz) = f 270 Uy(z) . (2.16)

Here z is a point in the upper half complex plane and the sign in (2.16) is + for the Neveu-
Schwarz (NS) boundary conditions and — for the Ramond (R) ones. In [35], the bosonic
and fermionic conformal field theory for generic twist parameters has been worked out in
detail and we summarize the most relevant features in appendix B. Here we just recall that
the monodromy properties (2.15) of the bosonic coordinates do not allow for the existence
of zero-modes associated to momentum in these directions.

The bosonic and fermionic coordinates {Z5(2), Z5(z)} and {¥?(z), U5(2)} are instead
untwisted. They have the standard mode expansion of untwisted fields, but with Dirich-
let /Dirichlet boundary conditions since they are transverse to both type of branes. Due to
these boundary conditions there are no bosonic zero-modes in these directions either. Thus,
when all four 6;’s are different from zero, the momentum is not defined in any direction,
and the corresponding string excitations represent non-dynamical degrees of freedom.

As mentioned above, we are interested in supersymmetric configurations. This means
that the background (2.12) must be such that

014+ 0:+05+04€ 7. (2.17)

Of course, if 87 = 0 for all I, the background vanishes and all sixteen supercharges are
conserved on the branes. If two of the twists are zero, the system preserves eight super-
charges while if only one of the 6;’s vanishes the system has four conserved supercharges.
If all twists are non-zero and satisfy (2.17), the system preserves the minimal amount of
supersymmetry, namely only two supercharges are conserved. This is the case we will
consider. For simplicity, we assume that 0 < 07 < % for all I's.5 With this choice, the
supersymmetry condition (2.17) becomes

01+0s+63+604=1. (2.18)

In this set-up, the condition that selects the physical states is

1 4
—(1-— 0 ) in the NS sector,
2( Z;I (2.19)

0 in the R sector .

=2 =
1

where N is the sum of the bosonic and fermionic number operators (see (B.6) and (B.8)).
Using the supersymmetry condition (2.18), we see that both the NS and R physical states
must actually obey

N=0. (2.20)
Since the number operator is non-negative, this requirement can be satisfied only by the
vacuum.

5The reason to exclude the value % is merely to avoid the appearance of fermionic zero-modes in the NS
sector.



In the NS sector, the physical vacuum |Q2)ns is related to the SL(2, R) invariant Fock
vacuum |0) by the action of four bosonic twist fields 051 (z) of conformal dimensions

h(og,) = %91(1 —0;) (2.21)

and four fermionic twist fields sgj(z) of conformal dimensions

1
h(se,) =5 6? (2.22)
as follows [36]
4
9 = im ( TLof, (2154, 2)) ™10 (2.23)

Here (z) is the bosonic field that is used to describe the superghost system in the bosonized
formalism [37] and the coefficient —1 in the exponent indicates that we have chosen the
standard (—1)-superghost picture. Using (2.21), (2.22) and the supersymmetry condi-
tion (2.18), one can check that the vertex operator creating the physical NS vacuum out
of the Fock vacuum is a conformal field of total weight 1.

The fermionic twist fields 551 (z) can be written in the bosonized formalism as

s, (2) = e 01¢' () (2.24)

where ¢!(z) is the field that bosonizes the fermionic string coordinates {W¥!(z), ¥,(z)}
according to [37]
Ul(2) =€) Tyz)=e 1@ (2.25)

Of course, analogous bosonization formulas hold also for the untwisted coordinates
{U5(2), ¥5(2)}. Using these expressions, it is easy to realize that the sum of the charges of
the five bosonic fields ¢ appearing in the vertex operator corresponding to the NS vacuum
minus the superghost charge is an even integer, namely

24:01+0—(—1) =2. (2.26)
=1

Denoting by F' this combination of charges, we have
(=17 |2)xns = +2)ns - (2.27)

Let us now consider the R sector. In this case the physical vacuum is created out of
the Fock vacuum by the same bosonic twist fields oy, (z) as before, but in the fermionic
part we have the following twist fields

sl 1 (z) = eltr=2)9"(2) (2.28)
for I =1,...,4 and the spin field

SE(2) = e*2#°(2) (2.29)



in the fifth complex untwisted direction. The presence of this spin field implies that the
R vacuum is actually a two-component SO(2) spinor. Altogether, working in the standard
(—%)—superghost picture, in the R sector we find two physical vacuum states which in the
bosonized formalism are given by

4
Q. +)p = lim ( I1 o4, (2)¢ (9,_;%01@) S%(2) o393 [0) . (2.30)
zZ—r =1

The combination of charges that before we denoted by F' takes the value 0 on |2, +)r and
the value —1 on |2, —)g. Thus we have

(—1)F|Q, £)r = £|Q, £)r , (2.31)

showing that (—1)" actually measures the chirality of R vacuum.
If we define the GSO projector as

1+ (-1)F
2 ?

then, using (2.27) and (2.31), we see that it selects the vacuum in the NS sector and the

component with positive chirality in the R sector, realizing in this way a supersymmetric

Paso = (2.32)

physical spectrum containing just two states, the bosonic vacuum |Q)ng and the fermionic
vacuum |2, +)r. We stress once more that these states do not carry any momentum and
thus represent non-dynamical degrees of freedom since they do not propagate in space.
Moreover, they transform in the fundamental of U(N) and in the anti-fundamental of
U(M), since they arise from oriented open strings stretching between the N D7-branes and
the M D7'-branes.

We conclude this analysis with a couple of comments. First, the GSO-projection in
the NS appears to be different with respect to the one we are used to in the standard
untwisted case when one removes the (tachyonic) vacuum and selects states with an odd
number of fermionic oscillators. However, if one reformulates this standard GSO projection
in terms of F, one can realize that it is precisely given by (2.32). Secondly, the analysis we
have described for the D7/D7’ strings can be repeated for the D7'/D7 strings without any
difficulty, and also in that case one finds that the physical states are a non-dynamical scalar,
corresponding to the NS vacuum, and the chiral component of a non-dynamical fermion,
corresponding the chiral component of the R vacuum. Of course, these states of the 7//7
sector transform in the anti-fundamental of U(/V) and in the fundamental of U(M).

2.2 The no-force condition

We have seen that the condition (2.18) guarantees a supersymmetric physical spectrum. To
complete our analysis we now show that the same condition also implies that the partition
functions of the mixed strings of the 7/7" and 7/ /7 sectors vanish, thus leading to a no-force
condition.

Let us first consider the 7/7" open strings whose partition function is

_ < dt —27t Lg
Z7/7/ = 0 E TI'7/7/ (PGSOQ ) (233)



where the GSO projector is defined in (2.32) and Ly is the total open string Hamiltonian
consisting of the orbital part and of the ghost and superghost parts (see for instance [37]
for details). The trace in (2.33) is computed over all excitations of the 7/7’ strings with a
+ sign in the bosonic NS sector and a — sign in the fermionic R sector. This calculation
is pretty standard (see for example [34, 38] and references therein), but we would like to
point out just a couple of subtle issues that arise in the present case. First of all, in the
7/7 sector, there are eight (real) twisted directions and two (real) untwisted directions.
This is precisely the case in which the odd spin-structure R(—1)% gives a non-vanishing
contribution to the string partition function due to a cancellation between the fermionic
zero-modes in the two untwisted directions and the bosonic zero-modes of the superghost-
sector [38—40]. Secondly, the presence of the background (2.12) along the D7-brane world-
volume modifies the contribution of the zero-modes of the eight twisted bosonic coordinates
by multiplying the eight-dimensional volume V3 by the factor []; fr.
Taking this into account and using the GSO projection (2.32), we find

B NMV8 4 dt 1 eft Da(0rt) o 92(011)
G = H / 2t 2 l 01 H - 91(01t) gﬁl(elt) -1 e

where the factor N M accounts for the color multiplicity of each string excitation and the

four terms in the square brackets correspond to the contributions of the NS, NS(—1)¥", R
and R(—l)F spin-structures, respectively. Here, as usual, we have defined:

91(2) = 0[}] (izlit) . Da(2) = 9[5) (izlit) . V3(2) = 9[0) (izlit), Va(z) = 9[}] (iz]it) (2.35)

where 9[;](iz|it) are the Jacobi 9-functions with characteristics (sce for example [41]).
They satisfy the Jacobi-Riemann identity

4 4 4 4 4
H I3(z1) — H V4(z1) — H Pa(z1) — H P (zr) = =2 H N (Z/2 — zp) (2.36)
I=1 I=1 I=1

=1 I=1
with Z = ) ;2. Applying this identity in our case where z; = 6;t and using the pe-
riodicity properties of the Jacobi ¥-functions, we can recast the previous identity in the
following form

4

ﬁ 91t ﬁ 194(9[t H 9[25 ﬁ 9]15 (2.37)

when the twist parameters satisfy the supersymmetry relation (2.18). Thus, inserting this
relation into (2.34), we find
Zym =0 (2.38)

In a completely similar way one can show that also for the other orientation the partition
function vanishes:

Tz =0 (2.39)

This fact, together with the vanishing of the partition function in the 7/7 and 7'/7’ sectors
due to the BPS property of these branes, implies that our brane system is stable when
the condition (2.18) is satisfied, and that one can pile up an arbitrary number of D7 and
D7’-branes since the net force in all channels is zero.

~10 -



3 Adding D-instantons

To study some non-perturbative features in the effective theory defined on the world-volume
of the D7 and D7’-branes, we add a stack of k D-instantons, i.e. D-branes with Dirichlet
boundary conditions in all directions also known as D(—1)-branes. This addition gives rise
to new open string sectors: the (—1)/(—1) strings starting and ending on the D-instantons,
the (-1)/7 and 7/(-1) strings which stretch between the D-instantons and the D7-branes,
and finally (-1)/7" and 7’/(-1) strings which connect the D-instantons and the D7’-branes.
We now analyze the physical states in all these sectors.

3.1 The D(-1)/D(-1) strings

The open strings stretching between two D(—1)-branes are untwisted and have Dirich-
let /Dirichlet boundary conditions in all ten directions. Thus, they do not carry any mo-
mentum and describe non-propagating degrees of freedom. To describe the physical states
in this sector, it is convenient to distinguish the eight directions, that are longitudinal to
the D7 and D7’- branes from the two ones that are transverse, and organize the open string
states in representations of Spin(8) x Spin(2).

In the NS sector, the only physical states are those with one fermionic oscillator,
corresponding to the ten-dimensional vector. Using the same complex notation introduced
in the previous section, we can pack the eight (real) components of this vector along the
D7 or D7’-branes into four complex variables which we denote by B!, together with their
complex conjugates B, with I = 1,2,3,4. Their corresponding vertex operators, in the
(—1)-superghost picture, are”

s _
\Bﬁ U;(z)e ?3)  and Vg, = \B/% Ul (z)e ¢ (3.1)

The remaining two components of the vector, along the transverse directions to the branes,

VBI =

give rise to the variables £ and y, whose vertex operators are

Ve =£T5(2) e ®®) and V, = g\IJS(z) e ¥ (3.2)

All these vertex operators are conformal fields of dimension 1 and possess an even F-charge,

as one can see using the bosonization formulas (2.25); thus they are preserved by the GSO
projection (2.32).

In the R sector the only physical state is the vacuum. This state is actually a sixteen-

component spinor of Spin(10), which the GSO projection fixes to be anti-chiral. To describe

these sixteen components we use the formalism of spin fields [37] and introduce the notation

SEEEE (1) = oF301 () o167 (2) ok 30° () o 507 (2) (3.3)

to denote the spin fields in the first four complex directions, which have to be used together
with the spin fields S¥(z) in the fifth direction already introduced in (2.29). The physical

"The normalization factors in these and in all the following vertices are chosen for later convenience so
that the final formulas look simpler.
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ground state of the R sector, in the (—%)—superghost picture, is therefore given by

lim S*EEE(2) §%(2) e2%2(2) |0) (3.4)

z—0

with a total odd number of — signs in the spin fields in order to have an even F-charge
and be preserved by the GSO projection. It is convenient to distinguish the cases in which
the last spin field is S*(z) or S~ (2).

If we have ST (2), the spin fields in the first four directions must have an odd number
of minus signs. Clearly, there are eight possibilities. Using a notation that resembles the
one used for the components of the vector field in the NS sector, we denote these eight spin
fields by S7(z) and Sy(z) with I =1,...,4 (see (A.26) for their detailed definition). The
components of the fermionic R ground state corresponding to these fields are denoted by
M and M, respectively, and are described by the following vertex operators of weight 1:

Vit = M S1(2) S7(2) e 29®) and Vi, = S7(2) ST (2)e ¥ M. (3.5)

If instead we have S~ (z), the spin fields in the first four directions must have an even
number of minus signs and there are again eight possibilities. We denote these spin fields
by S(2), S(z) and S1/(2) = —S71(2) with I,J =1,...,4 (see (A.23) for details). We can
also introduce the conjugate fields S7(z), but they are not independent since the following
relation holds

S1s(2) = % eryrcn SEL() (3.6)

Using this notation, we see that the eight components of the R ground states with S™(z),
which we denote by A/, X and 7, are described by the following vertex operators

Vg = — g[J(Z) S~ (Z) eféap(z) , (3.7)

and

S(z)=S(2) .« 1.0 _S(2) +5(2)
TS (z)e"29() Vn_nT

It is easy to verify that these vertex operators are conformal fields of weight 1. Furthermore,

Vi=A S™(z)e 29 . (3.8)

the fields A and 7 are real, while the fields A’/ are complex with their complex conjugates
A1 given by

< 1

ALl = 5 €LIKL AL (3.9)

as a consequence of the relation (3.6).
Since there are k D-instantons, all variables appearing as polarizations in the above
vertex operators are (k x k) matrices transforming in the adjoint representation of U(k).

3.2 The D(-1)/D7 and D7/D(-1) strings

We now consider the open strings stretching between the D-instantons and the D7-branes.
In this case there are two facts that one has to consider, namely that the first four complex
space directions have mixed Dirichlet/Neumann boundary conditions and that there is a
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background field on the D7-branes given by (2.12). The combined net effect is that the
first four complex directions have an effective twist parameter given by (7 — 91>

Taking this into account, one can see that the condition which selects the physical
states in the NS sector is

24: (3.10)

where N is the total number operator. Inserting the constraint (2.18), we see that the

l\’)\r—t
l\D\

physical states in the NS sector must have N = 0, which is possible only for the vacuum.
Thus in the spectrum we have only one state whose polarization we denote by w. Its

corresponding vertex operator, in the (—1)-superghost picture, is

4
_ v I i(3-00)9"(2) | o=(2)
\/i<ll;[10%_el(z)e 278 )e s (3.11)

which is a conformal field of weight 1 when the condition (2.18) is satisfied. The same
condition also guarantees that the total F-charge is even so that this vertex is preserved
by the GSO projection.

In the R sector, the condition for physical states implies N = o. Thus, also in this
sector the vacuum is the only physical state. Due to the R boundary conditions in the
untwisted fifth complex direction, the ground state is degenerate and is a two-component
spinor denoted by p*. The corresponding vertex operator in the (— l) superghost picture is

Ve = (H 7], (2) 71O ) 5 (z) el (3.12)

which is a conformal field of weight 1. Exploiting the supersymmetry condition (2.18), it
is easy to see that
(1) Ve =£V,e (3.13)
so that only u™ is selected by the GSO projection. To simplify the notation, we will denote
pt simply as .
This analysis can be easily repeated for the strings with the opposite orientation
stretching between the D7-branes and the D-instantons. The result is that in the NS

sector we have only one GSO-even physical state @ whose vertex operator is

( H otz oil0r-1)e! (z)) —o(2) (3.14)

while in the R sector the only GSO-even physical state is i whose vertex operator is

Vi = (Ha S ENC T (3.15)

Taking into account the multiplicity of the D-instantons and of the D7-branes, the variables
w and p are (k x N) matrices transforming in the (k, N) representation of U(k) x U(N),
while the conjugate variables @ and fi are (N x k) matrices transforming in the (k,IN)
representation of the same group.
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3.3 The D(-1)/D7 and D7'/D(-1) strings

We now consider the strings connecting the D-instantons and the D7’-branes. The only
but important difference with the previous case is that now there is no background field
on the 7-branes so that the string fields in the first four complex directions have standard
Dirichlet/Neumann boundary conditions without extra twists. Therefore, we can formally
set 7 = 0 in the previous formulas. If we do this, we immediately realize that in the NS
sector the physical states must satisfy the condition
N + % =0, (3.16)

which has no solution. Thus, there are no physical states in the NS part of the spectrum.
This fact was already observed in [34] where the D(—1)/D7-brane system was explored in
connection with the first studies of exotic instantons in eight dimensions.

In the R sector, instead, the condition for physical states is satisfied by the degen-
erate ground state that describes a two-component spinor which we denote by p/*. The
corresponding vertex operator is

4
Vs = ' ( H ol (z)) S%(2) e 2%(?) (3.17)
=1
where o! is the appropriate bosonic twist field when the I-th coordinate has Dirich-

1
3
let/Neumann boundary conditions. This twist field has conformal dimension %, and thus
the vertex operator (3.17) has total weight 1. Furthermore, it is easy to check

(=) Ve = F Vs, (3.18)

so that only /'~, which we will simply call p/, survives the GSO projection.

For the strings with opposite orientation that stretch between the D7’-branes and the
D-instantons, we find a similar structure with no physical states in the NS sector, and only
one physical state in the R sector which we denote . Its vertex operator is

4 1
T ( 11 o{é(z)) S () e 3¥0) (3.19)
I=1

I

where o', is the bosonic twist field corresponding to an I-th coordinate with Neu-
2

mann/Dirichlet boundary conditions, that is conjugate to the twist field ai .

N

Taking into account the multiplicity of the branes, we have that p' is a (k x M)
matrix transforming the (k, M) representation of U(k) x U(M), while i’ is (M x k) matrix
transforming the (k, M) representation of this group.

3.4 D-instanton partition functions

We now study the partition function of the open strings with at least one end-point on the
D-instantons. In the (—1)/(—1) sector, we simply have

Z(—l)/(—l) — 0 (320)

as a consequence of the BPS condition satisfied by the D(-1)-branes.
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Let us now consider the (—1)/7" and the 7//(—1) sectors. Recalling that the D7’-branes
do not have any background field on their world-volume, the calculation of the partition
functions Z(_y),7 and Zz/_y) is exactly the same as the one described in detail in [34],
which we briefly recall here. For the strings starting from the D-instantons we have

Zeg =t [ (S 4 () (29) ] e

where the prefactor accounts for the multiplicity of the branes, and the four terms in-

side the square brackets arise from the four spin structures with eight directions with
Dirichlet/Neumann boundary conditions. We notice in particular that the second term,
corresponding to the NS(—1)¥ sector, actually vanishes since 9;(0) = 0, while the fourth
term, corresponding to the R(—l)F spin structure, is non-zero due to the cancellation of
the fermionic zero-modes in the two directions with Dirichlet/Dirichlet boundary condi-
tions with the bosonic zero-modes of the superghost system [38]. Exploiting the abstruse
identity

93(0)* — 94(0)* —92(0)* =0, (3.22)

we easily conclude that

dt
Z_1ym = —kM / (3.23)

The partition function for the other orientation Corresponds to placing the D-instantons
“on the other side” of the 7-brane, which is obtained with a parity transformation that
reverses the sign of the odd spin structure R(—1)¥" [38]. Then we have

=0 [53(56) + (i) - () 1] o

The abstruse identity (3.22) now implies that®

Z7//(_1) — 0 . (325)

Let us now consider the contribution of the open strings connecting the D-instantons to
the D7-branes. In this case, due to the presence of the background (2.12) on the 7-branes,
we have an extra twist to take into account with respect to the previous cases. In particular,
the partition function Z_y)/7 is obtained from (3.21) by twisting the ¥-functions by —0;t
in each complex direction and replacing M by N, which is the number of D7-branes. In
other words we have

o dt 1 19( Ort ) L01(=0t) & 93(—050)
/7_kN/ 2t2[ i_l 1;[7191(—9115)_1_[73 1| . (3.26)

Since the twists satisfy the condition (2.18), the Jacobi-Riemann identity (2.37), together
with the following parity properties

Y (—2) = —(2), Pa(—2) =+2(2), UI3(—2)=+93(2), u(—2)=+94(2), (3.27)

8In the T-dual set-up, namely in the DO0/D8-brane system, the vanishing of the partition function can

be interpreted as due to the creation of a fundamental string, see for example [38, 40, 42].
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implies that
Z—y=0. (3.28)

The partition function for the other orientation is obtained from (3.24) by twisting the
J-functions with ;¢ and replacing M with N, namely

4

odt 1[4 92(01t) 2 01(61t) NGO
A :kN/ — — + - +1] . 3.29
7= 0 2t 2 Ll;[l D4 (01%) 11;[1194(9175) 11;[1194(9175) (3.29)
Using the Jacobi-Riemann identity, we easily find
oo dt

Summing all contributions (3.20), (3.23), (3.25), (3.28) and (3.30), we conclude that
the total partition function of the open strings with at least one end-point on the D-
instantons is
oo dt
Ziot = k(N — M) — . (3.31)
o 2t
If we set

N=M, (3.32)

the total partition function vanishes and no forces are present. This no-force condition is
equivalent to requiring that the brane system be conformal invariant.”

4 The instanton moduli and their action

In the previous sections we have described a system made of N D7-branes with flux, M
DT7’-branes without flux and k£ D-instantons. The flux on the D7-branes is subject to the
condition (2.18) with all §; different from zero in order to preserve the minimal amount of
supersymmetry. For simplicity, from now on we choose the twists to be all equal, namely

1
91:02:93:94:1' (4.1)
With this choice the four complex directions are treated symmetrically and many formulas
simplify. For example, the fermionic twist fields to be used in the vertex operators of the

(—1)/7 strings (see (3.11) and (3.12)) become

$(2) = i P ORI and T(z) = e 1@ ETEEORCETE) (49

in the NS and R sectors, respectively. The same twist fields are used also in the vertex
operators of the 7/(-1) strings (see (3.14) and (3.15)), but in this case 3(z) is used in the

9If N # M the total open-string partition function with D-instantons does not vanish and the gauge
theory on the D7-brane becomes not-conformal in the sense that the dimensionless coupling constant A of
the quartic action (2.4) runs with a S-function coefficient proportional to (N — M). Furthermore, as we
will show in later sections, when N # M the instanton partition function Zx is not dimensionless and the

N—M)

instanton counting parameter ¢ carries dimensions of mass' , in such a way that ¢" Zj is dimensionless.
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Sector Moduli Vertex Operators Statistics | Dimensions
B!, B; % Ure ¥, % Ule—¢ bosonic | (length)~!
£, x EUse?, $WSe? bosonic | (length)™!
MU, M;| M'S;St e_%”, Sl S+ e 2% M | fermionic (length)_%
(=1/(=1) _
AT % Sy S~ e 2¥ fermionic (1ength)7%
A A % S=e 3¢ fermionic (length)_%
n n gi\/is S~ e 3% fermionic (length)_%
) w % AYe ? bosonic | (length)™!
—-1)/7
i puAY ST e 2% fermionic (length)_%
- w % AYe® bosonic | (length)™!
-1 B
i LAY Ste z¢ fermionic (length)_%
(=1)/7 w w A'S— e 3% fermionic (1ength)7%
7/(-1) i oA S~ e3¥ fermionic (length)_%

Table 2. The physical moduli corresponding to open strings with at least one end-point on the
D-instantons, and their vertex operators in the canonical superghost pictures, (—1) in the NS sector
and (—%) in the R sector. The last two columns contain their statistics and their scaling dimensions.

R sector and £(z) in the NS sector. Both ¥(z) and £(z) are conformal fields of weight %.
It is also convenient to define the bosonic twist fields

A(z) = H aé (2) and A(z) = H Uil(z) (4.3)
I=4

to be used for the (-1)/7 and 7/(-1) strings respectively. These fields have conformal
dimension % and are conjugate to each other. Similarly, for the strings of type (-1)/7" and
7' /(~1) we define the following pair of conjugate twist fields

A(z) = H Oé (z) and Al(z) = H Jié(z), (4.4)
I=4 I=4

which have conformal weight %
Using these notations, we summarize for future reference all physical states of the

open strings with at least one end-point on the D-instantons and their vertex operators in
table 2.
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4.1 The moduli action

The action of the (—1)/(—1) moduli can be obtained by dimensionally reducing the N =
1 super Yang-Mills action from ten to zero dimensions and, in the notations previously
introduced, it reads as follows

S = ] 5B BA B B) - (B B)[Br. B - [6.B') [ Bi] - [x.B'][¢.B]
#3008+ 5 AL + g abon] + N Do XM e
—2 M€, M/] +>\U([El,]\7—fﬂ — [By, M/] + e1skL [BK,ML])

(= IV B M+ (g =10 (B 371} (4.5)
where
2 _ Js
90 = 430/ 2 (4.6)

is the Yang-Mills coupling constant in zero dimensions.
The action involving the moduli of the mixed sectors is

1 . _ . _
Smixed:?tr{w(Xg"i_gX)w_Qﬁfu_ﬂ(n"i_l)‘)w_w(n_l)‘)ﬂ+ﬂlxu/}* (4.7)
0

Using standard conformal field theory methods, one can verify that all cubic couplings in
the above actions can be obtained by computing the 3-point amplitudes among the vertex
operators introduced in the previous section. If one applies this method to compute the 4-
point amplitudes and obtain the quartic couplings, one encounters divergent integrals over
the vertex insertion points, as it has also been recently pointed out in [43]. To circumvent
this problem, we adopt the strategy already used in [6, 31, 34] and introduce auxiliary
fields to disentangle the quartic interactions. For our purposes it is enough to consider the
first two quartic terms in (4.5). The minimal set of auxiliary fields which are needed to
decouple these interactions comprises seven auxiliary fields, denoted by D and D!’ with
D/I = DI (I,J =1,...,4). Notice that D is real while the six D'/’s are complex with
their complex conjugates Dy given by

— 1
Dry= 3 EIJKL DKL (4.8)

Thus D’Y correspond to six real degrees of freedom. Using these auxiliary fields, to which
we assign canonical scaling dimensions of (length) =2, the first two terms of (4.5) can be
replaced by

glgtr {i D/ DKL €IJKL — DIJ([B[,BJ] + % €IJKL [BK,BL]) + %DQ - ID[BI,B]]} .
(4.9)

Indeed, eliminating the auxiliary fields through their equations of motion and using the

Jacobi identity, one can show that (4.9) reduces exactly to the first two terms of (4.5).
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We observe that the cubic terms in (4.9) can be obtained by computing the couplings
among the vertex operators Vg and VE;? given in (3.1), and the following vertex operators
for the auxiliary fields

Dl /_ 1
Vs = -5 (\I/I(z)\I/J(z) + 5 €KL \PK(Z)‘I’L(Z)) ; (4.10)

These vertices are in the (0)-superghost picture, as appropriate for auxiliary fields, and are
conformal operators of weight 1.

The vertex Vp has a non-vanishing coupling also with the vertex operators V,, and Vi
of the mixed bosonic moduli w and w; this coupling leads to the following term

1
—Str{-iDww} (4.11)
90

that has to be added to the moduli action (4.7). Furthermore, we find convenient to add
also the term

1 _
— tr{h'h"} (4.12)
90

where h/ and its conjugate h’ are auxiliary fields with scaling dimensions of (length) 2.
Even if these fields look trivial since they do not interact with any other moduli, it is useful
to introduce them for reasons that will be clear in a moment. Also these auxiliary fields
can be described by vertex operators in the (0)-superghost picture, which are

S(z)+ S S(z)+ S(2) .

Vie = I/ A/(2) NG () and Vi, =B A(2) ( 7 (4.13)

These operators are conformal fields of weight 1.

We now introduce ADHM-like variables by means of the following rescalings
B' =g B", M'—5gM', w—gw, p—=gop, W —=gop's B —gh (414)

with analogous ones for their conjugates, in such a way that the rescaled bosons B! and
w have dimensions of length, the rescaled fermions p and p’ have dimensions of (length)%,
and the rescaled auxiliary field i’ becomes dimensionless. After these rescalings, adding
all contributions one finds that the instanton moduli action can be written as

1
Sinst = ?Sg+SK+SD (4.15)
0
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where
1J KL 1 o 1 2 1
D’ D €IJKL+§D +§[X,£] +§)\[X,)\]
1
nbn] + 7 A Do A EIJKL} , (4.16a)

- [§7B1} [X?EI} - [X7BI] [&Eﬂ _QMI[fvﬂf]

u£u+w€xw+wx£w+u'xu’+h'h'}, (4.16b)

Sp = tr {— iD([BI,E[] +w171) — DIJ([BI,BJ] + %GIJKL [BK,BL}>
+ A”([Ebﬂﬂ — [By, M/] + erskL [BK7ML])

+ (+iN)([Br, M+ wp) + (n—ix)([B', M/] —,,Lw)} . (4.16¢)

In the field theory limit o/ — 0, or equivalently in the strong-coupling limit gy — oo, the
term Sg can be discarded and the fields D and D!/ become Lagrange multipliers for the
bosonic constraints

_ - = 1
[BY,B;] +ww=0, [Br,Bj]+ 5 CLIKL [BX. B =0, (4.17)
while the fields (n4i)) and A\ become Lagrange multipliers for the fermionic constraints
[B[,MI]+wﬂ:0, [E[,MJ]—[BJ,M[]+€[JKL [BK,ML]:O (418)

In section 6 we will show that the same equations arise from the ADHM construction for
instantons in eight dimensions. This fact allows us to regard the open strings ending on
the D(—-1) branes as instanton moduli.

4.2 Introducing vacuum expectation values and the e-background

We now generalize the action (4.15) by introducing the interactions with external back-
grounds.

From the string theory point of view, these backgrounds correspond either to vac-
uum expectation values of massless fields propagating on the world-volume of the D7 and
D7’-branes, or to vacuum expectation values of bulk fields in the closed string sectors.
Therefore, one can obtain their interactions with the instanton moduli by following the
procedure described in [6, 16, 31], namely by computing the correlation functions among
the vertex operators of the moduli and the vertex operators of the external background
fields. However, there is also an alternative route to obtain these interactions which exploits
the symmetries of the brane system.

Let us give some details. The moduli actions (4.16) are invariant by construction
under the symmetry group U(k) of the D-instantons, and the moduli x and § can be
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interpreted as the parameters of infinitesimal U(k) transformations.!’ In our conventions,
these transformations are

—[x,e] if e is an adjoint modulus,
Ty[e] =4 —xe ifeisa fundamental modulus, (4.19)

ey if e is an anti-fundamental modulus,

and similarly for T¢. Using this notation, for example the terms —[¢, BY][x, Br] and @’ x 1/
appearing in (4.16b) can be rewritten respectively as

—Te[B'|T[B;] and —p@'T,[4]. (4.20)

All other x- and &-dependent terms in (4.16) can be treated in the same way.

The idea is to extend this approach to all symmetries of the brane system. The
actions (4.16) are invariant under the U(N) transformations of the N D7-branes and under
the U(M) transformations of the M D7’-branes, in which only the mixed moduli transform
according to the representations defined by the open string construction. The actions (4.16)
are also invariant under the SU(4) transformations related to the rotations in the four
complex planes indexed by I. Let us denote by e; the parameters of such rotations and
define the quantities

eE=¢€1+eg+e3+ey, (4.21)
and
e
51]2514-6]—5. (4.22)

Then, it is easy to show that the actions (4.16) are invariant under the following transfor-
mations i
(BI,MI) N e+1€I(BI,MI),
(Br,My) — e 1 (B, My), (4.23)
(AIJ,DIJ) N e+i€IJ()\IJ,DIJ),

with all other moduli unchanged, provided ¢ = 0. This is a SU(4) symmetry whose origin
is quite clear. Indeed, the initial SO(8) symmetry of the D-brane system is broken to SO(7)
on the D-instantons [16, 21], and this symmetry is further reduced to SO(6) ~SU(4) by the
complex structure we have introduced. Therefore, the four parameters e; subject to the
condition € = 0 can be understood as the parameters of the SU(4) transformations along
the Cartan directions (see appendix A).

We now exploit the U(N), U(M) and SU(4) symmetries and replace the U(k) trans-
formations T, and T¢ according to

(4.24)

10The use of x or ¢ is fixed by a neutrality condition with respect to the charge in the fifth complex plane
of the initial string construction.
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where Ty o me;) and T gmz,) denote U(k) x U(N) x U(M) x SU(4) infinitesimal trans-
formations parametrized by x, a, m and 7, and by &, @, m and Z; respectively, in the
appropriate representations. For example, applying this rule the terms in (4.20) get shifted
and become

—T(g,a,m,a)[BI]T(x,a,m,e,)[El] = —(~[¢, B +& B (~ [x,Bi] —e1B1), (425)

~F TixamenlW] = = (—=x ' + ' m) .

Proceeding systematically in this way, we can generate new terms in the moduli action.
Taking for simplicity the U(N) and U(M) parameters only along the Cartan directions,
these new terms correspond to shifting the actions (4.16) as follows!!

Sa — Sb:SG—I—tI“ { Z 8[])\IJ)\KL€]JKL}, (4.26&)
I<J,K<L

Sk — Sk :SK+tr{2Z<5IBI &, B;] +&1 B! [X,E1]+?I€IBIEI—€1MIJ\71>
I

—2aw§w—2aw(x—a)w+2a,u,u—,u’,u'm}, (4.26D)
SD — S/D = SD . (4.260)

As mentioned above, these new terms can also be obtained from the interactions that the
instanton moduli have with the background fields on the D7 and D7’-branes or with the
bulk fields of the closed string sectors. In particular, the terms with a, @ and m arise when
a vacuum expectation value is given to the adjoint scalars ¢ and ¢ on the N D7-branes
(see (2.8)) and to the analogue scalars on the M D7’-branes. One can explicitly check that
all such terms arise from the correlators among the vertex operators of the instanton moduli
and the vertex operators of these adjoint scalars. The latter have the same structure as
the vertices of £ and x in (3.2), and thus it is not surprising that they produce similar
couplings in the moduli action.

The terms in (4.26) that depend on €7 and €; can instead be generated by introducing
a graviphoton background corresponding to the 3-form field strength W = d(Cy — 7 Bg) of
Type II B string theory.!? In our set-up, the 3-form field strength has both holomorphic
and anti-holomorphic components along the fifth complex direction, namely it is of the

form W,,. and ng and is skew-symmetric along the p and v directions:!3
Wia, = €1, Wiy, = €2, Wie. = €3, Wrs, = €4, (4.27a)
Wigs = &1, Wsaz = 2, Wsez = 3, Wasz =24 . (4.27b)

UNotice that no dependence on 7 arises with this method, since there are no terms depending both on
¢ and on the primed moduli in the original action.

2Here Cy and Bs are the 2-forms in the R-R and NS-NS sectors, respectively, and 7 is the axio-
dilaton (2.10).

13 As we will show later in section 4.3, if > ;€1 = 0 the BRST structure of the moduli action is deformed
but not spoiled by the background, meaning that supersymmetry is not broken. Notice that in complex
notation, the 3-form W in (4.27a) is of type (2,1), while the 3-form W in (4.27b) of type (1,2).
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As shown in [31], to obtain the e;-dependent terms of the moduli action, it is enough to
consider the R-R part of the 3-form field-strength VW, whose vertex operator was discussed
in detail in [16]. In the notation for the spin fields we are adopting now, the vertex operator
for the holomorphic components is proportional to

Vw(z,z) = Z (51 - Z) [31(2) St (2) o~ 29(2) % 51(2) S““(z) o 32(2)
! (4.28)

— 51(2) ST () o 3¢(2) 51(2) 5t (2) e—%[ﬁ(z)}

where the tilded and untilded operators denote the right and left-moving parts respectively.
On the other hand, the vertex for the anti-holomorphic part is proportional to

Vi(2,2) = D &1 [S10(2) S(2) 7 295) x §1(2) 5 (2) 7290 (4.29)
I<J

where Z7; is defined in analogy with (4.22). Setting e = € = 0 and computing mixed
open/closed string amplitudes on disks with insertions of the moduli vertex operators on

the boundary and of the vertex operators V) and V35 in the interior,'4

one can correctly
reproduce all terms in (4.26) that depend on e; and Z;. If we release the constraint e = 0,

the following extra term

iztl"{iE(M—Df)} (4.30)
90

is generated by the vertex (4.28). As we will see in the next section, this term plays a
crucial role when one integrates over the instanton moduli space and its presence turns out
to be necessary in the intermediate steps, even if the end result will not exhibit any explicit
dependence on €. The full moduli action we will consider is therefore

1
St = 2 (St +tr {ic(An— DE)}) + Sk + )y (4.31)
0

with S¢, Sy and S}, given in (4.26).

4.3 The BRST structure of the moduli spectrum

We now show that all moduli, except for x, can be organized in doublets with respect to
a BRST charge Q which is a real combination of two super-symmetries preserved in the
brane system. More specifically, we take

Q= (4.32)
where

0= f L5 et wma 0= f Es@s et )

2mi

with S(z) and S(z) given in (A.22).

1See for example [44] for details on mixed amplitudes involving R-R backgrounds.
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To obtain a BRST transformation of the form
X=9QX=Y, (4.34)

we can follow the methods described in [6, 16], namely we evaluate the commutator of
Q with the vertex operator for Y and from the resulting expression read the form of the
BRST variation according to

[Q, Vy(w)} = Vsx(w) . (4.35)

We can explicitly verify that there is no fermionic vertex operator which under the action
of Q can reproduce the structure of the vertex for y. This implies that

Qx =0, (4.36)

so that the interpretation of y as a parameter for the U(k) transformations can be main-
tained. On the contrary, we find

Q=1 (4.37)

The choice of the BRST charge Q introduces therefore an asymmetry between y and &,
which up to this point played a quite similar role.

To obtain the BRST transformation of Y, we impose the nilpotency of Q up to sym-
metries, namely

QY = QX =T amen X1 - (4.38)
Following this method, for the moduli of the (—1)/(—1) sector we explicitly find

OB =M", QM" = —[x,B] +¢ B,

OBr=My, QM;=—[x,B;] —er B,

QN =D, QD" = —[x, A] + ey A, (4.39)
oX=D, QD =—[x,\],
Qf:na QT]:_[ng]

with the understanding the repeated indices are not summed. For the mixed moduli,
instead, we obtain

Quw=p, Qu=—-xw+wa,
Quw=1n, Qu=wx—aw, (4.40)
Qu =H, Qh' = —xp' +p'm,
Qu' =1, QW =p'x —mp' .

These BRST transformations allow us to build doublets of the form (X, Q X). They are
(B, M"), (Br,Mp), (&m), (A, DY), (AD) (4.41)
in the (—1)/(—1) sector, and

(w,p), (@R, W,H), (@1 (4.42)
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in the mixed sectors. Furthermore, we can check that the action (4.31) is BRST invariant
and Q-exact. Indeed,

Q i,nst = 07 i/nst = QA (443)
where

1 /1 1 1 .
A:tr{gg(4)\UDKL61JKL+2)\D—217[)(,5]—15)\5)
+¢([B', M) + [Br, M + wp - pw) +a@(w p — fiw)

i B 1 K pL I B (4-44)
- <[B[,BJ}+2€[JKL [B , B ])—1)\([3 ,B[]—}—U)IT))

—ZEI(BIMI—MIBI)+;,u’h’—i—;h’,u’}.
I

We observe that the dependence of the moduli action on @, 7 and ¢ is entirely encoded in
the fermion A on which the BRST charge acts. This fact will be important in the following,
and in particular it suggests that the end-result of the localization process will not carry
any ezplicit dependence on these parameters.

5 The instanton partition function

The effects of the D-instantons in the D7/D7’ system are encoded in the gran-canonical
partition function

k=0

2miT

where g = e is the instanton fugacity and Zj is the partition function in the k-instanton

sector (with the convention that Zy = 1). The latter is defined by the following integral
Ty = / dMy e Shnst (5.2)

where M, denotes the set of moduli with k instantons. Actually, as we have seen in
the previous section, all such moduli except for y are paired in BRST doublets each one
containing a boson and a fermion. We have in fact the following structure

dMy, = dx(dB" dM")(dBy dM)(d\'7 dD'7)(d\ dD)(d¢ dn)(dw du)(dw di)(dy' dh')(di’ dh') .
(5.3)

Therefore, any rescaling of the doublets cancels between bosons and fermions and does not
affect the end result. We exploit this feature and rescale all doublets with a factor of 1/z.
In the limit * — oo a drastic simplification occurs since only the quadratic terms of the

action S/

inst are relevant in the limit, while the cubic and quartic terms become subleading
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and can be neglected. In other words the moduli action becomes

, 1

1 1 1
r_ o d 1 plipkL 1 e
inst 1'293 r { 4 €IJKL + +

S 06 8% + 5 A0 A + 5 nbo

+7 )\U[X, MNP e+ > e M XN epypr +ie(An— Df)}
I<J K<L

1 _
ot {E (- m) R = 2a @ (- v - ) (5.4)

+2251( [x,Br] + er B' By — MIM1>}+O(J;3).

Notice that this quadratic action is invariant under the transformations (4.23) even for
e # 0. In other words, in the scaling limit we are considering, the SU(4) symmetry of the
initial action could be promoted to a U(4) symmetry.

The integrations over all moduli but y are straightforward since all integrals are Gaus-
sian and can be readily performed. From the primed doublets (u/,h') and (@', k') we

obtain?

M

T det (x = ma) g (5.5)
r=1

where m, are the eigenvalues of m and the determinant is computed in the fundamental
representation of U(k). Integrating over the mixed fundamental doublets (w, 1) and (w, i)
yields

H det (x — au) gy (5.6)

where a,, are the eigenvalues of a. We observe that in order to get this result it is essential
to have the @ parameter in the action which provides an effective “mass” for the fermions
w and fi. However, this @ dependence cancels out in the final result between the numerator
and the denominator.

The integration over the adjoint doublet (A7, D!/) gives

3
[T det(x - €[J>adj (5.7)
I<J=1

while from the integration over (B!, M) and (B, M) we get

H det (x adJ (5.8)

where the determinants are computed in the adjoint of U(k). In this case it is essential to
have the Z; terms in the action since they provide a “mass” for the fermions M’ and M.
This is necessary to guarantee a non-vanishing result but, as before, the final answer (5.8)
does not depend on these parameters.

5Here and in the following we report the results of the integrations up to numerical factors that can
always be reabsorbed in the overall normalization of the instanton partition function.
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The last integrations to be performed are those on the doublets (A, D) and (£,7). One
can explicitly verify that these Gaussian integrations yield just a non-vanishing numerical
constant. In fact, the entire dependence on x and ¢ cancels between the contribution of the
fermions A and 7 and the contribution of the bosons D and £. Again it is important in the
intermediate steps to keep the e-dependence; in particular the term € An in the action acts
as an effective “mass” for the components of A and 7 along the Cartan directions and it is
crucial to have such a mass in order to have a non-zero result. However, the final result
does not depend on ¢, which can therefore be safely set everywhere to zero at the end or
kept at a non-zero value, if one wishes to do so.

Collecting all terms, we have

M 3 —
2 — /dX M det (x — my) g i<s=1det (X —€17),; ‘

(5.9)
N det (x — ) fund [17—1 det (x — 5I)adj

Exploiting the invariance of the integrand under U(k) transformations, we can bring x
to the Cartan sub-algebra and, after introducing the Vandermonde determinant, integrate

over the k eigenvalues y; (i =1,...,k). Thus, we can rewrite (5.9) in the following way
k koo 1705 3
- v — €
7, = /HdXz H Hr 1( m;) H Xij 1}[<J—1(X2J 17) (5.10)
i=1 - u= 1 (xi — au) ij=1 [17=1(xi5 —€1)

with x;; = xi — xj. For ¢ = 0, the formula (5.10) agrees with the one proposed in [29]
where it was conjectured to possibly derive from a system with branes and anti-branes.
This instanton partition function has been recently considered also in [30, 32].

From now on we set ¢ = 0 and for simplicity present explicit results only for N = M.
In this case the instanton partition function Zj becomes dimensionless (x;, My, @, and 1
have all dimensions of a mass) and the theory behaves as if it were conformal. With these
positions we can rewrite (5.10) as follows

k 4 .
Zy=V / dez [ Qo) p M Mwalbs —em) gy,

i=1u=1 Xl_a“) icj=1 = —er)

where
Vo _ (61 + 52)(51 + 63)(52 + 63) (5‘12)
E1E2E3¢€&4
with e4 = —e1 — 9 — 3. Even if it is not at all obvious, we will show that Zj in (5.11)

depends on a,, m, and 7 only through the combination Y M where

N
Z w— Qy) - (5.13)

Moreover, we will find that our explicit results for Z; are compatible with the small ¢
expansion of

Z = [M(-g)]"™" (5.14)
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where

(o.¢]
1
.M@):IIaiz@g:1+q+3f+6f+1w%+mf”. (5.15)
n=1

is the MacMahon function which counts the number of the planar partitions of the integers.
This result was also derived in [27] using a conjectured plethystic exponential formula.
From (5.14) we may deduce that the non-perturbative prepotential is

F = e169e364 log Z = —(61 + 82)(81 + 63)(82 + 63) M log M(—q) . (5.16)

5.1 The k=1 case
At k =1 the instanton partition function is

N

(X — my)

7y = V/dx A (5.17)
=)

As usual, the integral over y is computed by moving the poles a, in the upper-half complex

plane and using the residue theorem after closing the integration path at infinity [20, 21].

The result is simply

Z =V ol 1];\[:1 (au —my)

u=1 HvN#uzl(aU - (Iv)

= VM . (5.18)

5.2 Explicit results at higher instanton numbers

To evaluate Zj at a generic instanton number k, we follow the prescription of [21]. This
corresponds to move again the poles a, in the upper-half complex plane, assign to each ey
a small imaginary part in such a way that

Im(g4) > Im(eg) > Im(ez) > Im(ey) > Im(ay,), (5.19)

and then integrate over each y; in lexicographic order by closing each contour in the upper-
half plane. With this prescription,'® the poles that contribute to the result can be put in
one-to-one correspondence with an N-array of four-dimensional Young tableaux {Y,,} (with
u=1,...,N) containing a total number of k£ boxes. Each box in the diagram Y, is labeled
by four positive integers (n1,n2,n3, n4) and is associated to a pole for one of the integration
variables in (5.10) located at

xMm2msna) — g 4 (ng —1)e; 4 (ng — 1) ea + (n3 — 1) ez + (ng — 1) ey . (5.20)
For example, for N =1 and k = 2 we have

(xa—m)(x2a—m)(x1—x2)* [11e7=1 (1 —x2—er—¢)
(x1—a)(x2—a)(x1—x2—¢1)(x1—x2—¢€2)(x1—Xx2—¢€3) (X1 —X2—€1)

(5.21)

Zy = V2/dX1dX2

and we see that the poles for (x1,x2) are at

(a,a+¢e1), (a,a+e2), (a,a+e3), (a,a+eq), (5.22)

16This is fully equivalent to the so-called Jeffrey-Kirwan prescription [45].
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which indeed correspond to the four four-dimensional Young tableaux with two boxes.
These four tableaux are also associated to the four solid partitions of 2. This is a general
feature of the N = 1 theory in which the poles that contribute to the integrals of Z; are
in one-to-one correspondence with the solid partitions of k.

For N =2 and k = 2, instead, the poles for (x1,x2) turn out to be at

(a17 a2) 5 (au7 ay + 51) ) (atm Gy + 52) s (am ay + 53) 5 (au7 Qy + 54) (523)

with u = 1,2. The first pole location corresponds to a pair of tableaux with one box each;
the other locations describe pairs of tableaux, one with two boxes and the other with no
boxes. This example can be systematically generalized to other values of N and k.

The evaluation of the residues is straightforward, even if tedious. When we sum up
all contributions, remarkable simplifications occur and, as anticipated, the dependence on
aqy, My, and 7 in the final result is only through the combination Y M. We have explicitly
checked this fact up to k = 5, and found

Z :%(VM)QJrgVM,
Zy=—~ My = 2 omp = Do,
16 52 1'('?:5 21 (5‘24)
Zi= 5 (VM)* + 1 (VM) + o (VM)? + TIM,
7 = —% (VM)® — 1% (VM) — % (VM) — % (VM)? — 25—6))/\/1 .

These results allow us to infer the formula (5.14).

Let us remark that, once individuated the poles through the prescription (5.19), the
evaluation of the residues does not introduce any sign ambiguity in summing up the contri-
butions associated to the various partitions of the type considered in [27, 29]. A particular
sign choice is automatically picked up, and is exactly the one that leads to the correct
exponentiation of the result. This choice is in agreement with the one pointed out in [30].

We mentioned above that the poles contributing to the integrals of Zj for the rank 1
theory are in one-to-one correspondence with the solid partitions of k. However, it is the
generating function of the planar partitions M (q) that appears in the end result (5.14). To
understand this fact, let us specialize to N = 1 with a = 0 and m = &4, and then take the
limit €4 — 0. This limit clearly implies that VM — 1. It turns out that in this scaling all
contributions to Zj corresponding to Young tableaux which contain at least one box with
ng > 1 are set to zero, while all contributions associated to tableaux in which all boxes have
ny4 = 1 are uniformly weighted with (—1)*. In other words, in this limit the gran-canonical
partition function (5.1) can be written as a weighted sum over the solid partitions 7:

Z=3 wpq"™ (5.25)

where |7| is the size of 7, and

(5.26)

(=1)I""if Y/(7) does not extend in the &4 direction,
Wy =
0 if Y () does extend in the g4 direction,
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with Y (7) denoting the four-dimensional Young diagram associated to w. Given the form
of the weight function (5.26), it is clear that only the solid partitions 7 which are also
planar with respect to the e4-direction, contribute in the sum. Therefore, (5.25) actually
coincides with the partition function of the planar partitions with uniform weight (up to
an alternating sign), which are counted by the MacMahon function, i.e.

Z = M(—q) (5.27)

in agreement with (5.14) when VM = 1. This argument can be extended to more general
cases along the lines discussed in [28].

6 ADHM construction

We have anticipated that the physical states of the open strings with at least one end-point
on a D(~1)-brane can be put in correspondence with the moduli of instantonic configura-
tions in eight dimensions. In this section we would like to elaborate on this.

There are different definitions of eight-dimensional gauge instantons, which are briefly
reviewed in a similar (although not identical) brane context in [34]. The definition appro-
priate to our current set-up is the one in which these configurations correspond to Yang
Mills connections whose field strength satisfies the (anti) self-duality condition

“(FAF)=+FAF. (6.1)

When this condition holds, the quartic action Sy for the gauge fields on the D7 branes,
given in (2.4), drastically simplifies. Indeed, in this case

1
tr (tg 1) = totr(FAFAFAF), (6.2)
and hence
—oriTk,
g, =0 T (6.3)
—2mitk,

where 7 is defined in (2.10) and

k::4!(217r)4/tr(F/\F/\F/\F) (6.4)
is the fourth Chern number. This precisely matches the action of k anti D-instantons or k
D-instantons, respectively.
In analogy with the familiar case of the four-dimensional instanton, one way to realize
the conditions (6.1) is to exploit the duality properties of the eight-dimensional Dirac
matrices. Indeed, the chiral blocks o (see (A.16)), satisfy

[pap2 pspa] 1 B2 T U8
o o = +@ € Opspe Oprus (6.5)
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where in the left-hand side the indices are all anti-symmetrized, while the anti-chiral blocks
ot obey

1
=[u1pe =papa] _ H1H2.. UTHS = =
o o 1 € O usue O purus - (6.6)

A field strength F),, proportional to o, or to ,, would thus enjoy the property (6.1).
To obtain such a field strength we can follow the ADHM construction in four dimen-
sions (for definiteness we choose the minus sign in (6.1)). We first introduce the ADHM

17
[0
A= ( [N x8K] ) (6.7)
(B — ) [gkxsk]

where « is a N x 8k matrix, while B and = are 8k x 8k matrices given by

matrix

B = (B,u)[k:xk} b2y 5#7 T =1, ]l[kx]g] & ot . (68)

The matrices o and B,, contain the bosonic moduli of the configuration, while z,, are the
coordinates in eight dimensions. Then, we define the gauge connection A,,, expressed as a
N x N matrix, according to

A, =U"9,U, (6.9)

where

U= (“[NXN]> (6.10)

U[8kx N]

is a (N + 8k) x N matrix subject to the following conditions
ATU=UA=0, U'U=1pxn - (6.11)
The corresponding field strength is
Fuy = 0,A, — 0, A, + [Ay, A)] = 20,U10,,U +2U9,U U, U

(6.12)
=20,U(1-UU"o,U .
We now introduce a 8k x 8k matrix M such that
1-UU = AMAT (6.13)
or equivalently, thanks to the conditions (6.11), such that
ATA =M1, (6.14)
Plugging (6.13) into (6.12) leads to
Fuw =20,UAMAT0,U =2U9,AM0,ATU
(6.15)

0 0 __
=2Uf" <0 O’[NMO'V}> U= 2vo,Maoy,v

17Since the construction involves matrices of various sizes, sometimes we find useful to indicate explicitly
their sizes with the notation A,y for a matrix A of size n x n.
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where in the second line, with an abuse of notation, we have denoted 1y ® (a'u)[gxg} and
Tigxk] @ (Gu)gxg) simply as &, and o,.

If N > 8, it is possible to require that the NV X N matrix 295, M 0, v has a single
non-trivial block of size (8 x 8) proportional to 7,,. If this is the case, then, the field
strength (6.15) satisfies the relation (6.1) with the minus sign as a consequence of the anti-
self duality property (6.6). Of course, this requirement puts stringent constraints on the
form of the matrices M and A. For k = 1, a solution is obtained by taking

1 1
M = f1gxg, OéZ(Op [88] ), = f2a,
[(N—8)x3]

u=f2 <—(Bu —xu)7" Oy (N-8) )
Ov—s)xg]  Op(N—8)x(V—8)]

(6.16)

with f = (p*> +7r?)~! and r?* = (z, — B,)(z* — B*). Through (6.15), this leads to the
following field strength

2p2 5— O —
. o w L [8><(N 8)] ) . 6.17
(02 4 r2)? (0[(N8)x8] O(v—8)x(v-8)) o

This represents an instanton solution of size p and center B, which corresponds to the
embedding of the SO(8) octonionic field strength of [46, 47] into U(N) (with N > 8). One
can check that the gauge connection corresponding to (6.17) is

@ —B") [ &, O (N
A= Loveeres Do) (6.18)
[(N—8)x8] V[(N—8)x(N—-8)]

and that the fourth Chern number (6.4) is one [46, 47]. Generalizations to higher k are
possible.

In a supersymmetric theory, like the one we are considering, instantons preserve a frac-
tion of supersymmetry. A supersymmetric instanton is then characterized by the existence
of a Killing spinor e such that the supersymmetry variation of the gaugino A vanishes,

namely
1
oA = 3 wye=0, (6.19)
which reduces to
Fupo"e=0 (6.20)

for a chiral e. In [32] it has been shown that to solve this equation it is enough to require that
ATAe=f ©e (6.21)

for some (k x k) matrix f. This means that the matrix M introduced in (6.14) must be
such that M e = fi.p ® .

To make contact with the previous sections, we write the matrices B and « appearing
in the ADHM matrix A in terms of the bosonic moduli corresponding to the open strings
in the D(~1)/D7 brane system. In particular we take the eight k& x k matrices B,,, used to
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construct B as in (6.8), to be given by the neutral moduli B! and By of the D(-1)/D(-1)
sector, and take the N x 8k matrix a to be related to the mixed moduli @ of the D7/D(-1)
sector according to o = Wiy ® @bErng] where 1 a reference Weyl chiral spinor [32]. Given

the choices we made in the string construction, we take
Yp=re+ie (6.22)

with ¢ = g8 and ¢/ = d,7. The choice on the Killing spinor e reflects our choice of the
preserved supersymmetry (and hence of the BRST charge) which, in turn, is related to
how SO(8) has been broken to SO(7). The second choice on ¢’ reflects the choice of the
complex structure with which we have broken SO(7) to SU(4) (see appendix A). With
these positions it is easy to verify that

Ypple=—1Tete and o™ e=—(r,)" 7™ (6.23)
where 7" are the seven octonionic matrices defined in (A.13). Furthermore, we have

ATA = oo+ (BT — 2")(B — z)
1 (6.24)
= w @ Pyl + 5 [Bus B @ 0" + (B — 2,)(B" = 2") © Ligcs)

and thus projecting onto ¢ and using the relations (6.23), we deduce that in order to
satisfy (6.21) one must require that
1

5 (B, Bo(Tm)" +wwdl, =0 . (6.25)

In complex notation, these equations read

_ - = 1
[BI,B[] +ww =0, [B[,BJ} + §€[JKL [BK,BL} =0, (6.26)

which are exactly the constraints reported in (4.17) and derived from the moduli action in
the D(~1)/D7-brane system.

We observe that for k£ = 1 the first constraint leads to w = @w = 0. This implies that
the ADHM data reduce to those in (6.16) for p = 0, thus describing a point-like instanton
configuration with vanishing size. It would be interesting to explore what happens if one
introduces a non-commutative deformation parameter in such a way that the right-hand
side of the real constraint in (6.26) differs from zero, thus allowing to have configurations
with non-zero size, and more generally to investigate the features of the solutions of the
ADHM constraints in the general case. We leave these issues to future investigations.

7 Conclusions

In this paper we have studied a D(~1)/D7-brane system in Type IIB string theory that
describes the non-perturbative sector of a U(NN) gauge theory in eight dimensions, and
provided an explicit analysis of the massless open string states and of their vertex operators
in the various sectors. The new ingredient with respect to previous work is the introduction
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of a constant magnetic flux on the world-volume of the D7-branes which allows for the
existence of bosonic moduli in the mixed sectors. After discussing the moduli action, we
have computed the instanton partition function using localization and confirmed the results
of [27] obtaining a closed form expression in terms of the MacMahon function.

It is important to remark that this instanton partition function and the corresponding
prepotential given in (5.16) involve only the fields of the overall U(1) factor inside U(N).
Furthermore, the prepotential is cubic in the €7 parameters used in the localization process,
showing that the gauge effective action receives non-perturbative corrections only in curved
space. To see this in an explicit way, let us first turn off the parameters m, so that the
quantity M in (5.13) simply reduces to tr ¢, where ¢ is the scalar component of the vector
superfield (see (2.8)). Then let us note that

(e1 +e2)(e1 +e3)(e2 +e3) ~ tglmug Wi s Whsps Wispe Lymps (7.1)

where W, = W, is the graviphoton field strength defined in (4.27a). The tensor
T, instead, describes the background magnetic flux on the D7-branes and is obtained
from (2.12) by setting ff = —1 for all I = 1,...4.!8 Finally, tg is the tensor that typically
appears in higher derivative actions, like for instance (2.4).'° Suppressing all indices for
simplicity, the prepotential (5.16) is therefore

F ~ tsW3T tr¢ log M(—q) . (7.2)

To obtain the effective action, we promote ¢ to the full scalar superfield ®(z,0) given
in (2.8) and the graviphoton field strength W, to the full graviphoton superfield [31]

1
W (z,0) = Wy (z) + 0 xu () + 3 O P O Ruvrp(x) + ... (7.3)

where X, () and Ry, () are respectively, the self-dual parts of the gravitino field
strength and of the Riemann tensor. In this way we obtain a prepotential F(®, W) that is
linear in ® and cubic in W. The eight-dimensional effective action is then given by

/dgl‘ d®0 F(®, W) + c.c. (7.4)

After integration over the 6’s, our results predict an all-instanton formula for higher
derivative couplings in Type II B supergravity, which are schematically of the form
tats R3tr F Fyag, in presence of D7-branes carrying a non-trivial world-volume flux
Fiass ~ Z along a U(1) subgroup of U(N). It would be very interesting to further investi-
gate the properties and the implications of these non-perturbative gravitational couplings,
and also to explore the structure of the instanton partition function of our system when
the graviphoton parameters £; do not add up to zero.

'8 According to (2.14), this corresponds to the choice of the twist parameters 87 = 1/4 that we have made
in (4.1).
¥ Given the particular form of W,,, and Z,,, one has

tglmw Wi po Whana Waspe Luzus ~ 2 tr (WWWI) N % tr (W W) o <WI)

where the trace is over the space-time indices, from which the result (7.1) easily follows.
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A Notations and conventions

In this appendix we collect our notations for the various symmetry groups of the brane
system and for the spinors and Dirac matrices.

From ten to eight dimensions. The symmetry of the ten-dimensional flat background
in which the superstring theory is defined is broken by the presence of the seven-branes as

SO(10) — SO(8) ® SO(2) (A1)

with SO(8) rotating the first eight coordinates z*. Thus, the vector representation decom-
poses as

10 — (8,,0) @ (1,+1) & (1, 1), (A.2)

where each couple (R,p) indicates a representation R of SO(8) and a charge p under

U(1) ~ SO(2). The U(1)* Cartan subgroup of SO(8) corresponds to the rotations in the

(wzl 1 g2 ) planes, with I =1,...4, and here we will denote its four parameters as e;.

Under the breaking (A.1), the 32-components of the ten dimensional spinors (which
can be chiral or anti-chiral) decompose into S4S*, where S4 are the 16 components of
SO(8) spinors (chiral or anti-chiral) and S* have charge +1/2 with respect to U(1). More
precisely, we have

16, — (85,+1/2) @ (8.,-1/2),
16, — (83, —1/2) ® (80, +1/2) . (A.3)
The ten-dimensional Dirac matrices take the form
M=~1*@1, IM=y0, I''=~vg0,, (A.4)

where y* with © = 1,2...8 are the eight-dimensional Dirac matrices, v is the eight-
dimensional chirality matrix and the sigmas are the usual Pauli matrices. The ten-

T
dimensional charge conjugation matrix C satisfying CT™ (C‘l)T = — (FM ) for M =
1,...,10 is written as

C=Cw®os, (A.5)

where C is the eight-dimensional charge conjugation which is such that C~+* (Cil)T =
T

- ()"

Eight-dimensional spinors. For the eight-dimensional spinors we can use either the

“spin field” basis or the Majorana-Weyl basis, which we are going to describe.
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e The spin field basis. In the “spin field” basis the spinor components are labeled by
(twice) their SO(8) weight vectors and are

SA — (S'H“H" S—-i—-&--i—7 S+_++, S__++, S++_+, S_+_+, S+__+, S___+,

(A.6)
Sttt— gt gt—t- g—t- gt gt gt S,,,,) _
In this basis the Dirac matrices are
V=111, Y=00101®1,
73203®01®1®1, 74:03®02®1®1, (A7)
75:U3®03®01®]1, 76:U3®03®02®11, '
YV =03R03R03@01, P =03003003®0, .
The chirality matrix is
1 =77 =@ o3 @ o3 @03, (A8)
while the charge conjugation matrix reads
C=09R01 QoyRo07 . (A.9)

The chirality matrix is diagonal, and the eight components in (A.6) with an even number
of minuses are chiral, i.e. they span the 8, representation of SO(8), while the eight ones
with an odd number of minuses are anti-chiral, i.e. they span the 8, representation.

e The Majorana-Weyl basis. For SO(8) it is also possible to use a Majorana-Weyl
basis. This can be achieved introducing the chiral combinations

iSt——t —ig—+t+=
_gt——t _ §—++-

—iSt—t— _jg—t—+

go L| STTasT (A.10)
V2| St i | ’
_§tt—— _ §g——++
ittt g
gttt g
and the anti-chiral ones
iSt——— —i§—+++
_§t——— _ §—+++
B o R S
. 1 A b
St — A1l
V2 | —igttt p gt (A1)
_Gtt—t _ g——+-
—iS§ttt—_i9—+

Gt++— _ g———+
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In the basis (S%, 8%), the chirality matrix is 1g ® o3, the charge conjugation is the identity

and all Dirac matrices are purely imaginary. They take the form?’

YT =" R0, AP =13® 09, (A.12)
where 7", with m = 1,...,7, are (—i times) seven-dimensional Dirac matrices. These
latter have elements

(7™ )g = —i (00 05 — 08 63 + Coma) (A.13)

where the completely anti-symmetric tensor ¢, describes the octonionic structure con-
stants:

C127 = €163 = C154 = C253 = C246 = C347 = Cs67 = 1, (A'14)

with all other elements being zero. The Dirac matrices in (A.12) can also be written as

= (0 JH) , (A.15)

ot 0

with o# = (7™, —i1) and o* = (7™,11). We also write

1 ot 0
o= L ] = A.16
=50 <OJW>, (A.16)
with
1
oM =M =M = 3 [7™, "], o™= - =ir". (A.17)

This Majorana-Weyl basis is the one used in [16]. Using (A.10) and (A.11) we can rewrite
all quantities involving fermions given there, in the spin field basis used in this paper.

The U(4) symmetry. The SO(8) symmetry contains a U(4) subgroup that preserves
the complex structure introduced in (2.13). The U(1)* Cartan subgroup of SO(8) in in
U(4) and acts on the complex coordinates as

2 eeryl (A.18)

One has U(4) ~ (SU(4)®U(1))/Z4, where U(1) is the diagonal action in the U(1)* subgroup
parametrized by €/4, where

e=¢€1+egteztey. (A.19)

The Cartan subgroup of SU(4) is spanned by the “traceless” parameters £; = ey — /4, out
of which only three are independent. We can denote the U(4) representations by r,, where

20With an abuse of notation we denote these matrices again by v*, even if they do not coincide with the
ones in (A.7); rather they are equivalent to the latter under the change of basis in (A.10) and (A.11).
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r is a SU(4) representation and g a U(1) charge. With respect to U(4), the relevant SO(8)
representations decompose according to the following pattern. For the vector we have?!

8, =41 1,1 , (A.QO)

the two representations in the right-hand side corresponding to z! and z!. For the chiral
spinor we have

8 > 1P 6P 1 _o . (A21)
The two SU(4) singlets are, respectively,??
S =gttt S=-5"7""", (A.22)

while the states of the 6 representation are S'/ with I,J = 1,...4 and S/ = —§77.
Their identification in the spin field basis is

§12 — gt+—— , Sl — _gt—+-— 7 514 — gt——+ 7

§2 —g—t+t= M g+ g¥_ g (A.23)

Thus S is proportional to the spin field component which has a plus in the I-th and J-th
directions. The conjugates S, which are the spin fields with a minus in the I-th and J-th
directions, are not independent. Indeed we have

- 1
S11 = 5 €KL SEL (A.24)

The anti-chiral spinor representation decomposes as

8 — 211 ®4_1. (A25)

The states in the two representations in the right-hand side are respectively given by

S—+++ S+———
o si— |9 (A.26)
= g+++1" | s+ |- ‘
S+++, _Sffer

Using first the change of basis (A.10) and (A.11), and then the identifications (A.22), (A.23)
and (A.26) we can express all quantities involving the fermions given in [16] in terms of
the U(4) notation used in the main text.

213We fix the convention on the U(1) charge by declaring that the charge of the fundamental representation,
whose states rotate by exp(ie/4), is 1.

*2The minus signs appearing in (A.22) and later in (A.23) and (A.26) are inserted to be consistent with
the action of the charge conjugation matrix (A.9) on the spin fields.
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The SO(7) symmetry. The moduli action described in section 4 possesses a BRST
charge which in our conventions is the last component S® of a chiral spinor (see (4.32)
and (4.33)). The SO(8) subgroup that preserves the BRST charge is SO(7), embedded in a
non-standard fashion?? in which the chiral spinor decomposes as 8, — 7@ 1, where 7 is the
vector representation of SO(7). More explicitly, we have S® — (8™, S®) withm =1,...,7.
Both the anti-chiral spinor 8, and the vector?* 8, become spinors of SO(7). The adjoint
representation of SO(8) decomposes according to 28 — 21 + 7, where 21 is the adjoint of
SO(7). In particular, this means that an anti-symmetric tensor of SO(8), like for example
D,,,, decomposes into

D2 = 5 Dy (™), Dl = Dy () (A.27)

pv v

Here D,,, and D,, are, respectively, an anti-symmetric tensor and a vector of SO(7), while
7™ and 7™" are the matrices introduced in (A.13) and (A.17).

This is another way in which the SO(7) symmetry emerges in our brane system and
in the ADHM construction described in section 6; indeed, to disentangle the quartic term
proportional to [a*, a”] [a,, a,] in the U(k) moduli action, thanks to the Jacobi identity, the
minimal required set of auxiliary fields is not a generic anti-symmetric tensor D, but its 7
part only. The U(1)? Cartan subgroup of SO(7) is embedded into the Cartan subgroup of
SO(8) by restricting the four parameters €7 to be traceless, i.e. to satisfy the requirement
e = 0. Only in this case is the spinor S® invariant. Note that this is the same condition
that defines the Cartan subgroup of the SU(4) C U(4) symmetry.

The SO(6) ~ SU(4) symmetry. The subgroup of SO(7) that is compatible with the
complex structure (2.13) is the SO(6) group under which the SO(7) vector decomposes as
7 - 6@1, namely V™" — (V;ﬁ, V7), with m = 1,...6 and the spinor representation of
SO(7) decomposes as 8 — 4, @ 4., the two addends being the chiral and anti-chiral spinors
of SO(6). The Cartan subgroup of this SO(6) coincides with the one of SO(7).

This SO(6) group is isomorphic to the SU(4) subgroup of U(4) discussed above. Under
this isomorphism, the chiral and anti-chiral spinors are mapped to the fundamental and
anti-fundamental representations 4 and 4, while a vector like D™ is mapped to the anti-
symmetric tensor D!/, with I,.J = 1,...4, satisfying the constraint (A.24).

B Technical details

In this appendix we collect some technical material related to the string theory and con-
formal field theory methods used in the main text.

Twisted coordinates and mode expansions. In [35] the conformal field theory of
bosonic and fermionic fields with non-trivial monodromy properties has been described in
full detail. Here we make use of the results of that reference and adapt them to the case

2This embedding is exchanged by triality with the standard one in which 8, — 7 @ 1 or with the
embedding where it is the anti-chiral spinor that decomposes in such a way.
24To be precise, given the vector v*, it is (v™, —v®) that transforms as a spinor.
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of interest. The complex bosonic and fermionic string coordinates along the longitudinal
directions in the D7/D7’ sectors satisfy the monodromy properties (2.15) and (2.16) around
the origin of the world-sheet. After canonical quantization, these fields have the following

mode expansions

o
1821 (Z a?IqL o; PR Sk Z an—&-(h n+01_1> )

o (B.1)
1821 ( Z ar n+o; 2 —n—f0r—1 Z d} n—b; 2”911) ,

n=1
and
( F Z ( n—0r —n+01—% + qjizi@[ Zn+6[_% ) )
n=0+v (BQ)

@I(Z):\/ﬂ Z (\IjLnJr@[ —n—07— 2+ Z \Il[n 9] - 917%>

n=0+v n=04+v

for the fermionic coordinates with ¥ = 0 in the R sector and v = % in the NS sector. The
bosonic oscillators satisfy the canonical commutation relations

{al,nJrH];ajn{,_gJ} :(n+91)5}]5nm Vn,m=>0,

(B.3)
[ELT{L,@I, dB7m79J] = (n—1#05) 5§ Onm Vn,m>1,
while the fermionic oscillators obey the canonical anti-commutators
(o W, } = (T T g} =65 mmz040. (B4)

Notice that if all 6;’s are different from zero (which is the case considered in the main text),
there are no bosonic oscillators with index 0, and hence the momentum can not be defined
in any of these directions.

Following [35], we define the Virasoro generators L, for the D7/D7’ strings. In partic-
ular we find that the bosonic contribution to Lg is

P = N4 L 2‘91 1-6;) (B.5)
I 1

where N9 is the bosonic number operator

N(Z) Z [Zaln 91 n— 91+Zan+91a[ n+0; +Z a5 nan—i—aT as, n)’ <B6)
I=1 "n=1 n=1
while the fermionic contribution to Lg is
4
1 2 .
= Z 07 in the NS sector,
LY = (B.7)

N _ Z 07(1 —0;) in the R sector,
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where the fermionic number operator NW g

4 00 00
<+ T T I
N(\I]) = Z |: Z (n - 01)\113, TL*@I\IIfL—QI + Z (n + 91)\1’1;4»9[\1![7 "’L+91:|
I=1 "n=1—-v n=04v B.8
o (B.8)
+ 3 (Tl + s )
n=0+v

The c-numbers in (B.5) and (B.7) arise from the normal ordering of the bosonic and
fermionic oscillators.

The physical states must obey the conditions

1
LéZ) + Lgy) = in the NS sector,

T2
L(()Z) + L(()\I]) =0 in the R sector,
which imply eq. (2.19) of the main text.

BRST variations. We now give a few details on how the BRST transformations of
the instanton moduli described in section 4.3 can be derived using the vertex operators
introduced in section 3. To do so, we need the OPE’s of the ten-dimensional string theory,
like for example

$(CTu)AP M (w) e #®)

S 1(2) B (w) ~ 75 .. (B.10)

with M =1,...,10. Here Sf‘l /2 denotes a ten-dimensional spin field in the (—%)—superghost

picture with negative chirality. In particular, we have SA = §4 6+ ¢35 % where S4 is the
eight-dimensional spin field defined in (A.6), with + or — depending on whether A is
anti-chiral or chiral. The Dirac matrices I'™ and the charge conjugation matrix C are
given in (A.4) and (A.5). Using these matrices and the notation explained in appendix A,
from (B.10) we find for instance
_ N7 —p(w)
(SS*e*%“’)(z) (SIS+e*%“’)(w) ~ _Yi(w) e +.... (B.11)
Z—w
Let us now derive how the BRST charge (4.32) acts on the moduli B! and M!. As
explained in the main text, we need to compute

\}i Q. Vg (w)] + \2 Q. Vars (w)] - (B.12)

The second commutator vanishes and we are left with

|:Q7 VMI ('LU):| =

M! dz

B Mg
V2 Ju 27

V2 S5 5%)(2) (S18Fe 5 ¢) (w)

(B.13)

Q. Vs (w)] = == [@, Vs (w)] =
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where the minus sign is due to the fermionic statistics of M! and of the vertex operators.
Using the OPE (B.11), we immediately find
M _

Q. Vi (w)] = 75 Titw)e (B.14)

Since we have obtained the vertex of B! with a polarization M!, we deduce that
QB =M.

Proceeding systematically in this way, we obtain all BRST variations reported in the
left columns of (4.39) and (4.40). The BRST variations in the right columns can be obtained
by imposing the nilpotency of Q up to the symmetries of the system as explained in the
main text or, equivalently, by applying the vertex operator method in an enlarged system
with auxiliary fields as discussed for example in [16].

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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