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1 Introduction

Compactifications of type II string theory on Calabi-Yau (CY) threefolds represent a fruit-
ful laboratory to generate, test, and exemplify various ideas on string dynamics, dualities
and non-perturbative physics. They are very rich from both, physical and mathematical,
points of view and have numerous relations with other subjects such as BPS black holes,
supersymmetric gauge theories, integrable systems, etc. Moreover, in contrast to compact-
ifications with fewer preserved supersymmetries, CY vacua seem to be amenable for an
exact description. Although such a description, which is supposed to provide the complete
non-perturbative low energy effective action for the compactification on arbitrary CY %),
has not been achieved yet, this goal appears now within our reach.

Let us summarise what is known about this problem up to now (see [1, 2] for reviews).
At two derivative level, the low energy action is completely determined by the metrics on
the moduli spaces of vector multiplets (VM) and hypermultiplets (HM), My and Mg [3].
The former is a special Kahler manifold whose geometry is determined by a holomorphic
prepotential F'(X), a homogeneous function of degree 2, which is in principle known for
arbitrary CY in terms of its topological data [4, 5]: triple intersection numbers kqp., Euler
characteristic xg), and genus zero Gopakumar-Vafa invariants n((lg). On the other hand,
the latter is a quaternion-Kéhler (QK) manifold [6], receiving stringy quantum corrections,
whose exact geometry is not known yet and represents the main challenge.

The quantum gg-corrections to the classical metric on My can be split into pertur-
bative and non-perturbative ones, and the latter come either from (Euclidean) D-branes
wrapping non-trivial cycles of the CY, or from NS5-branes wrapped on the whole compact-
ification manifold [7]. Remarkably, only the very last set of corrections, namely those given
by NS5-brane instantons, remain unknown so far. More precisely, the perturbative cor-
rections are restricted to one-loop and have been incorporated in [8-12]. All D-instantons
have been described in [13, 14] within the type ITA formulation. Finally, in [15] an attempt
to include NShH-instantons in the one-instanton approximation has been made using the
mirror type IIB framework.

As a result, what remains is to find NS5-brane corrections beyond the one-instanton
approximation. This is precisely the goal of the present paper. In fact, we have already
announced our main results in a short note [16]. Here we provide their detailed derivation
and extend them by including the effects of D1-D(-1)-instantons.

More precisely, we concentrate on the type IIB formulation where all quantum correc-
tions to the metric on M can be arranged into sectors invariant under the action of the
S-duality group SL(2,Z). This can be represented by the following table:

o/-corrections: perturbative w.s. instantons

gs-corrections: | 1-loop D(-1) D1 D3 D5 NS5

(1.1)

and makes possible studying each sector independently of the others. Moreover, one can
use S-duality to find all quantum corrections inside some sector if one knows already at
least a part of them. It is sufficient just to apply the method of images. For instance, this
was precisely the idea used in [17] to find D1 and D(-1)-instantons from the knowledge of



o/-corrections encoded in the holomorphic prepotential F/(X). Looking at the pattern (1.1),
it is tempting to apply the same idea to the last sector to obtain NS5-instanton corrections
from D5-instantons, which follow from the results of [13, 14] and mirror symmetry. This was
realized in [15], but only in the one-instanton approximation due to several complications
arising on the way.

The first difficulty is related to the action of S-duality. As we will review below,
instanton corrections to the HM moduli space have the simplest incarnation in the twistor
space Z of My, and are encoded in a set of holomorphic functions, known as transition
functions. Therefore, to derive NSh-instantons from D5 ones, it is important to know
how S-duality acts on the transition functions. This was understood only recently in [18]
and, unfortunately, the resulting action turned out to be highly non-linear which makes its
application very non-trivial.

The second complication is that the sectors in (1.1) are not actually completely in-
dependent. As we will see, when translating the results on D-instanton corrections from
type ITA to the manifestly S-duality invariant framework, adapted to the symmetries of
the type IIB formulation, the first three sectors affect the last one. Thus, this effect should
be taken into account in the complete picture including all quantum corrections.

In this paper we show how both these difficulties can be overcome. A way to avoid the
first one was in fact already proposed in [16], and is based on an alternative parametrization
of the twistor space which uses, instead of the usual transition functions, certain contact
Hamiltonians. This allows to linearize the action of S-duality so that the derivation of
fivebrane instantons becomes straightforward. Here we also include into this description
the effects of D1-D(-1)-instantons coming from the first two sectors in (1.1).

Thus, we provide the twistorial formulation of the non-perturbative geometry of Mg
where only D3-instantons are missing. Although they are known on the mirror type ITA
side, where they appear as a subset of D2-brane instantons, their manifestly S-duality
invariant formulation, which is what we really need here, has not been found yet.! This is
related to the fact, distinguishing them from other instanton corrections and clearly seen
from (1.1), that they are selfdual under SL(2,7Z). Thus, a better understanding of these
instanton corrections is required before including them into our picture.

Another important result, which we present here, is an improved understanding of
the discrete isometry group of M. Already in [15] it was observed that the fivebrane
corrections obtained by applying S-duality as described above appear to be incompatible
with other discrete symmetries such as large gauge transformations of the RR-fields and
monodromy transformations of the complexified Kéhler moduli. We trace this incompat-
ibility back to the failure of the generators of these discrete isometries to form a group
representation. At the same time, we show how this situation can be cured by adjusting
the action of monodromies on the RR-scalars and demonstrate that our results on fivebrane
instantons are consistent with the resulting duality group.

!The work in this direction was initiated in [19] where it was shown that the type ITA construction
of these instanton corrections is consistent with S-duality at least in the one-instanton approximation.
However, the corresponding twistorial formulation adapted to this symmetry is still lacking.



The organisation of the paper is as follows. In the next section we present the basic in-
formation about the HM moduli space concentrating on the type IIB formulation. Here we
also discuss the isometries of M, the subtleties related to their action at quantum level,
and provide the corrected form of the discrete symmetry transformations. In section 3 we
review the twistorial construction of QK manifolds, improved parametrization introduced
in [16], and constraints imposed by the presence of the SL(2,7) isometry group. In sec-
tion 4 this twistor framework is used to describe D-instanton corrections, after which it
is shown how D1-D(-1)-instantons can be reformulated in a manifestly S-duality invariant
way and how this reformulation affects other D-instanton contributions. Then in section 5
we derive the fivebrane instantons at all orders in the instanton expansion. Section 6
present our conclusions. In addition, in appendix A we provide details on the isometry
group of Mpy. In appendix B we give a proof of a crucial transformation property of our
twistorial construction. Appendix C verifies that the non-linear S-duality constraint of [18]
is indeed satisfied by the transition functions of fivebrane instantons which we compute in
this paper. In appendix D we check that the twistorial construction of fivebrane instantons
is compatible with all isometries expected to survive quantum corrections. And finally,
in the last appendix we provide explicit expressions for derivatives of fivebrane transition
functions. They are to be used in the integral equations determining the metric on Mg
which includes all quantum corrections except D3-instantons.

2 Hypermultiplet moduli space in CY compactifications

2.1 Classical moduli space

In this section we review the main facts about the hypermultiplet moduli space M of CY
string vacua, with emphasis on its symmetries at classical and quantum level. This moduli
space appears in the two versions corresponding to type IIA and type IIB formulations of
string theory, but mirror symmetry, or more precisely its non-perturbative extension [20],
requires them to coincide if the compactification manifolds in the two formulations are
chosen to be mirror to each other. Here we will mostly work with the type IIB version
since it is better suited to the application of S-duality.

In type IIB string theory compactified on a CY threefold ), My is a QK manifold of
real dimension 4(h1 1(2)+1). It comes with a set of natural coordinates which correspond
to scalar fields in four dimensions and comprise

e the ten-dimensional dilaton equal to the inverse string coupling 7o = 1/gs;

e the Kahler moduli v* + it* = f,yaj (@ =1,...,h11) where J = B +1J is the
complexified Kéhler form on ) and v is a basis of Hy(2),Z);

e the Ramond-Ramond (RR) scalars ¢, ¢?, &, ¢y, corresponding to (suitable combina-
tions of) periods of the RR 0-form, 2-form, 4-form and 6-form potentials;

e the NS axion %, dual to the 2-form B in four dimensions.



It is useful also to combine the string coupling and the RR scalar 71 = ¢ into an axio-
dilaton field 7 = 71 + iy.

At tree level the metric on My is given by the so-called local c-map [21]. We do not
need its explicit expression in this paper. What is important for us is that it is completely
determined by the holomorphic prepotential on the Kéhler structure moduli space Mg of
). The prepotential is known to have the following form [4, 5]

XXX (X (X o1s [ X"
FX) =~k g+ o~ oy S L [B(a )] @)
Ga7"EHZ (D)

where XA (A = 0,.. .,h11) are homogeneous coordinates related to the Kéhler moduli
by X¢/X% = b + it and we introduced the convenient notation E(z) = ¢>™¢. In (2.1)
the first term describes the classical part of the prepotential, whereas the second and
third terms correspond to a perturbative a/-correction and contributions of worldsheet
instantons, respectively. The instantons are labeled by effective homology classes q,v* €
H; (2), which means that g, > 0 for all a, not all of them vanishing simultaneously, and
introduced via the trilogarithm function Lig(x) = > 50, 2" /n?.

It is useful also to introduce another set of coordinates which appears to be more
convenient in the mirror type IIA formulation. The relation between the two coordinate
sets is known as the classical mirror map [22]

24 =0 +it?, (=, (¢ =—(c" —b?),

~ ~ 1 b .c c ~ ~ 1 apb( c c

ga:ca"i_i"fabcb (C _le)7 CO:CO_éﬂabcbb(c —71b%), (22)
1 1

o= —2<¢ + 27'150> + Co(c® — 1b%) — g fiabe b2eb (¢ — Tb°).

Using the type IIA coordinates, we can easily write down the continuous transformations
leaving the tree level metric on My invariant. These are the so-called Peccei-Quinn sym-
metries arising due to the fact that the RR-scalars and the NS-axion originate from gauge
fields. They act by shifting the corresponding scalars and form the Heisenberg group

Tonfpw (CYChva) = (CM+nt Ca+itn, o+ 26 — iaCh + 0. (2.3)

Furthermore, in the large volume limit, where one can drop the last two terms in the
prepotential (2.1), there are additional symmetries. One of them is another Peccei-Quinn
symmetry shifting the scalars b* coming from the 2-form gauge field B. This shift how-
ever should be accompanied by certain transformations of the RR-scalars so that the full
transformation is given by

a a a a a a0 > > b _c 1 b_c0

b = b +€”, Gl G G Ca 7 Ca — KabeG € — 5 Kabe€ €°C

2

Mea (2.4)

= ~ ~ 1 1
Go = Co — Caea + 5 "’iabccaeb‘EC + 6 Habceaebecco .

And finally the classical metric in the large volume limit is invariant under transformations
which form the SL(2,R) group and, in contrast to the previous ones, are most easily written



in the type IIB field basis

at +b
ct+d’

SLE.R)>g =/, 0 b\ [eo & 4 —o\ [ (2.5)
)6 ()0 0)

with ad—bc = 1. As we review below, all these continuous isometries are lifted by quantum

T t* v t%er + d|, Cq > Cq

corrections, but at the same time each of them leaves an unbroken discrete subgroup.

2.2 Quantum corrections

Besides the a/-corrections completely captured by the prepotential (2.1), the HM moduli
space receives gs-corrections. At perturbative level, there is only a one-loop correction con-
trolled by the Euler characteristic xg). The resulting metric is a one-parameter deformation
of the c-map metric whose explicit form can be found in [12].

The situation is more interesting at the non-perturbative level where one finds two
types of instanton contributions. The first type comes from D-branes wrapping non-trivial
cycles of the CY compactification manifold and has the following generic form

6ds?|poinst ~ op(7) Q(7; 2) o271 Zy1/9s—2mi(ar ¢t —pCa) (2.6)

Here v = (p*, qa) is the D-brane charge, the function Z~(z) is the the central charge of the
supersymmetry subalgebra preserved by the instanton, which is given by (0 = 1)

Zy(z) = qnz™ — pFa(2), (2.7)

Q(~; z) are generalized Donaldson-Thomas invariants (BPS indices) dependent of the mod-
uli 2% in a piecewise constant way, and finally op(7) is the so-called quadratic refinement
factor whose defining property is

op(op () = (=1)"op(y ++), (2.8)

where (v,7') = gap™ — ¢,p" is the Dirac-Schwinger product.

On the type IIB side, a mathematically rigorous way to think about D-instantons is
as objects in the derived category of coherent sheaves DPCoh(2)) [23, 24]. Then the charge
is given by the generalized Mukai vector

v =ch(&) VTdY = p° + pwa — quw” + owy , (2.9)

where & is a coherent sheaf, and {w,}, {w*}, wy are respectively a basis of 2-forms, 4-forms
and the volume form of ). For non-vanishing p® the sheaf describes a bound state of D5,
D3, D1 and D(-1)-branes with charges given by the components of v = (p°, p%, qa, q0). If
p° = 0 but p® is non-vanishing, the coherent sheaf is supported on a divisor and describes
a D3-instanton, etc. What is important is that the expression (2.9) leads to non-integer
D1-D(-1)-charges ga which satisfy the following quantization conditions

P’ 1

1
Ga € 7 — ﬂ C2a — 5 ’iabcpbpcv qo € 7 — ﬂpaclaa (210)



where ¢y, are the components of the second Chern class of 2) in the basis w®. In other
words, the charge vector is an element of H*¥*"(), Q). On the other hand, on the type ITA
side all D-brane charges are integer. To reconcile these two facts with mirror symmetry,
one should note that the holomorphic prepotential, which one obtains by applying this
symmetry, is not exactly the same as in (2.1), but differs from it by a quadratic contribu-
tion [4, 5]

Fins. (X) :F(X)‘F%AAEXAXE- (2.11)

The additional term is characterized by a real symmetric matrix Apx. Although, as can be
easily checked, it does not affect the Kahler potential of the special Kdhler manifold Mg,
it is this term that ensures the consistency of charge quantization with mirror symmetry
and, as will be shown below, plays an important role in the correct implementation of
discrete symmetries of My at full quantum level. The idea is that the type ITA and type
IIB charge vectors are related by a symplectic transformation generated by Axy. It affects
both, charges and fields,?

(= Ca+ AasCh, an = qa + Axsp®, (2.12)

and also restores the quadratic term in the prepotential (2.11). It turns out that the
properties satisfied by this matrix (see (2.14)) are sufficient to ensure the integrality of the
transformed charges [15]. Note that the central charge (2.7) and the whole D-instanton
correction (2.6) are symplectic invariant and are not affected by the transformation (2.12).

The second type of non-perturbative corrections is provided by NS5-brane instantons
wrapping the whole CY. Their general form is

_ 243
5d52’NSS-inst ~ e 27r|k|V/gS+17rka7 (2‘13)

where V is the Calabi-Yau volume. In the small string coupling limit they are exponentially
suppressed comparing to the D-instantons (2.6). However, for finite coupling they cannot
be neglected and represent an important non-perturbative contribution.

2.3 The duality group
2.3.1 Discrete isometries

An immediate consequence of the presence of the instanton corrections (2.6) and (2.13) is
that they break the Heisenberg group of continuous transformations (2.3). Furthermore,
already the o/-corrections to the holomorphic prepotential break the other two continuous
symmetries, (2.4) and (2.5). Thus, the non-perturbative metric on the HM moduli space
does not have any continuous isometries.

Nevertheless, each of the broken continuous groups leaves an unbroken discrete sub-
group. Before we discuss these discrete isometries, we need to provide a more detailed

’In [1, 15] the charges ga and the RR-fields Q:A were denoted by ¢j and @\, respectively, whereas the
unprimed notations were reserved for the charges and fields in the type ITA frame. However, since in this
paper we work mostly in the type IIB basis, we omit the prime.



information on the two objects appearing in the discussion of D-instanton corrections: the
matrix Axy; and the quadratic refinement op(7y).
The matrix Ay is known to satisfy the following conditions [15, 25]

1
Ay € Z, Apy = C;;f + Z, 5 Kabe€ €€ — Agpe’ € Z for Ve € Z. (2.14)

Without loss of generality, we can drop the possible integer contributions to Agp since they

can always be removed by an integer valued symplectic transformation. Thus, we set

C2.a
24

Ago = 0, Agg = (2.15)

An explicit expression for the components A, restricted by (2.14) to be half-integer, has
been found in the one modulus case in [26] and reads

1
A = / L*Cl(D) A J, (2.16)
2

2
where D is the divisor dual to J. Although this formula begs for a generalization, it is
not clear to us how to ensure that the resulting matrix is symmetric. For most purposes,
the properties listed in (2.14) turn out to be sufficient, provided they are supplemented by
another property® satisfied by the second Chern class coefficients [28, 29]

1 1
8 Kape€ € + 3 206" € Z for Ve € Z. (2.17)

The quadratic refinement factor op(7y) typically appears in chiral boson partition func-
tions [30-33]. Here it is required by consistency with the wall-crossing to ensure the
smoothness of the metric across lines of marginal stability where the BPS indices Q(v)
may jump [34]. A general solution to its defining relation (2.8) is provided by [35]

1
op(y) = E<—2PA (g + Aazp”) + (qa + Arxzp”™) 0 —pAqﬁDA) : (2.18)

where 9%, ®p,A are the so-called characteristics or generalized spin structure on %), defined
modulo integers, and the terms proportional to the matrix Apy arise due to the change
of the basis (2.12) and the non-integrality of charge 4. Although one could think that
the characteristics are just (half-integer) numbers, the symplectic invariance of the D-
instantons requires them to transform under symplectic rotations in order to keep op(7)
invariant,

A A T
Sp(2h11 +2,7) 3 p = (g j) : (5;,\) - p [(éii) _ % (ééé;i)] . (2.19)

where (A)y denotes the diagonal of a matrix A.

3The property (2.17) follows from the fact that the expression on the Lh.s. is the holomorphic Euler
characteristic of the divisor v, Poincaré dual to the 2-form w,. Besides, the third condition in (2.14) implies
another restriction on the intersection numbers, % (Kaab — Kabb) € Z, which in turn can be derived from an
index theorem [27]. We thank R. Valandro for clarifying the origin of these relations.



Now we are ready to present the discrete actions supposed to form the duality group
of Mpyg. Roughly, the idea is that one should take the parameters in the transforma-
tions (2.3), (2.4) and (2.5) to be integer. Then they would correspond to large gauge
transformations of the RR-gauge potentials and the B-field, to monodromies around the
large volume point, and to S-duality group of type IIB string theory, which are all expected
to be symmetries of the low-energy theory at full quantum level. However, this naive idea
requires some adjustments:

e First, the correct form of the large gauge transformations is given by [36, 37]

¢t Bt (A = A+ 7ia — Aasn”

T77A7T7A,H : -
o o260 iy (CY = 20%) + 0 (Ca+ AnnCT — 2600 ) = niin.

(2.20)

Here (n?,ijp, k) € Z*M1+3 the A-dependent terms appear again as a consequence

of (2.12), and 6*, ¢, are the characteristics, similar to the ones appearing in (2.18),

which characterize the fibration of the line bundle of the NS-axion over the torus of

RR-scalars.

e Second, in [37] it was shown that the monodromies, given by the transformation (2.4)
with €* € Z, should be accompanied by a shift of the NS-axion

o +— 0+ 26(Mea), (2.21)

where k(M) is a character of the symplectic group. Since the monodromy subgroup is
abelian, it can be represented as k(M) = Kq€®. The additional shift (2.21) originates
in the one-loop gs-correction which modifies the topology of the NS-axion line bundle
over M.

e Finally, the S-duality group is represented by the transformations (2.5) with g €
SL(2,Z), which should be supplemented by a shift of the RR-scalar &, [15]

Cq > Cq —C2,46(8), (2.22)

where £(g) is the logarithm of the multiplier system of the Dedekind eta function
defined in appendix A.l. This shift is closely related to the quantization condi-
tions (2.10) and is required to ensure that the Heisenberg transformation with pa-
rameter 1° coincides with the SL(2,Z) transformation 7 — 7 + n°.

2.3.2 Corrected transformations and group law

It turns out that, even taking into account all the non-trivial adjustments described above,
the resulting set of discrete transformations is not satisfactory. As we show in appendix A,
the generators of these transformations do not really form a group (see (A.8))!4

40f course, one could just generate a group by taking products of all generators. But this would lead to
a half-integer periodicity of RR-scalars (in other words, one would have to allow 74 € £Z in (2.20)), which
does not have any physical justification.



The origin of this problem can be traced back to the characteristics appearing in the
Heisenberg transformations (2.20). To see this, let us note that the monodromies (2.4),
once we pass to the type ITA frame using (2.12), are represented by the integer valued
symplectic matrix

1 0 0 O

€? 0% 0 0
M) = , 2.23
p(Me) Lo(e) Ly(e) + 24peet 1 —¢ (2.23)

—Lq(e) — Kgbe€© 0 64°

where we introduced two functions
1 1 1

Ly(e) = 5 Kabe €€ — Agpe, Lo(e) = 8 Kabee®e’e® + D c2,4€%, (2.24)

which are integer valued due to (2.14) and (2.17). Since the characteristics #*, ¢5 should
transform under symplectic rotations as the D-instanton characteristics, they undergo a
monodromy transformation which can be obtained by plugging (2.23) into (2.19). Setting
6™ = 0, one eliminates some of the terms, but even in this case one gets a non-trivial result

1
¢a = ¢a + 5 Raaceca

o — ¢o — €"Pq

1 (2.25)
~3 (Lo(€) — €*Lg(€) + Kaac€€®) .
On the other hand, this is in contradiction with the fact that the monodromies can be
obtained by commuting n“-Heisenberg shift with S-duality (see (2.30)) and that the char-
acteristics are not expected to transform under other isometries.

To resolve these inconsistencies, we note that the D-instanton characteristics can be
absorbed into a redefinition of the RR-fields and the NS-axion

¢ty e
Ca—¢pa+Aasby = (o, (2.26)
o+ opact =85 (G + AnnC) o
This redefinition requires to modify the properties of these fields under symplectic trans-
formations to take into account the inhomogeneous terms in the corresponding transforma-

tions of characteristics (2.19). In particular, this changes the monodromy transformations
of (p and o. Instead of (2.4) and (2.21), we can now take

b ba+6a, Ca — Ca_i_eaCO’

~ ~ 1
b b
Ca = Ca — /ﬁabcg € — 5 Rabc€ Ecgo + Aabeba

Mea N L 1 o1 , 1 . ona (2.27)
Co = Co— Ca€” + 5 KabeC e € + 6 Kabee e (" — 3 Agpe’e’ + e e,
1 1
o — o — Age’Ct — 3 <Aabe“eb + 1 027,16“) O+ 2kq€".

,10,



be @ Ga & "

S c® —b® Ca+ 32 —) o
~ c2, ~ ~
b® c® 4+ b Ca — 51 Co Y — ¢
¢y — €%Cq
(1) a a a ~ 1 b .c b 1 a/1b b\ ¢ 1 ab.c a
T b + € ¢ Coq + 5 Kape€'ct + Agpe b 2 U+ = Kapee®c’c Kq€
€0 a 5 Rabe ab —§ Rabc€ ( + 2¢ )C 6 Mvabe a

—%Aabeaeb + %’“ €’

Y+ nca + % Aabnanb

TE)TT)]" b® c+ 77a 5(1 - % Habcnbbc + Aabnb E0 + % "<5¢J,l)(,'77abbbC + 65721(2 Ua 1 b .
~ % ’{abcnab (Cc + 277L)

T | e c Za +ila é i
@l e Za &0 + o Utk

Table 1. The action of generators of the discrete symmetry transformations in the type IIB
coordinate basis.

A new input, which leads to an improvement of the duality group representation, is that we
require that the new redefined fields are related to the type IIB coordinates, transforming
under S-duality according to (2.5) and (2.22), by the standard classical mirror map (2.2).
Thus, we change transformations of some fields (¢, and ¢y) under monodromies and leave
other transformations unmodified. All characteristics can now be set to zero.?

We summarize the resulting action of all generators of the duality group in the type IIB
coordinate basis in table 1. This table should be supplemented by the standard SL(2,7Z)

action (2.5) on the variables 7 and t* which are not affected by other transformations. It

uses the following notations for generators: T;%), T((f),na, T%ZE) and T%?f .. correspond to the
generators of the Heisenberg subgroup T)a 5. TS?O = M.a is the monodromy generator,

and SL(2,Z) is generated by

S:<0_1>, T:<11>. (2.28)
10 01

However, the action of the Heisenberg shift Tgo) is identical to T" and therefore it is not

presented in the table. These notations indicate that the generators T with n > 0 form
a graded nilpotent subgroup where each nth level forms a representation of SL(2,Z). This
fact has a direct relation to the split of non-perturbative corrections into S-duality invariant
sectors presented in (1.1).

In appendix A we demonstrate that the transformations given in the above table satisfy
the group law provided one fixes the character of the monodromy group as

C2.a

TR (2.29)

Rqg —

®More precisely, one can still have non-vanishing characteristics 8%, ¢a which transform now homoge-
neously under monodromies. However, one can check that the group law fixes them to zero. Non-vanishing
values can appear only if one relaxes (2.15). For instance, one has ¢o = 5 Ago.
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One of the most important group relations is given by
1) o _ (1)
ST TS =Ty (2.30)

This relation ensures that the fivebrane instantons generated via S-duality are guaranteed
to be compatible with other isometries. And indeed, in appendix D we will prove that
the transformations found in this section, unlike the previous ones, are consistent with our
results for fivebrane instanton corrections.

3 QK manifolds in the twistor approach

3.1 Twistorial construction of QK manifolds

To incorporate instanton corrections to the geometry of the HM moduli space consistently
with its QK property, it is instrumental to use the twistorial construction of such mani-
folds [38-40]. As we review below, it allows to encode any QK metric in a set of holomorphic
data on the twistor space Z, which is constructed as a canonical CP' bundle over the origi-
nal manifold M. Whereas M carries a triplet of non-integrable almost complex structures,
Z is a Kéahler manifold. Furthermore, it has a complex contact structure defined globally
by the kernel of the following (1,0) form

Dt = dt + py — ipst + p_t?, (3.1)

where ¢ is the fiber coordinate on CP! and (ps,ps) are the SU(2) part of Levi-Civita
connection on M. It is more convenient however to use a local description of this structure
in which case it can be represented by a holomorphic one-form X[¥ having the same kernel
as Dt. Here the upper index shows that this one-form is defined only in a patch U; of an
atlas covering the twistor space, Z = Ul;.

The contact form X! allows to define a set of local Darboux coordinates such that

X1 = dall + ¢fyag}). (3.2)

Then the contact structure, and the full geometry of M, is completely determined by the
contact transformations relating the Darboux coordinate systems on the overlaps of two
patches U; N U; and preserving the contact one-form up to a non-vanishing holomorphic
factor. One way to parametrize such transformations is to use holomorphic functions
Hli) (5[2-],5[3'1, a[j]) which depend on &% in patch ; and EA, o in patch U;. Then the gluing
conditions between Darboux coordinates read as follows [14]

&h=¢h - 35[AjJH[ij] + &l 0, HY,
& = & + 0y B, (3.3)
alll = qld 4 glil _ gfg]aéﬁ]H[ij]’

and result in the following transformation of the contact one-form

. .\ —1 .
Xl — (1 — . H[m]) xlil. (3.4)
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Supplementing (3.3) by appropriate reality and regularity conditions, these discrete equa-
tions can be rewritten as a system of integral equations which relate the Darboux coordi-
nates to the integrals along contours on CP! of the discontinuities from (3.3) multiplied by
a certain t-dependent kernel. Their solution provides the Darboux coordinates as functions
of the fiber coordinate ¢ and coordinates on the base M of the twistor fibration. Then a
straightforward but tedious procedure leads to the QK metric on M [40].

Thus, the QK geometry turns out to be encoded in a set of holomorphic functions
Hi3l which we call transition functions, and the associated set of contours on CP!. Typi-
cally, the contours separate the two patches whose Darboux coordinates are related by the
contact transformation generated by HJ). It is important to note that in this construction
both closed and open contours may appear, as is the case, for instance, in the twistorial
description of the HM moduli space.

3.2 Contact bracket

The twistorial construction presented above relies on the parametrization of contact trans-
formations in terms of transition functions H!. Although such parametrization is very
explicit, the main obstacle in dealing with it comes from the fact that the arguments of
HU] belong to different patches. As a result, even simple-looking gluing conditions may be
generated by complicated transition functions. This issue becomes particularly problematic
when one tries to describe the action of some symmetries on the twistor data. Typically
such an action is most naturally formulated in terms of Darboux coordinates in one patch,
and it can become highly non-linear being written as a symmetry transformation of H%l.
Below we will see several examples of such situation.

This complication can be avoided if one uses an alternative parametrization which we
proposed in [16]. It is based on the so-called contact bracket which is an extension of the
Poisson bracket construction to the domain of contact geometry. The contact bracket maps
two local sections 1 € O(2m) and p2 € O(2n) to a local section of O(2(m +n — 1)) line
bundle, given in terms of Darboux coordinates by [13]

{111, oY mn = Oen g, po + (mpn — E49eapin) Docpr
— OenpioOg, p1 — (npa — angAm) O fi1.-
It is easy to check that this bracket satisfies the standard Jacobi identity, skew-symmetry

(3.5)

and Leibnitz rule provided one keeps track of the geometric nature of all objects. For
instance, the Leibnitz rule for u, uo defined as above and ps € O(2k) reads as

{pap2, 13t mnke = {2, 13tn ke + p2{pn, 143 fm k- (3.6)
We mostly need the specialization of (3.5) to the case (m,n) = (1,0) which provides the
action of a vector field X, with the (generalized) moment map p; on a local complex
function uo [41]. Setting p1 = h and po to be one of the Darboux coordinates, one
explicitly finds®

{n, & = =0 h+&"0ah,  {h,6a} = Deah,

3.7
{h,a} = h — *0eah. (3.1

OTf it is not indicated explicitly, in the following the bracket { -, -} will always mean the contact bracket
between O(2) and O(0) sections, i.e. of type (1,0).
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Note that in the case where this bracket is evaluated on sections (of different bundles)
represented by the same function, despite the skew-symmetry property, the result is non-
vanishing and is given by

{h,h} = hdyh. (3.8)

Another important property, which plays a crucial role in our construction, is the behavior
of (3.7) under contact transformations. If p is such transformation mapping X +— AX then

o-{h, f}={""o-ho- [} (3.9)

This property generalizes the familiar invariance of the Poisson bracket under canonical
transformations to the realm of contact geometry. We provide its proof in appendix B in
a coordinate independent way.

The importance of the contact bracket becomes clear if one considers the action of the
vector field X = {h, - } on the contact one-form, which is found to be

Ly, X = (Dah)X. (3.10)

This means that it generates an infinitesimal contact transformation. Furthermore, identi-
fying h with vanishingly small transition functions H"/!, one observes that (3.7) and (3.10)
represent a linearized version of (3.3) and (3.4), respectively. Therefore, any infinitesimal
contact transformation can be generated in this way and a finite transformation can be
obtained by exponentiation. Thus, we can rewrite the gluing conditions (3.3) as

201 = exp (Xj) - 21, (3.11)

where =l denotes the set of Darboux coordinates in patch ¢f;. This formula provides a
parametrization of contact transformations in terms of functions k), which we call contact
Hamiltonians” and which, in contrast to the ordinary transition functions, are considered
as functions of coordinates in one patch only. As we will see below, this parametrization
crucially simplifies various properties and results.

A relation between R4 and HU can be found by comparing the gluing condi-
tions (3.11) and (3.3). Recombining some of these equations, one can get an explicit
formula for transition functions in terms of the action generated by contact Hamiltonians
on the Darboux coordinates

7lid] (exh[m _ 1) alil 4 ) (eXhm _ 1) el (3.12)

Note however that this expression computes H as a function of Darboux coordinates in
patch U;, whereas we need to transfer éA and «o to patch U; to be able to compute the
derivatives entering the gluing conditions (3.3). Therefore, it is indispensable to compute
the full contact transformation and not only the combination (3.12). In the particular case
of hlid) independent of EN A and «, the two objects coincide, H lig] — plid) (£), and this problem
does not arise.

"Note that we changed a bit the terminology as in [16] we called Rl “improved transition functions”.
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3.3 (Gauge transformations

A fact which will play an important role below is that the contact structure does not fix the
Darboux coordinates uniquely, but has a freedom to perform local contact transformations.
Such a “gauge” transformation affects not only the Darboux coordinates, but also the
transition functions and the corresponding contact Hamiltonians. Here we want to display
this action.

As any contactomorphism, in each patch the gauge transformation can be parametrized
by a holomorphic function in one of the two ways we described above: either as in (3.3)
or via the contact bracket as in (3.11). Let us choose the second way and denote the
corresponding holomorphic functions by gll. A crucial difference with the contact Hamil-
tonians is that ¢l must be regular in If; in order to preserve the regularity [of] the Darboux
ij
g

coordinates. The contact Hamiltonian in the gauge transformed picture, hg”", satisfies

exp (thj]> = ¢ Kol exp(Xh[,-j]> ™ol (3.13)

Although it can in principle be extracted using the Baker-Campbell-Hausdorff formula, the
result does not appear to be explicit. In fact, in this paper we will need only a particular
case of (3.13) where the gauge transformation functions are the same in all patches, gl = g.
Then applying

[Xg, Xn| = X{g’hh,l’ (3.14)

which is nothing else but the Jacobi identity for the contact bracket, the contact Hamilto-
. li] . o
nian hg”' can be computed explicitly and is given by

Bl = e=to il (3.15)

Furthermore, if g depends only on &, the effect of the gauge transformation is just the
shift of the arguments of the contact Hamiltonian

hlil = plij (iA, €n—Oeng, o — g+ €A35A9> : (3.16)

The corresponding formula for the gauge transformed transition function Hé[]ij] can be
obtained either via (3.12) or directly by applying the gauge transformation to the gluing
conditions (3.3). Both ways lead to the same result, but since it is a bit complicated and

not needed for our purposes, we refrain from giving it here.

3.4 S-duality in twistor space

Finally, we discuss the constraints on the twistor data imposed by the presence of the
SL(2,7Z) isometry group on the QK manifold M. We assume that there are coordinates in
which the SL(2,Z) action is given as in (2.5) and (2.22).

It is known that any isometry on M can be lifted to a holomorphic action on the
twistor space. The lift of SL(2,Z), without assuming that M has any additional continuous
isometries, has been obtained in [18] and is provided by the following transformation of

the fiber coordinate

t— 57
+

c,d”’

t s g [t:w} (3.17)

t—t
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where ti are the two roots of the equation c£%(t) +d = 0. Then the resulting SL(2,Z)
action is isometric if the Darboux coordinates transform as follows [13]

ag® +b o -
0 d’ &0 d’ §a > Ea + e §0+d)f€abc§§ ¢2,a€(8),

g d —c 5 a c 02/(050 + d)
<0?> [EEN <_b a) ( 0) + 6 abcf €b£ (_[02((150 _|_b) —{—26]/(650 —|—d)2> .

Indeed, such transformation ensures that the contact one-form is only rescaled by a holo-

& £ =

(3.18)

morphic factor
X

X — Ot d (3.19)
Thus, it represents an example of a holomorphic contact transformation and, since it
preserves the contact structure, it also preserves the metric.

The question we are interested in is: which twistor data, namely the contours and
transition functions, ensure the transformations (3.18)7 In [18, 42] it was shown that (3.18)
holds if the twistor data can be split into two parts. The first part gives a “classical” space
which is in fact identical to My in the classical, large volume limit. It is defined by the

two transition functions

HE = F(g),  HEY = F(gy), (3.20)
where FYX) = —kape %boxc is the classical part of the holomorphic prepotential (2.1),

associated with the contours around the north (+ = 0) and south (¢ = 0o) poles of CP!,
respectively. The second part can be viewed as “quantum corrections” to My and consists
of the contours Cy, n.; and the corresponding transition functions H}g,n, labeled by a pair
of integers (m,n) and additional index i. To preserve SL(2,7Z), they should be such that
Cm,n;i are mapped into each other as

m d —c m
Cm,n;i = Ofn,ﬁ;ia (ﬁ) - (_b a ) <TL>’ (321)
[7]

whereas Hy, , satisfy a non-linear transformation property given explicitly in appendix C
(see (C.1)). However, the same constraint considerably simplifies once it is rewritten in
terms of the contact Hamiltonians h%@],n, consistently with the expectations of section 3.2.
Indeed, since (3.18) is a contact transformation, one can apply the property (3.9) of the
contact bracket where A = (c€” + d)~! due to (3.19). As a result, it turns out that, to
generate the Darboux coordinates satisfying (3.18), the contact Hamiltonians should follow

a simple linear transformation [16]®

h[z] hm/7n/ m/ a C m 3.99
man €0+ d’ n) \bd)\n)" (3:22)

81f Cim,nyi are closed contours, it is possible also that the result of the transformation has in addition

some regular contributions, which can then be absorbed by a gauge transformation described in section 3.3
into a redefinition of Darboux coordinates not affecting the contact structure.
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This provides an explicit example how the contact bracket formalism simplifies various
aspects of the twistorial description of QK manifolds. Furthermore, since any isometry is
realized on the twistor space as a contact transformation, the property (3.9) ensures that
the passage to the contact Hamiltonians linearizes any symmetry action.

4 D-instantons in twistor space

4.1 D-instantons in type IIA picture

The D-instanton corrections to the HM metric can be incorporated using the twistor frame-
work presented in the previous section. The most elegant formulation they obtain in the
type IIA picture [13, 14] where they are induced by D2-branes wrapping special Lagrangian
submanifolds of 2).

First, we note that the twistor description of the tree level metric on My can be
obtained starting from the transition functions (3.20) where F°! should be replaced by the
full prepotential (2.1). To incorporate contributions from the D-instantons, we introduce
the contours on CP! known as BPS rays, which extend from the north to the south pole
along the direction determined by the central charge Z, (2.7)

0 ={t: Z,(2)/t € iR} (4.1)

With these contours we associate the contact Hamiltonians

W& = H,(2,),  H,(E op(V)E(-E,), (4.2)

—
=2
S~—
1N
[}

where 2, = gpéh— pAE A, the coefficients Q(v) are the so-called rational Donaldson-Thomas
invariants [43, 44]

) = 3 5 Qr/d), (4.3)

dly

and op(y) is the quadratic refinement (2.18) with all characteristics set to zero (see sec-
tion 2.3.2). These contact Hamiltonians, via (3.11), generate contact transformations be-
tween Darboux coordinates on the two sides of the BPS rays, thereby changing the con-
tact structure and deforming the metric so that the leading corrections take the expected
form (2.6).

Note that the operators e generating the contact transformations induced by (4.2)
are nothing else but a lift to the contact geometry of the Kontsevich-Soibelman (KS)

™) satisfying the wall crossing formula [45]. Tt dictates how the DT invariants

operators? Uy
change after crossing a wall of marginal stability in the special Kdhler moduli space of z¢

and ensures the smoothness of the moduli space metric across the walls [46]. Provided I'(2)

9More precisely, the usual KS operators are obtained if in (4.2) the rational DT invariants are replaced by
the usual ones and the exponential is replaced by the dilogarithm. However, the product over all (collinear)
charges, which enters the wall-crossing formula, is the same in the two versions.
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is a set of charges for which Z,(z) become aligned at point 2% and QF(7) are the rational
DT invariants on the two sides of the wall, the KS formula states that

¥ ~ % ~
H Uy_(v) — H U7g2+(7), (4.4)
vel(z) ~vel(2)

where the two products are taken in the opposite order. (In both cases the order cor-
responds to decreasing the phase of Z, at a given point in the moduli space.) The fact
that this formula extends from the operators generating symplectomorphisms to the level
of contact transformations was proven in [34] using dilogarithm identities, which in turn
follow from the classical limit of the motivic version of (4.4).

Another comment is that one can easily compute the transition function correspond-
ing to the contact Hamiltonian (4.2). Using (3.12) and the properties of the contact
bracket (3.7), one finds

1
HM = [ — 5 o™ (H,)?, (4.5)

where the prime means the derivative. This is the form in which the D-instanton corrections
have been first formulated to all orders in the instanton expansion in [14]. Note again the
simplicity and symplectic invariance of the contact Hamiltonians in contrast to (the absence
of) the corresponding properties of the transition functions.

4.2 D1-D(-1)-instantons and S-duality

Although the formulation presented in the previous subsection is very simple and incorpo-
rates all D-instanton effects, it is not suitable for our purposes. In the next section we are
going to apply S-duality to derive fivebrane instantons. Therefore, we need a formulation
which respects this symmetry, whereas the above type IIA picture is rather adapted to
symplectic invariance.

For the two sectors corresponding to D1 and D(-1)-instantons (see (1.1)), the passage
to a manifestly S-duality invariant formulation was understood in [42, 47]. The idea is
to perform a gauge transformation on the twistor space such that the gauge transformed
twistor data satisfy the constraints spelled in section 3.4, which ensure the presence of
the SL(2,Z) isometry. To display the corresponding gauge transformation, we need to
introduce some definitions. First, let us define an ordering on the charge lattice according
to the phase of the central charge function saying that v > +/ if 7 > arg (ZVZ;l) > 0.
Then for each charge v we define an associated set of D(-1)-brane charges whose BPS rays
lie in the same half-plane as £,

I = {5 = (0,0,0,4o) : GoReZ, >0}, (4.6)

and another set of DI-brane charges for which the BPS rays are between /, and the
imaginary axis

and ~7>7 for N(v) odd 7
4 <~ for N(v) even
(4.7)

) = {& =(0,0,Ga,q0) € Hf UH; : N(3) = N(v)
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Go<0
7= (0!010160)

Figure 1. Example of the BPS rays of D5 (red), D1 (green) and D(-1) (brown) branes and the
effect of the gauge transformation which rotates the two latter types of rays to the real line. I,
denotes the patch lying in the counterclockwise direction from the BPS ray /..

where H2+ is the set of charges corresponding to effective homology classes on ), H; is the
set of opposite charges, and N(v) denotes the quadrant which £, belongs t0.19 Note that
both the ordering and the two charge sets F(Wﬂ) may change after crossing a wall of marginal
stability. Given these definitions, we define a holomorphic function which generates the
gauge transformation in the patch U/, taken to lie in the counterclockwise direction from

the BPS ray £ (see figure 1)

1 - -
_ N
g = (=1)NO) 5 § : R 4 E pl (4.8)

Fer{™Y yer{

This gauge transformation has a very simple geometric meaning: it simply rotates the BPS
rays corresponding to D1-instantons either to the positive or negative real axis depending
on which one is the closest to the given ray. On the other hand, the D(-1) BPS rays, which
all go along the imaginary axis, are split into two “halves” which are also rotated to the
two real half-axes.

As a result, the contours associated with all D1 and D(-1)-branes coincide with either
positive or negative real axis and the corresponding contact Hamiltonians or transition
functions (which are the same in this case since they depend only on §A) can be summed
up. Furthermore, a Poisson resummation of this series over ¢o provides an alternative
twistor description fitting the constraints of S-duality [42, 47]. Instead of BPS rays, we
can now consider the contours Ci, ,, centered around the points t'"" defined below (3.17),

"%One can write N(v) = | 2 arg (iZ,)].
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=0 hl!
FEETS

F 4+ hgn=F
n>0

Figure 2. Schematic representation of the twistor data generating D(-1)-D1 and D5-instantons in
the type IIB picture.

whereas the corresponding contact Hamiltonians are given by

e—27rimqa§“
. o0 Lo m # 0,
B (€) = —(21 =3 a0 (m¢ +72) » (4.9)
’ ™ @ 2mingq,€*
wenjupy |0

n3

Here we set n(()o) = —Xyg/2 and used that

QF) =nl  for 7=(0,0,%qs,q0), {¢a}#0, 10,
Q(3) =20 for 7= (0,0,0,q). '

It is useful to note also that the contributions to (4.9) with m = 0 are nothing but the «’-
corrected part of the prepotential, > - o hOD;L — poloopy pws. Tt g easy to check that both
the new contours and contact Hamiltonians satisfy (3.21) and (3.22), respectively, where in
the last relation it is important to take into account the possibility to drop regular terms
(see footnote 8).

4.3 Db5-instantons after gauge transformation

Performing the gauge transformation which puts D1-D(-1)-instantons into an S-duality
invariant formulation, we rotated their BPS rays to the real axis. On the way they will
necessarily cross the other BPS rays of D3 and D5-branes. Since the charges of the crossing
rays are generically mutually non-commuting, i.e. (7,%) # 0, the gauge transformation
should have a non-trivial effect on the transition functions of the other branes.

Indeed, the general action of the gauge transformation is shown in (3.13). Assuming
that we are at the point in the moduli space which does not belong to any line of marginal

— 20 —



stability, for v = (p™, ga) with non-vanishing p” the holomorphic functions (4.8) generating
the gauge transformation on the two sides of the BPS ray ¢, will be the same. Therefore,
we turn out to be in the situation where the formula (3.16) can be applied. As a result,
the gauge transformed D5-brane contact Hamiltonians read

Wl €) = Hy(2Y), 29 ==, +p"9ag(€). (4.11)

The corresponding gauge transformed transition functions are more complicated and can
be found in (C.4). All twistor data after the gauge transformation and the resummation
are shown in figure 2.

The modification of the contact Hamiltonians (4.11) is crucial for keeping consistency
of the twistor construction with wall-crossing. Indeed, let us consider, for instance, the
wall of marginal stability corresponding to the alignment of central charges of a D5-brane
of charge v and D(-1)-branes, so that after crossing this wall all BPS indices Q(ny + 7),
with 4 € Fv_l , change. Since the central charges of D(-1)-branes are real, at the wall
the five-brane BPS rays /,,45 become aligned with the imaginary axis. Before the gauge
transformation, the D(-1) BPS rays {5 belonged to this axis and therefore, after crossing
the wall, the relative positions of £, 5 and ¢5 were exchanged. This exchange compensated
the change in the BPS indices and ensured the smoothness of the contact structure and
the metric on the moduli space across the wall. But after the gauge transformation the
contours associated with D(-1)-branes are rotated to the real axis. Hence there is nothing
to exchange its relative position with ¢,,45 to compensate the change of the BPS indices!
So how can the metric be still smooth in this gauge transformed picture? It turns out
that the smoothness is ensured precisely by the shift of =, in (4.11) induced by the gauge
transformation. The point is that the functions gl determining this shift are different on
the different sides of the wall. (In the considered example they differ by an overall sign due
to the prefactor in (4.8).) As a result, crossing the wall, one also changes the form of the
gauge transformed contact Hamiltonians, and it is done in such a way that the combined
effect of all changes ensures the smoothness of the moduli space. A rigorous proof of this
fact can be obtained by representing the gauge transformed KS operators as in (3.13) and
using the original KS wall-crossing formula (4.4).

5 Fivebrane instantons from S-duality

Now we have all ingredients to reach our main goal — the twistorial description of fivebrane

11

instantons in the presence of D1-D(-1)-instanton corrections."* To this end, we simply

apply the modular constraint (3.22) to the gauge transformed contact Hamiltonians (4.11)
which are identified with the elements of an SL(2,Z) multiplet with m = 0. More precisely,

we set h([?;)o = h[gﬂ where we split charge v of a D5-D3-D1-D(-1)-bound state into the

We remind that our construction ignores the effect of D3-instantons. Although such approximation
is physically unjustified, at a formal level it can be achieved by setting to zero all DT-invariants Q(y) for
charges with p® = 0, p® # 0. Note however that we do include the effect of D3-branes bound to D5-branes,
as required by invariance under monodromies.
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D5-component p® and the reduced charge vector 4 = (p%, qa, qo) identified with the index
i in (3.22). On this function we act by an SL(2,Z) transformation parametrized as

g:< a b >ESL(2,Z), (5.1)

k/p° p/p°

where the two integers (p, k) # (0,0) have p” as the greatest common divisor, whereas a
and b must satisfy ap — bk = p°. The integer k will appear as NS5-brane charge. As for
the other charges, it is convenient to pack them into rational charges n® = p®/k, n® = p/k
and the so-called invariant charges [15]

(5.2)

which are invariant under the spectral flow transformation, whose action on the charge
vector ~ is identical to the action (2.4) on the symplectic vector (¢A, ().

The SL(2,7Z) action on the contact Hamiltonian is easily computed using (3.18). Then
the S-duality constraint implies that

B = (%) (k0 + p) & - HDI(E,€)

_ 5.3)
Qp(¥) k (
= ﬁﬁ(ﬁo +0%)7p(7) E(Skp4)
where the result is written using the following notations:
e fivebrane twistorial action
0(,,04 5 a a
P°(Pdo — kGa(€* +n") a g
Skpy = — kSpa + K2(E0 + D) — 2P0 — c2.0p"e(g)
5 5.4)
(_1)Nk,p(’7) A _ (
T om > apia E(Skm)
€Lk piy
with S,n = a — néx + F €+ n);
e S-duality transformed D1-brane twistorial action'?
- qo(p°)? P°Gal” a o~
S K= — —_ = ; 55
3 =@ ) ke ) kDD o9

(0)

e rational Gopakumar-Vafa invariants 74, constructed from ng,’ as in (4.3) (in partic-
ular, ng = —%2 X9):

2Note that both actions (5.4) and (5.5) are regular at k = 0 and reduce in this limit to the (gauge

transformed) D-instanton twistorial actions —Ei,g ) and —Z5, respectively.
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Figure 3. Schematic representation of the twistor data generating D(-1)-D1 and all fivebrane

instantons. BPS rays joining different points ti’p correspond to different fivebrane charges k and

p. Different BPS rays joining the same points correspond to different reduced charges 7.

e transformed BPS indices Q ,(5) = Q(7;g - 2) which take into account the fact that
DT invariants are only piecewise constant;

e transformed set of charges
Tips =T (g 2) UT{ (g - 2), (5.6)

where the dependence on z® comes from the dependence of (4.6) and (4.7) on the
central charge function, or, more precisely, on the chamber in the moduli space, and
is analogous to the dependence of the BPS indices;

e target quadrant in the complex plane Ny, () = | 2 arg (ig - Z,)|.

The associated contours on CP! are also just the images of £, under (5.1) and thus can be
written as

bepy ={t: Zy(g-2)/(g-t) €iR™}. (5.7)
From (3.17) it follows that they are rays joining the points ti’p (see figure 3). Together
hEZL and £, .5 determine the twistorial data sufficient to incorporate all fivebrane instanton
corrections to the metric on the HM moduli space.

The function (5.3) is almost identical to the result for the fivebrane transition function
found in [15, Eq. (5.30)] in the one-instanton approximation. It differs only by a prefactor
ensuring the correct modular weight and by the last term in (5.4) appearing as a result of
the gauge transformation (4.8).'3 In particular, in [15] it was shown that the saddle point
evaluation of the Penrose transform of this function yields the exponential of the NS5-brane
instanton action found previously from the analysis of classical supergravity solutions [48].

13We also flipped the sign of the NS5-brane charge k.
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It is important however that, in contrast to [15], our result provides fivebrane instanton
corrections to the HM metric to all orders of the instanton expansion. This expansion can
be seen explicitly when one computes the contact transformation (3.11) generated by (5.3).
Equivalently, this calculation provides expressions for the corresponding transition function
H ,[J; and its derivatives. The former is given by

do(p0)2 N QkQFCl(f +n)

B _ B o2 ]2
7 =pl) 4 on?(n :
ek M) | &eo ) (1 + 2rikn] )2

(5.8)
o) k(" +n0) s A2 (Gap™) |
_ (_1)Nk,p('7) s Z nan<5k,pﬁ) El g o hkp 7
4m2p st k(&% +n?)
where we introduced the function
E(x)=1-—(14z)e ", (5.9)

whereas the results for derivatives are reported in appendix E. They can be used to write
down explicitly a system of integral equations which will provide a manifestly S-duality
invariant twistorial formulation of the HM moduli space including all D(-1), D1 and five-
brane instanton corrections. Of course, this system cannot be solved analytically, but it
should allow a perturbative solution generating the instanton expansion around the classi-
cal metric.

A very non-trivial consistency check of our computation is that, as shown in ap-
pendix C, the transition functions (5.8) satisfy the non-linear S-duality constraint derived
in [18]. It is amazing to see how all non-linearities fit each other, but it is even more remark-
able that all of them disappear once one starts working in terms of contact Hamiltonians.

Another consistency check is to verify that our results for fivebrane corrections are
compatible with the action of all discrete isometries on My which we presented in sec-
tion 2.3. This is particularly important as in [15] it was found that there is a clash between
the one-instanton approximation to fivebrane corrections, which is essentially identical to
our results, and the Heisenberg and monodromy symmetries. But as we argued, the mon-
odromy transformations need to be modified to ensure the correct group representation
and it is natural to expect that this should resolve the above issue as well. Indeed, due to
the invariance of D-instanton corrections, the invariance of the contact structure affected
by fivebrane instantons is guaranteed by the closure of the group action. Nevertheless, we
demonstrate this invariance explicitly in appendix D.

Finally, it is worth to note that S-duality generates a new family of walls in the moduli
space M which do not belong to the Kahler moduli subspace M. These are the images
of the original walls of marginal stability under S-duality transformation. Since 2 is
mapped into cc® + dd® +i|er + d|t®, the position of the new walls depends on the RR-fields
c¢® and the complexified string coupling 7. Crossing such a wall, one changes the values
of the transformed BPS indices Qk’p(’y) which gives rise to a potential discontinuity in the
contact structure and the moduli space metric. However, they both do remain continuous
because the new twistorial data is just an image of the data which was already shown
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to be smooth. The mechanism ensuring the smoothness is the same as in the end of
section 4.3. Alternatively, this can be seen as a result of the change of the set I';, .5 (5.6)
which determines the effect of D1-D(-1)-branes on the fivebrane instantons. Its change
together with a rearrangement of fivebrane BPS rays guarantees the smoothness.

6 Discussion

The main result of this paper is the twistorial construction of the HM moduli space Mg
of CY string vacua in the type IIB picture which includes effects from fivebrane and D1-
D(-1)-instantons. In particular, the constructed fivebrane instantons generically have non-
vanishing NS5-brane charge. All non-perturbative corrections are encoded in the two sets of
holomorphic functions, (4.9) found in [47] and (5.3) derived here. These functions generate
a system of integral equations which determine Darboux coordinates on the twistor space
and thereby the metric on M.

The key element of this construction was the use of the contact bracket formalism
which provides a new parametrization of contact transformations. The contact bracket
was shown to satisfy the crucial property (3.9), analogous to a similar property of the
Poisson bracket, which ensures that the contact Hamiltonians k%), encoding the geometry
of a QK manifold in this twistor approach, transform [inearly under all isometries. In
particular, this implies their linear transformation under S-duality (3.22), which was used
to derive the contact Hamiltonians corresponding to fivebrane instantons.

Another important step was to improve the action of discrete isometries on My at
quantum level. Namely, we found that the closure of the duality group requires a modifica-
tion of certain symmetry transformations. This adjustment had a double effect: not only
it provided a consistent implementation of all symmetries, but it also resolved a tension
between fivebrane instantons and monodromy and Heisenberg symmetries observed in [15].

However, the proposed modification of the monodromy action on the RR-fields raises
the following problem. Before the modification, it was given in (2.4) and this seemingly
complicated transformation in fact follows from the definition of the RR-scalars in terms
of the B-field and the RR-potential A" € H*V*"(), R)

Aeven efB _ CO o Cawa o CNawa o CNOWQ_) (61)

just by applying the shift of the B-field and keeping the potential fixed. Therefore, it is
natural to ask whether the modified transformation (2.27) can be generated in the same
way. This would imply that either the L.h.s. of (6.1) should be modified and acquires
additional non-homogeneous (in A*V") terms, or the RR-potential transforms itself. Since
the new terms in (2.27) have their origin in the quadratic refinement, one might expect
that in both cases the corrections appear from some subtleties in the definition of the one-
loop determinant around the D-instanton background similar to the issues discussed, for
instance, in [49].

Returning to the fivebrane instantons, we note that the construction presented in this
paper calls for two natural extensions. First, it clearly misses the D3-brane contributions.
As was indicated in the Introduction, the actual problem is to find how the corresponding
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subset of D2-instantons on the type IIA side can be rewritten in an S-duality invariant
way. Unfortunately, this was not understood even in the linear (one-instanton) approxima-
tion. Hopefully, once this problem is resolved at one-instanton level, the contact bracket
formalism will provide a fully non-linear solution.

The second extension is, in contrast, to map the fivebrane instantons found here in
the type IIB picture into the mirror type ITA formulation. What is non-trivial is that the
resulting NS5-brane instanton corrections should be automatically symplectic invariant, a
symmetry which is not seen on the type I1B side. An interesting related question is whether
these corrections will exhibit some form of integrability as there are strong indications that
the inclusion of NSH-instantons may be equivalent to quantization of a certain integrable
structure [2, 34, 50].

The knowledge of fivebrane instantons also allows to approach two problems which
are expected to be related to this type of non-perturbative corrections. The first one is
the existence of a singularity in the one-loop corrected metric on Mpg. This singularity
should be resolved by non-perturbative effects, but D-instantons seem to be incapable to
do so [47]. Thus, these are the NS5-brane corrections that should be responsible for the
smoothness of the metric. It will be a very non-trivial check on our construction to see
whether the fivebrane instantons found in this paper indeed resolve the singularity.

Another issue whose resolution was attributed to NS5-branes is the divergence of
the sum over D-brane charges appearing due to the exponential growth of the DT in-
variants [51]. Somehow NS5-brane effects should regulate this sum to make the non-
perturbative metric on My well defined. It is likely however that solution to this problem
requires the passage to the mirror type ITA picture, which makes such a reformulation even
more pressing.

Our final comment concerns the isometry group of M. In this work it appears as
a semidirect product of SL(2,7Z) with the nilpotent group generated by the Heisenberg
transformations and monodromies around the large volume point. On the other hand, one
might expect that the true U-duality group of the low energy theory should be semisimple
and is obtained by adding some new symmetry generators. Such extensions have been
proposed in [52-54], but it is not clear so far what can be such a group for generic CY. It
is interesting to see whether the contact bracket formalism can help solving this problem
given that it is particularly suited for dealing with symmetries.
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A Details on the isometry group

A.1 The character €(g) and the Dedekind sum

Before elucidating the group structure, we need to define the character £(g) appearing
in the S-duality transformation of ¢, (2.22). It is given by the multiplier system of the
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Dedekind eta function n(7):

+b
U (%d)

2mie(g) _ ) A1l
R R EPTCS A
In particular, 24¢(g) is an integer and £(g) has the following explicit representation
J: sign(d) (=0
5y S c=
a+d 1 1
— i A2
(@) =2 sda 5 (e>0) (A.2)
a+d 1 1
 24c 2(dC)+§ (C<0)

where s(d, ¢) is the Dedekind sum. It can be written in terms of the sawtooth function

o —|x]-1/2, ifrxecR\Z
<@»—{Q L (A3)

w- T ()G

r mod |c|

as

An easy calculation leads to a more explicit expression

s(d,c)zgz«’f)):(c—1)(:c(2c—1 ) ii{ﬂ (A.5)

r=1
where we set ¢ > 0. Thus, for the generators (2.28), one obtains

1 1
T)= 5. (A.6)

In appendix D we will also need the reciprocity relation satisfied by the Dedekind sum.
For coprime positive integers d and c, it reads

1 /d 1 c 1
s(d,c) + s(c,d) = 3 < + d + d) 1 (A.7)

A.2 Failure of the group law

We start by analyzing the group of discrete isometries presented in section 2.3.1. For our
purposes it is convenient to express the action of their generators in the type IIB coordinate
basis. The result is given in table 2 where we use the notations introduced in section 2.3.2.

Already a quick glance on the table reveals the first problem. Comparing the action of
the T-generator of SL(2,Z) and the Heisenberg shift Tgo), one finds that they are almost
identical in agreement with the expectation that they represent the same symmetry trans-

formation. But this identification works only if one sets the characteristic ¢¢ to zero.!

¥ The difference cannot be compensated by the other Heisenberg shift T(o ) since k € Z whereas ¢q is
generically non-integer.

— 27 —



be @ éa & "

S c? —b* Gy + 2 - co
8
T be 4" éa — St Co Y —ao
(0) ~ 2,0 ~ ~
To b <+ n0b° éa—S50° o ¥ — "% +no
- P
1 ~ co — €°¢
Tia?o b + € c® Cq + % Kape€'c® “ P+ % Fape€® et — Kqael

fé Kape€® (B 4 2€%)c¢

Y +n*(Ca — ¢a) + %Aab”]anb

Tél)a b " +n" | ¢ — Ly b.nbbc + A bnb Co + Ly b .7)abbbc 4 Lo n®

R a 2 Mvabe a 6 'vabc 24 _% Ku,b(:nabb(cc + 2’06)
T | b c Ca + il éo ¥
T b c® Ca co+ o P+ K

70,k

Table 2. The action of generators of the discrete symmetry transformations in the type IIB
coordinate basis before modifications.

However, this restriction seems to be inconsistent with the transformation property (2.25)
of ¢¢ under monodromies.

An even more serious problem appears when one considers the commutator of the

1

Heisenberg transformation T with the generator S. A straightforward calculation

(0,n%)
shows that
be b® 0
c® c® 0
ST s | | =T | e |+ Awn® . (A8
&o Zo N (¢a + 22 — 3 Awpn®)
Y W " (Ka + 55

Thus, the commutator acquires an anomalous contribution which cannot be produced
by the action of other generators and therefore is inconsistent with the group structure.
Although the anoomalous contributions to the transformation of ¢, and v can be, in
principle, canceled by the appropriate choice of the characteristic ¢, and the character
Kq, the anoamly in the transformation of ¢, is not removable. A similar anomaly arises
also in the commutator of S with the monodromy transformation. Hence, we have to
conclude that the transformations displayed in table 2 fail to form a representation of the
duality group of the theory.

A.3 Improved duality group

Here we list the group relations for the symmetry generators from table 1 obtained by the
modification explained in section 2.3.2. They explicitly demonstrate that the improved
transformations provide a nice group representation. To display the results, we use the
notation [A, B] = A~1B71AB.
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e Commutators with S:
1@ o _ m@) (2) (3)
S Tea,O S = TO,*E“ T2Aabeb TO,SLO(e)—eaLa(—e)’
st s =1,
1 2) (A.9)
S Tﬁa S = Tﬁa ,
S—l T(~3) S — T(3) .

10,k —K,70’

e Commutators with 7"

1) _ 1) m(2) (3)

[TEG,O7T] - TO,eaTLa(e)TfLo(e“),eaLa(e)fLo(e)’

[T( .. T] = [T, T] =1, (A.10)
(3) _ 7B .

[Tﬁ(),f{?T] - T07—7707

e The nilpotent subgroup:
1 0 ] m@) 3)
|:T€a707 To’na_ B Tﬁ”abcebnc TﬁaLa(*E)ﬁE“La(n)’

20,7 -1
1 2)] 3
6. TS| = T

243 0] - [ 7] - [20 ) -1

(A.11)

B Transformation property of the contact bracket

The aim of this appendix is to present a proof of the transformation property (3.9) of the
contact bracket under contactomorphisms rescaling the contact one-form X by a holomor-
phic factor A. It seems to us more instructive to give this proof in a coordinate independent
way. In this language the contact bracket is defined as {h, f} = Xp(f), whereas the vector
field X}, is determined by the following properties

ix,dX = —dh + R(W)X,  ix, X =h, (B.1)

where ix denotes the contraction of the vector X with a differential form and R = 9, is
the Reeb vector field which is the unique element of the kernel of dX" such that X' (R) = 1.
To prove (3.9), it is sufficient to show that

Q'Xh :XA—lg.h. (B2)

To simplify notations, let us denote by prime the transformed quantities. Then we
need to prove that

ix,_,, dAX) = —dl + R(W)AX,  ix_,, (\X) =1 (B.3)
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provided X}, satisfies (B.1) for any function h. The second equality clearly holds since
it boils down to the second equality in (B.1). On the other hand, the first one can be
rewritten as

(ix, 1, dN) X = (ix,_,,, &) dA+ Xix,_, ,dX +dh = AR'(h)X

(B.4)
= A(ix dlog)\ + R\ = R(W)) X =0.

A—Lp
Now let us apply the transformation p to the defining properties of the Reeb vector.
This gives

X(R)=\1, ipd (AX) = (igd\) X —dlog A + AigidX = 0. (B.5)
Contracting the second identity with X,-1;,, one finds

dlog\ — Nigrix, ,,,dX (B.6)
dlog A — R(A'H) = 0.

AW R(N) —ix,
=R(I)—ix

A—Lp/

This shows that (B.4) indeed vanishes and completes the proof.

C Verifying S-duality constraint

In [18] it was shown that the transition functions describing a QK manifold carrying an
isometric action of SL(2,Z) should satisfy a non-linear constraint restricting their behavior
under the SL(2,Z) transformations. Using notations from the end of section 3.4, the
constraint can be written as

A Yl 27 — 3¢?
HE o My C hione [in] The
7 é‘[m + d ( [in] + d)(cg[out] + d>

2 TP+ 3(¢h, — TE,

[ln] T TO (Cl)

+ = Rabe
6 " (c€l, + ) (e + )’
CS 5 in 5 in 5 in
Kabe [in] > [in] >[in] (T0)2,
(c f[m + d) (Cf[out] + d)
where TA = ag[om E[Out fout] . T[n] o and, to avoid cluttering, we denoted by “in”

and “out” the two patches lying, respectively, on the left and on the right of the contour
Ci’ mi, omitting all the indices which these objects should in principle carry. In this
appendix we want to verify whether our results for fivebrane instanton corrections to the
HM moduli space metric are consistent with the constraint (C.1). In principle, this should
be guaranteed by the consistency of the whole construction. Thus, this appendix may be
viewed as a non-trivial cross-check on the results reported in the main text.

First, what we need is the explicit expressions for the gauge transformed D-instanton
transition functions Hz[ﬁ] which will be identified Wit}[l }the (0,n) elements of the SL(2,7Z)
v

multiplet of fivebrane transition functions, H([?;O = H;". The simplest way to get them is
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to apply the relation (3.12) where the corresponding contact Hamiltonian is given in (4.11).
In this way, one finds

o0

1 m— A A yrm—
o=y L {th]l (1 €M) Al 4 € th]l - Deahl)
m=1 ’
SR A b o
. A m—2
=hJ + D Ty K Oty

where we used the properties of the contact bracket and the fact that X;’fﬂ M =0 for
m > 2. Furthermore, it is easy to see that for m > 2 one has !
_9 . m—1 > m—1
X% eahf)) = (—2minh?)"™ [ (0%0e)" g
—_1\NO) B ~ m-1 ~ (C.3)
= (2)7“ Y (—47TQQApAh[gﬂ> g, B(—=Ga&") -
ser{Hur)

Substituting this into (C.2) and making resummation over m, one arrives at the follow-
ing result

—1)NM ~ ~
(4;2 > ngE(-@gt)E <47r2quAhgﬂ) , (C.4)
ser{ Dur(Y

HS[JV] — h[g”/] + 27r2quA(hp})2 _

where £(z) is defined in (5.9). )
The next step is to evaluate the r.h.s. of (C.1). The functions Hmn for (m,n) = (k,p)

are given in (5.8). Their derivatives can be found in appendix E. In particular, the result
for TA (E.4a) implies that

iy + 10"
1+ 2mikhy),
Using these results together with the identity
2k3 )
ap® = 5 nF(n) = dop" (C.6)

and dropping again the patch indices of the Darboux coordinates, the r.h.s. of (C.1) for
(m', ') = (k,p) and (¢, d) = (k/p", p/p") becomes

Py gy o PP
P 32(e0 1 02

k(0 +n)
(—1)New(®) e 4w?p°(Gap™)
- D nan<Sk,p;:y>5 thv,p :

(C.7)

Y€k pi5

It is immediate to see that this expression is reproduced by applying the SL(2,7Z) trans-
formation (5.1) to the function (C.4). This completes the proof that the S-duality con-
straint (C.1) is indeed satisfied.
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D Monodromy and Heisenberg invariance of fivebrane instantons

In this appendix we check that the fivebrane corrections derived in section 5 preserve the
isometric action of the full duality group. The action of its generators on the coordinates
on My is presented in table 1. It is clear that the contact structure on the twistor space
and hence the metric on My are invariant under the generators of the SL(2,Z) subgroup
by construction, and one should check only its invariance under the nilpotent subgroup
generated by T,

The invariance under the transformations with n > 2 is actually trivial. Indeed, their
lift to the twistor space acts on Darboux coordinates by simple shifts. The only non-trivial
transformations are

T%QQ) : ga = £a+77aa

®3)

- - (D.1)
Tﬁo,*ﬁ & — &+ 10, a — a+ k.

It is clear that they leave invariant both the contact Hamiltonians (5.3) and the transition
functions (5.8).

The check of the invariance under the first order generators is more non-trivial. Let
(1)

us start from the Heisenberg shift T

« whose lift to the twistor space is given by

~ ~ ~ ~ ()
4 = £ =", €o = Eut+ Aur, & — &+ 25 n,
1
Ty, - o, (D.2)
a — a+n%,+ §Aab77“77l’.

It is easy to see that the contact Hamiltonians generating fivebrane instanton corrections
are not invariant under this action. However, the invariance can be restored if one makes
a compensating transformation of the charges 4 — 4[e]:

0
p
pa [6] = pa + Eap()’ qa [6] = ddaq — Iiabcpbec - E ’iabcebeca
(D.3)
a 1 a b_c pO a b _c
QO[E] =40 — qa€" + §’fabcp ee + g"ﬁabc6 €€

with parameter ¢* = kn®/p®, which is nothing else but the spectral flow transformation
(cf. (2.4)). In other words we claim that

T - by = hs PN T s = et 0 (D4)
which ensures that the contact structure stays invariant and therefore the transformation
is an isometry of the moduli space.

The second equality in (D.4) follows from two facts. First, since the transforma-
tion (D.2) does not affect £ and the fiber coordinate ¢, the points t"" and hence g - ¢
stay invariant. Second, as one can check, the combined action of T&%a and the spectral
flow (D.3) leaves invariant the S-duality transformed central charge Z,(g - z). Then the
above transformation of the contours ¢y, ;.5 immediately follows from their definition (5.7).

To prove the first equality in (D.4), we need a few more observations:
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e The transformation of the transformed BPS indices Qj (%) under the combined ac-
tion reads

T, - Qup(le) = Q0ldig - 2+ ¢) = g - Qe Moo - 2). (D.5)

But the rational DT invariants are known to be invariant under the combination of
monodromy and spectral flow transformations with the same parameters [55]. As a
result, one obtains the invariance of Qy ,(%).

e Performing the change of the summation variable in the last term of Sy, ., (5.4),
do — Go— €"qa, Ga > qa (D'G)

with the same €® as above, one finds that this term is invariant as well. Indeed, both
the prefactor p*Ga and the exponential of S’kmﬁ stay invariant. One could worry that
the change of gy affects the set of charges on sums over, but in fact it just compensates
the change in I'y ;.5 induced by the transformation of 4 and the moduli: this set of
charges is defined in terms of the S-duality transformed central charges g. 4 - Z, and
gc.d - 45 which are both invariant under the combination of the three transformations

T§')., (D.3) and (D.6).

Finally, one can see that the invariance of the combination &* + n® and the charges §a
41
A iy
the fields, T(()%%a . hmf b= V(n)hm). A direct calculation leads to the following expression

ensures that the whole function ;7 (5.3) transforms at most by a phase independent of

k a, b c k a p k 1 0
V(U):E<2pof€abcpp?7 +§C2,a77 [S (po’po) _i(p —1)

(D.7)
k(k—1 “ u ap®
_(Q)Aabn 1’ + 0" Awp’ — ZPALA(€)> .
Using the properties (2.14) and (2.17), this can be rewritten as
c cp® a
o) = B(esat [ 5500 = T (1= 4 15 (@ = 1)] - (@ D e+ ) s
(D.8)

where we preferred to write the result in terms of ¢ = k/p° and d = p/p°. Now note that
the relation ad — bc = 1 ensures that a and ¢ can not be simultaneously even. Therefore,
the last term in (D.8) is an integer and thus disappears. Furthermore, using the expression
for the Dedekind sum (A.5) and taking into account that cs on® is even, one finds

) =B( e e 1) [§6° - D+ g ee- D+ ern). 09

8 12 12

Since i c(c—1)p?(p° — 1) € Z, the first term can actually be dropped. On the other hand,
inserting in the last term 1 = ad — bc and using that §c(c — 1)(c + 1) € Z as well as
L c(c—1) € Z, one arrives at

V() = E<fl2 cran®(c+1)(c = 1)(a—1)(a+ 1)> . (D.10)
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But it is easy to realize that (¢ + 1)(c¢ — 1)(a — 1)(a + 1) is divisible by 6. Indeed, since a
and ¢ cannot be simultaneously even, the above expression is divisible by 2. Similarly, it
is not divisible by 3 only if ¢ = 3m, a = 3n, which is in contradiction with ad — bc = 1.
Thus, the expression in the exponential is an integer and the phase is trivial v(n) = 1. This
completes the proof of (D.4).

The last generator to be checked is TS?O corresponding to monodromy transformations.
Its action lifts to the twistor space as follows

€ = & & e,

et ~ 1
ga = ga - Habcebgc - 2 Kabc€ cho + Aabﬁ

T, o (D.11)
60 = 50 - eafa 2 Rabc€ ebgc 753(1()06 € 6(:&-0 ab6 6 + 8 a’
1 agcbec a bece0 1 ab_cr¢0\2 C2a 4
a»—>a+2 Kabe€ 7S + Kapee®e’£°E° + 3/<6abc666(§) +24e.

Similarly to the relation (D.4), the twistor data generating fivebrane instantons can be
shown to satisfy

g)o hM _ h[ Al- pea/p()n’ Tg?o' Uiy = L pes e /0] (D.12)
where the parameter of the compensating spectral flow transformation is now é* = pe?/p°.
In principle, (D.12) follows from the above results for the Heisenberg transformations and
the commutation relations (A.9) and (A.10). One can prove it also by a direct computation
in the way which is completely analogous to the one for Té}%a, except that one should use
the reciprocity relation (A.7) to express the Dedekind sum proving the cancelation of the
constant phase factor.

Note however that the transformation properties (D.4) and (D.12) become quite dif-
ferent once they are rewritten in terms of the transition functions (5.8). Whereas these
functions satisfy exactly the same constraint as (D.4), the analogue of (D.12) is a non-
linear property

M) g/ _ il L ambre 1 abrero L a b cimoy2

Tep - Hy, =H;' + 3 fabce T°T°¢ + §/<abce eTT” + — G fabee €€ (%)%, (D.13)
where T was defined below (C.1). This is indeed the right transformation law for the
transition functions under monodromies, which appears as a consequence of (D.11) and
the gluing conditions (3.3). It illustrates once more the statement that isometries of a
QK manifold are always realized in a linear way on contact Hamiltonians, whereas their
realization on transition functions may be highly non-linear.

E Derivatives of transition functions

In this appendix we compute the combinations of the fivebrane transition functions appear-
ing in the gluing conditions (3.3), as these are the combinations entering the integrands
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of the integral equations determining the Darboux coordinates on the twistor space and
thereby the metric on the M.

Since we know the contact Hamiltonians generating fivebrane corrections, the cor-
responding transition functions and their derivatives can be obtained by evaluating the
action (3.11). To perform the calculations, we will need the following crucial observation:
for any homogeneous function f;(§) of degree I one has

X1 - [fi(€+m) (W)™ | = —2mik(l+m) (€ +m)(hT)) ™", (E.1)

Due to this, one finds

hh fz(€+n) » =0, if —(m+4+1)<1<0,
L+ 1)! (9] ym+1 .
h[,Y fl(f + 'fl) (2 k') m fl(§ -+ n)(hkm) s if 1 < —(m + 1)7
o om (L m)! 31 vm _
X i€+ )k} = (~2mik) <l,>ﬁ@+nx%® o 1>
(E.2)
Another useful identity is
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47T2pOpAQA 4] " & m5R ~ %] :
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Using these properties, one computes'®
X 2
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'50n the Lh.s. we use the same notations for patch indicesas in (C.1) and omit them on the r.h.s.
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It is straightforward to check that these results lead to the expression for the transition
functions H ,[:; given in (5.8).

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.

References
[1] S. Alexandrov, Twistor approach to string compactifications: a review,
Phys. Rept. 522 (2013) 1 [arXiv:1111.2892] [INSPIRE].

[2] S. Alexandrov, J. Manschot, D. Persson and B. Pioline, Quantum hypermultiplet moduli
spaces in N = 2 string vacua: a review, arXiv:1304.0766 [INSPIRE].

[3] B. de Wit, P.G. Lauwers and A. Van Proeyen, Lagrangians of N = 2 supergravity-matter
systems, Nucl. Phys. B 255 (1985) 569 [INSPIRE].

[4] P. Candelas, X.C. De La Ossa, P.S. Green and L. Parkes, A pair of Calabi-Yau manifolds as
an exactly soluble superconformal theory, Nucl. Phys. B 359 (1991) 21 [InSPIRE].

— 36 —


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.physrep.2012.09.005
http://arxiv.org/abs/1111.2892
http://inspirehep.net/search?p=find+EPRINT+arXiv:1111.2892
http://arxiv.org/abs/1304.0766
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.0766
http://dx.doi.org/10.1016/0550-3213(85)90154-3
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B255,569
http://dx.doi.org/10.1016/0550-3213(91)90292-6
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B359,21

[5]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

S. Hosono, A. Klemm, S. Theisen and S.-T. Yau, Mirror symmetry, mirror map and
applications to Calabi-Yau hypersurfaces, Commun. Math. Phys. 167 (1995) 301
[hep-th/9308122] [INSPIRE].

J. Bagger and E. Witten, Matter couplings in N = 2 supergravily,
Nucl. Phys. B 222 (1983) 1 [INSPIRE].

K. Becker, M. Becker and A. Strominger, Five-branes, membranes and nonperturbative string
theory, Nucl. Phys. B 456 (1995) 130 [hep-th/9507158] [INSPIRE].

I. Antoniadis, S. Ferrara, R. Minasian and K.S. Narain, R* couplings in M and type-II
theories on Calabi-Yau spaces, Nucl. Phys. B 507 (1997) 571 [hep-th/9707013] [INSPIRE].

H. Gunther, C. Herrmann and J. Louis, Quantum corrections in the hypermultiplet moduli
space, Fortsch. Phys. 48 (2000) 119 [hep-th/9901137| [INSPIRE].

I. Antoniadis, R. Minasian, S. Theisen and P. Vanhove, String loop corrections to the
universal hypermultiplet, Class. Quant. Grav. 20 (2003) 5079 [hep-th/0307268] [INSPIRE].

D. Robles-Llana, F. Saueressig and S. Vandoren, String loop corrected hypermultiplet moduli
spaces, JHEP 03 (2006) 081 [hep-th/0602164] [INSPIRE].

S. Alexandrov, Quantum covariant c-map, JHEP 05 (2007) 094 [hep-th/0702203] [INSPIRE].

S. Alexandrov, B. Pioline, F. Saueressig and S. Vandoren, D-instantons and twistors,
JHEP 03 (2009) 044 [arXiv:0812.4219] [INSPIRE].

S. Alexandrov, D-instantons and twistors: some exact results, J. Phys. A 42 (2009) 335402
[arXiv:0902.2761] [INSPIRE].

S. Alexandrov, D. Persson and B. Pioline, Fivebrane instantons, topological wave functions
and hypermultiplet moduli spaces, JHEP 03 (2011) 111 [arXiv:1010.5792] [INSPIRE].

S. Alexandrov and S. Banerjee, Fivebrane instantons in Calabi- Yau compactifications,
Phys. Rev. D 90 (2014) 041902 [arXiv:1403.1265] [INSPIRE].

D. Robles-Llana, M. Rocek, F. Saueressig, U. Theis and S. Vandoren, Nonperturbative
corrections to 4D string theory effective actions from SL(2, Z) duality and supersymmetry,
Phys. Rev. Lett. 98 (2007) 211602 [hep-th/0612027] [INSPIRE].

S. Alexandrov and S. Banerjee, Modularity, quaternion-Kdhler spaces and mirror symmetry,
J. Math. Phys. 54 (2013) 102301 [arXiv:1306.1837] INSPIRE].

S. Alexandrov, J. Manschot and B. Pioline, D3-instantons, Mock theta series and twistors,
JHEP 04 (2013) 002 [arXiv:1207.1109] [iNSPIRE].

S. Ferrara, J.A. Harvey, A. Strominger and C. Vafa, Second quantized mirror symmetry,
Phys. Lett. B 361 (1995) 59 [hep-th/9505162] [InSPIRE].

S. Ferrara and S. Sabharwal, Quaternionic manifolds for type II superstring vacua of
Calabi-Yau spaces, Nucl. Phys. B 332 (1990) 317 [nSPIRE].

R. Bohm, H. Gunther, C. Herrmann and J. Louis, Compactification of type IIB string theory
on Calabi-Yau threefolds, Nucl. Phys. B 569 (2000) 229 [hep-th/9908007] [INSPIRE].

E.R. Sharpe, D-branes, derived categories and Grothendieck groups,
Nucl. Phys. B 561 (1999) 433 [hep-th/9902116] [INSPIRE].

M.R. Douglas, B. Fiol and C. Romelsberger, Stability and BPS branes, JHEP 09 (2005) 006
[hep-th/0002037] [INSPIRE].

— 37 —


http://dx.doi.org/10.1007/BF02100589
http://arxiv.org/abs/hep-th/9308122
http://inspirehep.net/search?p=find+EPRINT+hep-th/9308122
http://dx.doi.org/10.1016/0550-3213(83)90605-3
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B222,1
http://dx.doi.org/10.1016/0550-3213(95)00487-1
http://arxiv.org/abs/hep-th/9507158
http://inspirehep.net/search?p=find+EPRINT+hep-th/9507158
http://dx.doi.org/10.1016/S0550-3213(97)00572-5
http://arxiv.org/abs/hep-th/9707013
http://inspirehep.net/search?p=find+EPRINT+hep-th/9707013
http://arxiv.org/abs/hep-th/9901137
http://inspirehep.net/search?p=find+EPRINT+hep-th/9901137
http://dx.doi.org/10.1088/0264-9381/20/23/009
http://arxiv.org/abs/hep-th/0307268
http://inspirehep.net/search?p=find+EPRINT+hep-th/0307268
http://dx.doi.org/10.1088/1126-6708/2006/03/081
http://arxiv.org/abs/hep-th/0602164
http://inspirehep.net/search?p=find+EPRINT+hep-th/0602164
http://dx.doi.org/10.1088/1126-6708/2007/05/094
http://arxiv.org/abs/hep-th/0702203
http://inspirehep.net/search?p=find+EPRINT+hep-th/0702203
http://dx.doi.org/10.1088/1126-6708/2009/03/044
http://arxiv.org/abs/0812.4219
http://inspirehep.net/search?p=find+EPRINT+arXiv:0812.4219
http://dx.doi.org/10.1088/1751-8113/42/33/335402
http://arxiv.org/abs/0902.2761
http://inspirehep.net/search?p=find+EPRINT+arXiv:0902.2761
http://dx.doi.org/10.1007/JHEP03(2011)111
http://arxiv.org/abs/1010.5792
http://inspirehep.net/search?p=find+EPRINT+arXiv:1010.5792
http://dx.doi.org/10.1103/PhysRevD.90.041902
http://arxiv.org/abs/1403.1265
http://inspirehep.net/search?p=find+EPRINT+arXiv:1403.1265
http://dx.doi.org/10.1103/PhysRevLett.98.211602
http://arxiv.org/abs/hep-th/0612027
http://inspirehep.net/search?p=find+EPRINT+hep-th/0612027
http://dx.doi.org/10.1063/1.4826603
http://arxiv.org/abs/1306.1837
http://inspirehep.net/search?p=find+EPRINT+arXiv:1306.1837
http://dx.doi.org/10.1007/JHEP04(2013)002
http://arxiv.org/abs/1207.1109
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.1109
http://dx.doi.org/10.1016/0370-2693(95)01074-Z
http://arxiv.org/abs/hep-th/9505162
http://inspirehep.net/search?p=find+EPRINT+hep-th/9505162
http://dx.doi.org/10.1016/0550-3213(90)90097-W
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B332,317
http://dx.doi.org/10.1016/S0550-3213(99)00796-8
http://arxiv.org/abs/hep-th/9908007
http://inspirehep.net/search?p=find+EPRINT+hep-th/9908007
http://dx.doi.org/10.1016/S0550-3213(99)00535-0
http://arxiv.org/abs/hep-th/9902116
http://inspirehep.net/search?p=find+EPRINT+hep-th/9902116
http://dx.doi.org/10.1088/1126-6708/2005/09/006
http://arxiv.org/abs/hep-th/0002037
http://inspirehep.net/search?p=find+EPRINT+hep-th/0002037

[25]

[26]

S. Hosono, A. Klemm and S. Theisen, Lectures on mirror symmetry, hep-th/9403096
[INSPIRE].

M.-x. Huang, A. Klemm and S. Quackenbush, Topological string theory on compact
Calabi-Yau: Modularity and boundary conditions, Lect. Notes Phys. 757 (2009) 45
[hep-th/0612125] [INSPIRE].

C.T.C. Wall, Classification problems in differential topology. V. On certain G-manifolds,
Invent. Math. 1 (1966) 355.

J.M. Maldacena, A. Strominger and E. Witten, Black hole entropy in M-theory,
JHEP 12 (1997) 002 [hep-th/9711053] [INSPIRE].

F. Denef and G.W. Moore, Split states, entropy enigmas, holes and halos,
JHEP 11 (2011) 129 [hep-th/0702146] [INSPIRE].

L. Alvarez—Gammé7 G.W. Moore, P.C. Nelson, C. Vafa and J. Bost, Bosonization in arbitrary
genus, Phys. Lett. B 178 (1986) 41 [InSPIRE].

L. Alvarez—(}aumé7 J.B. Bost, G.W. Moore, P.C. Nelson and C. Vafa, Bosonization on higher
genus Riemann surfaces, Commun. Math. Phys. 112 (1987) 503 [InSPIRE].

E. Witten, Five-brane effective action in M-theory, J. Geom. Phys. 22 (1997) 103
[hep-th/9610234] [INSPIRE].

D.S. Freed, Dirac charge quantization and generalized differential cohomology,
hep-th/0011220 [INSPIRE].

S. Alexandrov, D. Persson and B. Pioline, Wall-crossing, Rogers dilogarithm and the QK/HK
correspondence, JHEP 12 (2011) 027 [arXiv:1110.0466] [INSPIRE].

D. Belov and G.W. Moore, Holographic action for the self-dual field, hep—th/0605038
[INSPIRE].

L. Bao, A. Kleinschmidt, B.E.W. Nilsson, D. Persson and B. Pioline, Rigid Calabi- Yau
threefolds, Picard eisenstein series and instantons, arXiv:1005.4848 [INSPIRE].

S. Alexandrov, D. Persson and B. Pioline, On the topology of the hypermultiplet moduli space
in type-1I/CY string vacua, Phys. Rev. D 83 (2011) 026001 [arXiv:1009.3026] [INSPIRE].

S.M. Salamon, Quaternionic Kdhler manifolds, Invent. Math. 67 (1982) 143.

C. LeBrun, Fano manifolds, contact structures, and quaternionic geometry, Int.. J. Math. 6
(1995) 419 [dg-ga/9409001] [INSPIRE].

S. Alexandrov, B. Pioline, F. Saueressig and S. Vandoren, Linear perturbations of
quaternionic metrics, Commun. Math. Phys. 296 (2010) 353 [arXiv:0810.1675] INSPIRE].

K. Galicki, A generalization of the momentum mapping construction for quaternionic Kahler
manifolds, Comm. Math. Phys. 108 (1987) 117.

S. Alexandrov and B. Pioline, S-duality in twistor space, JHEP 08 (2012) 112
[arXiv:1206.1341] [INSPIRE].

J. Manschot, Wall-crossing of D4-branes using flow trees,
Adv. Theor. Math. Phys. 15 (2011) 1 [arXiv:1003.1570] [INSPIRE].

J. Manschot, B. Pioline and A. Sen, Wall crossing from Boltzmann black hole halos,
JHEP 07 (2011) 059 [arXiv:1011.1258] [INSPIRE].

— 38 —


http://arxiv.org/abs/hep-th/9403096
http://inspirehep.net/search?p=find+EPRINT+hep-th/9403096
http://arxiv.org/abs/hep-th/0612125
http://inspirehep.net/search?p=find+EPRINT+hep-th/0612125
http://dx.doi.org/10.1088/1126-6708/1997/12/002
http://arxiv.org/abs/hep-th/9711053
http://inspirehep.net/search?p=find+EPRINT+hep-th/9711053
http://dx.doi.org/10.1007/JHEP11(2011)129
http://arxiv.org/abs/hep-th/0702146
http://inspirehep.net/search?p=find+EPRINT+hep-th/0702146
http://dx.doi.org/10.1016/0370-2693(86)90466-1
http://inspirehep.net/search?p=find+J+Phys.Lett.,B178,41
http://dx.doi.org/10.1007/BF01218489
http://inspirehep.net/search?p=find+J+Comm.Math.Phys.,112,503
http://dx.doi.org/10.1016/S0393-0440(97)80160-X
http://arxiv.org/abs/hep-th/9610234
http://inspirehep.net/search?p=find+EPRINT+hep-th/9610234
http://arxiv.org/abs/hep-th/0011220
http://inspirehep.net/search?p=find+EPRINT+hep-th/0011220
http://dx.doi.org/10.1007/JHEP12(2011)027
http://arxiv.org/abs/1110.0466
http://inspirehep.net/search?p=find+EPRINT+arXiv:1110.0466
http://arxiv.org/abs/hep-th/0605038
http://inspirehep.net/search?p=find+EPRINT+hep-th/0605038
http://arxiv.org/abs/1005.4848
http://inspirehep.net/search?p=find+EPRINT+arXiv:1005.4848
http://dx.doi.org/10.1103/PhysRevD.83.026001
http://arxiv.org/abs/1009.3026
http://inspirehep.net/search?p=find+EPRINT+arXiv:1009.3026
http://arxiv.org/abs/dg-ga/9409001
http://inspirehep.net/search?p=find+EPRINT+DG-GA/9409001
http://dx.doi.org/10.1007/s00220-010-1022-y
http://arxiv.org/abs/0810.1675
http://inspirehep.net/search?p=find+EPRINT+arXiv:0810.1675
http://dx.doi.org/10.1007/JHEP08(2012)112
http://arxiv.org/abs/1206.1341
http://inspirehep.net/search?p=find+EPRINT+arXiv:1206.1341
http://dx.doi.org/10.4310/ATMP.2011.v15.n1.a1
http://arxiv.org/abs/1003.1570
http://inspirehep.net/search?p=find+EPRINT+arXiv:1003.1570
http://dx.doi.org/10.1007/JHEP07(2011)059
http://arxiv.org/abs/1011.1258
http://inspirehep.net/search?p=find+EPRINT+arXiv:1011.1258

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

M. Kontsevich and Y. Soibelman, Stability structures, motivic Donaldson-Thomas invariants
and cluster transformations, arXiv:0811.2435 INSPIRE].

D. Gaiotto, G.W. Moore and A. Neitzke, Four-dimensional wall-crossing via
three-dimensional field theory, Commun. Math. Phys. 299 (2010) 163 [arXiv:0807.4723]
[INSPIRE].

S. Alexandrov and F. Saueressig, Quantum mirror symmetry and twistors,
JHEP 09 (2009) 108 [arXiv:0906.3743] [INSPIRE].

M. de Vroome and S. Vandoren, Supergravity description of spacetime instantons,
Class. Quant. Grav. 24 (2007) 509 [hep-th/0607055] [INSPIRE].

D.S. Freed and E. Witten, Anomalies in string theory with D-branes, Asian J. Math 3 (1999)
819 [hep-th/9907189] [INSPIRE].

S. Alexandrov, c-map as ¢ =1 string, Nucl. Phys. B 863 (2012) 329 [arXiv:1201.4392]
[INSPIRE].

B. Pioline and S. Vandoren, Large D-instanton effects in string theory, JHEP 07 (2009) 008
[arXiv:0904.2303] INSPIRE].

B. Pioline and D. Persson, The automorphic N S5-brane,
Commun. Num. Theor. Phys. 3 (2009) 697 [arXiv:0902.3274] [INSPIRE].

L. Bao, A. Kleinschmidt, B.E.W. Nilsson, D. Persson and B. Pioline, Instanton corrections to
the universal hypermultiplet and automorphic forms on SU(2,1),
Commun. Num. Theor. Phys. 4 (2010) 187 [arXiv:0909.4299] [INSPIRE].

D. Persson, Automorphic instanton partition functions on Calabi-Yau threefolds,
J. Phys. Conf. Ser. 346 (2012) 012016 [arXiv:1103.1014] INSPIRE].

[55] J. Manschot, Stability and duality in N = 2 supergravity,

Commun. Math. Phys. 299 (2010) 651 [arXiv:0906.1767] [INSPIRE].

-39 —


http://arxiv.org/abs/0811.2435
http://inspirehep.net/search?p=find+EPRINT+arXiv:0811.2435
http://dx.doi.org/10.1007/s00220-010-1071-2
http://arxiv.org/abs/0807.4723
http://inspirehep.net/search?p=find+EPRINT+arXiv:0807.4723
http://dx.doi.org/10.1088/1126-6708/2009/09/108
http://arxiv.org/abs/0906.3743
http://inspirehep.net/search?p=find+EPRINT+arXiv:0906.3743
http://dx.doi.org/10.1088/0264-9381/24/3/001
http://arxiv.org/abs/hep-th/0607055
http://inspirehep.net/search?p=find+EPRINT+hep-th/0607055
http://arxiv.org/abs/hep-th/9907189
http://inspirehep.net/search?p=find+EPRINT+hep-th/9907189
http://dx.doi.org/10.1016/j.nuclphysb.2012.05.018
http://arxiv.org/abs/1201.4392
http://inspirehep.net/search?p=find+EPRINT+arXiv:1201.4392
http://dx.doi.org/10.1088/1126-6708/2009/07/008
http://arxiv.org/abs/0904.2303
http://inspirehep.net/search?p=find+EPRINT+arXiv:0904.2303
http://dx.doi.org/10.4310/CNTP.2009.v3.n4.a5
http://arxiv.org/abs/0902.3274
http://inspirehep.net/search?p=find+EPRINT+arXiv:0902.3274
http://dx.doi.org/10.4310/CNTP.2010.v4.n1.a5
http://arxiv.org/abs/0909.4299
http://inspirehep.net/search?p=find+EPRINT+arXiv:0909.4299
http://dx.doi.org/10.1088/1742-6596/346/1/012016
http://arxiv.org/abs/1103.1014
http://inspirehep.net/search?p=find+EPRINT+arXiv:1103.1014
http://dx.doi.org/10.1007/s00220-010-1104-x
http://arxiv.org/abs/0906.1767
http://inspirehep.net/search?p=find+EPRINT+arXiv:0906.1767

	Introduction
	Hypermultiplet moduli space in CY compactifications
	Classical moduli space
	Quantum corrections
	The duality group
	Discrete isometries
	Corrected transformations and group law


	QK manifolds in the twistor approach
	Twistorial construction of QK manifolds
	Contact bracket
	Gauge transformations
	S-duality in twistor space

	D-instantons in twistor space
	D-instantons in type IIA picture
	D1-D(-1)-instantons and S-duality
	D5-instantons after gauge transformation

	Fivebrane instantons from S-duality
	Discussion
	Details on the isometry group
	The character epsilon(g) and the Dedekind sum
	Failure of the group law
	Improved duality group

	Transformation property of the contact bracket
	Verifying S-duality constraint
	Monodromy and Heisenberg invariance of fivebrane instantons
	Derivatives of transition functions

