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ABSTRACT: We consider the Seiberg-Witten solution of pure N’ = 2 gauge theory in four
dimensions, with gauge group SU(N). A simple exact series expansion for the dependence of
the 2(N —1) Seiberg-Witten periods ar(u), apr(u) on the N —1 Coulomb-branch moduli u,, is
obtained around the Zsn-symmetric point of the Coulomb branch, where all u,, vanish. This
generalizes earlier results for NV = 2 in terms of hypergeometric functions, and for N = 3 in
terms of Appell functions. Using these and other analytical results, combined with numerical
computations, we explore the global structure of the Kéhler potential K = % > ;Im(arapr),
which is single valued on the Coulomb branch. Evidence is presented that K is a convex
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1 Introduction

1.1 An expansion for the SU(IN) Seiberg-Witten periods

The Seiberg-Witten (SW) solution of A/ = 2 SU(2) gauge theory in four dimensions [1, 2]
and its generalizations have led to many new insights into the dynamics of gauge theories
and string theories at strong coupling. In the original work [1], the exact low-energy effective
Lagrangian on the Coulomb branch of the pure SU(2) gauge theory was determined by
computing the periods of a suitable SW one-form over the homology cycles of an auxiliary
genus-one Riemann surface — the SW curve.

In this paper, we revisit the generalization of the SW solution to pure SU(N) gauge
theory [3-5], beginning with a brief sketch of its salient features. These theories have a
Coulomb branch that is parameterized by N — 1 complex coordinates u,, n =0,..., N — 2,
in correspondence with the gauge-invariant products of the SU(N) vector multiplet scalars.
At generic points on the Coulomb branch, the low-energy theory on the Coulomb branch
is a U(1)V~! gauge theory described by N — 1 abelian AN/ = 2 vector multiplets A,
I=1,---,N—1, whose complex scalar bottom components we denote by a;. Note that
the ar(u) are locally (but not globally) holomorphic functions of the Coulomb branch moduli.

The leading long-distance interactions of these vector multiplets are completely deter-
mined if we also specify N — 1 locally holomorphic functions apy(u), which can be thought
of as vector multiplet scalars in a magnetic dual description. Then the Kéhler potential



describing the sigma model for the scalars is given by

N-1

K= ﬁ Igl (CL[ apr — Gy CLD[> , (1.1)

while the symmetric matrix of complexified U(1)V~! gauge couplings is given by 777 =
dapr/day. Tt follows from N = 2 supersymmetry that the positive-definite Kéhler met-
ric gr; = 02K /0a’0a’ is (up to a positive constant) the same as the imaginary part
of T TJ-

The SW solution can be expressed through the 2(N —1) special coordinates aj(u), aps(u)
(also called SW periods), which in turn are identified with the periods of a meromorphic
one-form A on a canonical basis of homology cycles (247, B;) of a genus N — 1 hyperelliptic
curve C(u) that depends on the moduli,

2mia; = A, 2miapr = A (1.2)

Ar B

The derivatives of the SW differential with respect to the moduli u, are holomorphic
one-forms, which is sufficient to ensure the positivity of the Kéhler metric. Different
choices of homology basis (2;,7) act on the special coordinates as electric-magnetic
duality transformations: a change of homology basis by M € Sp(2(N — 1),Z) preserves the
canonical intersection pairing, while the period vector v = (apy, ay) transforms under such
a duality transformation in the doublet representation.

The presentation of the SU(N) SW solution sketched above is deceptively simple:
obtaining explicit, tractable expressions for the periods that are valid in varied regions of
moduli space is in general a formidable challenge. For gauge group SU(2), the periods are
elliptic integrals and can be expressed in terms of Gauss hypergeometric functions [1]. The
latter have well-known analytic continuations in the entire u-plane. For general N, efficient
methods for obtaining the period integrals in certain limits have been developed in [6-12].
The SU(N) periods are known to satisfy Picard-Fuchs differential equations as functions
of the moduli u,, [5, 13] (see also [14, 15]). For SU(3) gauge group, the solutions to these
Picard-Fuchs equations were shown in [5] to be given by Appell Fy functions. However, the
complexity of the Picard-Fuchs equations increases rapidly with V.

A principal result of this paper is the derivation of a simple, exact series expansion for
the ar,apyr periods around the origin of moduli space, where all u,, vanish, generalizing
the earlier results for N = 2 and N = 3. This result is expressed as Theorem 2.1 below;
it is then refined in several Corollaries and exploited in various applications. For SU(2)
and SU(3) gauge groups, our series expansion reduces to the known hypergeometric and
Appell function representations, respectively. For higher N, it takes the form of a series
expansion in the moduli wu,, which is optimal in the sense that the coeflicient of each

. In— . . .
monomial uéo ---un 5 consists of a single factorized term.

1.2 Exploring the SU(IN) Kihler potential

In addition to the SW periods ay, ap; themselves, another object whose properties we wish
to illuminate is the Kéhler potential (1.1). Besides being an important ingredient in the low-
energy Lagrangian, our interest in the Kahler potential K derives from the observation [16]



that K plays a critical role in a certain supersymmetry-breaking scenario that connects four-
dimensional N' = 2 Yang-Mills theory with gauge group G to a non-supersymmetric G' gauge
theory with two Weyl fermions transforming in the adjoint representation of G — in short,
Ny = 2 adjoint QCD. The renormalization group flow from the supersymmetric to the non-
supersymmetric theory is triggered by the soft supersymmetry-breaking deformation Tyy ~
Tr(¢¢), which gives mass to the complex N = 2 vector multiplet scalars. Crucially, the
operator Ty is the bottom component of the protected N = 2 stress-tensor supermultiplet;
it can therefore be reliably tracked to the low-energy description on the Coulomb branch,
where it is identified with the Kéhler potential, i.e. Tyy — Tir ~ K. Several comments are

in order:

(i) Since Tyy is a well-defined operator and it flows to K in the IR, it follows that the
Kéhler potential given by (3.1) is a well-defined function on the Coulomb branch,
i.e. it does not suffer from the usual Kéhler ambiguities, and it is invariant under

Sp(2(N — 1),Z) electric-magnetic duality transformations.!

(ii) Even though Tyy ~ Tr(¢¢) is classically positive-definite, quantum effects can render
its expectation value negative. Indeed we show below that there is a region of the
Coulomb branch — which we term the strong-coupling region — where K < 0. Note

that this region is well defined, because K is well defined (see (i) above).?

(iii) The deformation by Tyy leads to a supersymmetry-breaking scalar potential pro-
portional to K on the Coulomb branch. In this way, the properties of K lead to a
prediction for the vacuum structure of non-supersymmetric Ny = 2 adjoint QCD,
which is reliable if the supersymmetry-breaking mass scale is small compared to the
strong coupling scale A of the N' = 2 theory. In upcoming work [19], we utilize this
perspective to explore the phases of Ny = 2 adjoint QCD with gauge group SU(XV).

With the preceding motivation in mind, we here apply our explicit and (relatively)
simple expressions for the SW periods, along with other analytic and numeric methods, to
study the global structure of the SW Kéhler potential K, focusing on its stationary points
and convexity properties. For the case of gauge group SU(2), K (u) is a convex function of
the single complex modulus u, with a single minimum at the origin © = 0 of moduli space.
This minimum is depicted in figure 1, and was also previously discussed in [16, 20] in the
context of supersymmetry-breaking.

For general N > 2, K is a function of N — 1 complex variables, and the extraction
of its properties is considerably more involved. We prove that for general N, the origin
of moduli space where all u,, = 0 is a stationary point (see section 4.3). Since the SW
curve is invariant under a Zoy symmetry when all the u,, = 0 — corresponding to the
action of the unbroken Zsn R-symmetry on the moduli space — we refer to this point as
the Zon-symmetric point (or simply the Zay point). We compute the value K(0) at the

!The former statement is similar to constraints on Kéhler potentials in theories with four supercharges [17,
18]. The latter statement is manifest from the definition (3.1).

2This region should not be confused with the strong-coupling chamber for massive BPS states, which will
also make an appearance below.



Figure 1. The Kéhler potential for gauge group SU(2) in the complex u-plane (with A = 1), made
using the hypergeometric function representation of the periods (see section 2.4). The black curve
indicates the K = 0 contour; it is the boundary of the strong-coupling region where K < 0. Note
that the monopole and dyon points (indicated by the blue dots) lie on this K = 0 boundary.

Zsn-symmetric point and show that it is negative, scaling with N as K(0) ~ —N? (and
given explicitly in (3.10)). Then, much as in SU(2), there is a region around the origin
for which K is negative, K < 0, which we refer to as the strong coupling region. The
boundary of this region for SU(2) is depicted by the black curve in figure 1, which contains
the singular monopole and dyon points. For general N, the N multi-monopole points —
the N > 2 generalization of the monopole and dyon points studied in [21] — also lie on the
K = 0 boundary of this region. In section 5.4 we numerically study this K = 0 surface for
the case of gauge group SU(3), slices of which are depicted in figures 4(a) and 4(b).

It is natural to conjecture that the origin is the unique global minimum of the Kahler
potential, and that K is everywhere convex, for all N. While this conjecture is as of yet
proven only for gauge group SU(2), it is supported by the following evidence that we present
throughout the paper:

o If K has another stationary point, it occurs at a negative value of K, i.e. within the
strong coupling region. The proof of this statement is given in section 4.1. Thus one
may restrict the search for another minimum to this region.

o For gauge group SU(3), we have thoroughly explored the Kéhler potential numerically.
This analysis is presented in section 5.4. Our numerical studies have shown K to
be convex on every slice upon which we have evaluated it, with no evidence for a
minimum away from the Zoy-symmetric point at the origin.

e We obtain some partial analytic results that are valid for all N and consistent with
the convexity conjecture. For instance, on the slice parameterized by a single modulus
uo (with all other u,, = 0) there is no stationary point for Im(ug) # 0 (see section 4.4).

It would be interesting to find a definitive proof (or disproof) of this conjecture, but we
leave this problem for the future.



1.3 Charting candidate curves of marginal stability

It has been known since [1] that there are walls of marginal stability on the Coulomb
branch. In the simplest cases, such walls are loci where a massive BPS particle becomes
marginally unstable to decay into two (or more) other BPS particles — or conversely, loci
where two (or more) BPS particles can form threshold bound states.® This occurs when the
complex central charges of the BPS particles in question, which are determined by the SW
periods, have aligned phases. The SU(2) case was completely understood in [1, 22]: a wall
of marginal stability separates the moduli space into a strong-coupling chamber around the
origin, and a weak-coupling chamber extending out to infinity. This wall precisely coincides
with the black K = 0 contour depicted in figure 1, i.e. the SU(2) strong-coupling chamber
for massive BPS states is the same as our strong-coupling region defined by K < 0.

Already the case of SU(3) gauge group is much richer, see for instance [23—-25] for
discussions specifically focusing on this case, with many additional references to the large
literature on BPS states and wall crossing in 4d A/ = 2 theories.

As another application of our formulas for the SW periods of SU(NN) gauge theory,
in section 6 we map out some candidate walls of marginal stability within the strong
coupling K < 0 region near the origin of the Coulomb branch. We emphasize that the scope
of our analysis is narrow: we do not claim to find all walls of marginal stability, nor do we
analyze the much more delicate question of which BPS states actually decay or form bound
states as we cross these walls. The results in this section should be viewed as motivation
for a more detailed study of this problem.

Outline. The remainder of this paper is organized as follows:

In section 2 we present a simple series expansion for the SU(N) SW periods around
the Zon-symmetric point at the origin of moduli space, as well as various simplifications
of this expression for different special values of the moduli, and for low values of V. The
proof of the main theorem is relegated to appendix A, and the proof that the expansion
reproduces the SU(3) Appell functions appears in appendix B.

In section 3 we build on these results to express the Kéhler potential in a simple
diagonal form. We evaluate K at the Zyy-symmetric point, showing that it behaves (up to
an O(1) positive coefficient) as —N? for N > 1, and additionally discuss the structure of
the Kéhler potential for restricted values of the moduli.

In section 4 we collect a number of general results regarding the structure of the Kéhler
potential, including a proof that the Zsn-symmetric point is a stationary point (as expected
from the Zyn-symmetry), and that K is negative at an arbitrary stationary point. We also
re-express the derivatives of K with respect to the moduli as two-real-dimensional integrals,
which is useful both for proving some of the results in this section, and for numerical
computations in later sections.

In section 5 we restrict to the case of gauge group SU(3). By mapping the SW curve
and differential to an elliptic problem, we compute the SW periods on the cusp slice of
moduli space, where the discriminant of the curve vanishes — and which includes both

3In general more complicated phenomena are possible when a wall is crossed.



the multi-monopole and the Argyres-Douglas [26] points of SU(3). We use these results
to evaluate K at special points of the moduli space. Next, we describe the results of a
numerical exploration of K, presenting evidence that the Kéhler potential is convex and
that the Zon-symmetric point at the origin is the only minimum. Appendix C includes
a brief review of elliptic functions and modular forms as needed for the analysis of this
section, and numerical methods for evaluating K are discussed in appendix D.

In section 6 we investigate candidate walls of marginal stability within the K < 0
strong-coupling region. We mostly focus on special slices of SU(3) moduli space, but also
present some results for general N. A summary of the BPS particles that are stable in the
strong-coupling chamber of the SU(NV) theory (with emphasis on the case N = 3) appears
in appendix E.
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2 Expanding the periods around the Z,n point

In this section we analyze the SW periods in the vicinity of the Zon-symmetric SW curve,
or equivalently the Zsy-symmetric origin, where all u,, = 0, of the Coulomb branch.

2.1 Seiberg-Witten review

We consider pure N’ = 2 supersymmetric Yang-Mills theory with gauge group SU(N) (for
any N > 2) and no hypermultiplets in four space-time dimensions. We begin by briefly
reviewing the Seiberg-Witten (SW) solution for this class of theories, which was found
in [1, 3-5]. This solution determines the vector multiplet scalars ar(u) and their magnetic
duals apr(u) as locally holomorphic functions of the gauge invariant Coulomb branch
moduli u, (n =0,1,..., N —2). This is accomplished by expressing them as periods of a
meromorphic SW one-form (or differential) A over a canonical basis of homology one-cycles
A and By,

2mia; = A, 2miapr = A, (2.1)
Q[[ %I

on a family of curves C(u) (known as SW curves) that depend holomorphically on the
moduli u,. Recall that, given a compact, oriented surface a canonical homology basis of



oriented one-cycles (7, B7) is defined by the following intersection pairings,

#(A1,B7) =917, #(Ar,2A5) =0, #(B1,85) =0, (2.2)

where #(X,Y) = —#(Y, X) denotes the antisymmetric intersection pairing of the oriented
one-cycles X and Y.

It is standard to introduce a locally defined and holomorphic prepotential F(a), which
captures the relationship between the electric and magnetic periods a;(u) and apy(u), as
well as the symmetric matrix 777(u) of effective holomorphic U(1)¥~! gauge couplings on
the Coulomb branch,

OF dapr 0*F
:7’ = = = 5 I,J:]_,,N_]_ 23
ant 8a1 T an 8@[8&] T ( ) ( )
The SW curve C(u) is parametrized by the N — 1 complex moduli ug, - -+ ,uy—_s. For

each value of the u,, the curve is hyper-elliptic and can be chosen to take the following
form,

N—-2
Y = A(x)? — A2V, A(z) = 2N — Z Upz™ (2.4)
n=0

where A is the strong-coupling scale of the non-Abelian gauge theory.* For the remainder
of this paper we set A = 1, so that all quantities are dimensionless. In terms of the data
n (2.4), the SW differential A is given by

zA'(z)dx
—

A= (2.5)

By construction, the derivatives of the SW differential A with respect to the moduli u,
produce holomorphic Abelian differentials, modulo exact differentials,

O\ 0 ( vt > x"dx

9N o —dn = 2.
oun T Yo \ VA =1 . (26)

Here the w,, (with n =0,..., N — 2) are holomorphic Abelian differentials of the first kind,
which furnish a basis for the Dolbeault cohomology H1%(C(u),C). It follows that the
matrix 777(u) is the period matrix of the curve C(u) for a given set of w,. By the Riemann
bilinear relations, 777(u) is symmetric and has positive definite imaginary part, as required
for a matrix of complexified U(1)V~! gauge couplings in a unitary theory.

2.2 The Zan-symmetric curve
The Seiberg-Witten curve C(0) at the origin of the Coulomb branch, obtained by setting
all u, = 01in (2.4), is given by

y? =22V —1. (2.7)

Note that C(0) is manifestly invariant under the following Zsy transformation,

27

(z,y) = (ex,ty), £€=e2N, (2.8)

4For completeness, we note that our conventions for the curve differ from those in [8, 12] by an N-dependent

redefinition of the strong-coupling scale 4AZN = AZN .



with € a 2N-th root of unity. This symmetry descends from a physical Zy discrete R-
symmetry of the N' = 2 gauge theory, whose quotient by fermion parity (—1)f acts on the
bosonic moduli space coordinates u,, via the following Zoy action,

27i(N—n)
Up — € 2N Uy (2.9)

Thus the origin, where all u,, = 0, is the unique point on the Coulomb branch where
this Zon symmetry is unbroken. For this reason we refer to C(0) as the Zgy-symmetric
curve.

The branch points of C(0) are the 2N roots of unity ", with n = 0,--- ,2N — 1,
and the branch cuts in the hyper-elliptic representation may be chosen to lie along the
intervals [¢2/72 271 with I = 1,---, N. We define the cycles 2; and B; (with I =
1,---,N) as follows,

A

I
2= |9, Ay = (212,21, B = (21,2, (2.10)
J=1

Here the intervals indicating the cycles are somewhat schematic. In truth, the cycles are
closed curves surrounding the branch points, as indicated in detail in figure 2 for the
case N = 3. Crucially, we choose the orientations of the cycles as indicated in the figure:
clockwise for 9 7, 27 and counter-clockwise for 28;. This ensures that 2; and B; comprise
a canonical homology basis in the sense of (2.2).

Warning. The cycles 2y and B; defined above (which are very convenient near the origin)
do not coincide with other common duality frames used in SW theory, e.g. the standard
electric frame that is simply related to the UV theory by Higgsing (and that, in a suitable
sense, becomes weakly coupled at infinity in the moduli space), or the standard magnetic
frame that becomes weakly-coupled at the multi-monopole point where the maximal number
of mutually local monopoles become massless. Rather, our 2; and B cycles are related to
these bases by an electric-magnetic duality transformation. We will see this explicitly below.

Note that the N pairs of - and 2B-cycles defined above are not independent: the union
of all ”A-cycles is homologically trivial, and so is the union of all ®B-cycles. Via (2.1), this
translates into

N N
ZGIZZ(IDIZO, (2.11)
I=1 I=1

as required in SU(N) gauge theory.

2.3 Expanding around the Zsn-symmetric curve

Given the conventions spelled out above, the periods ar(u), apr(u) (with I =1,--- ,N —1)
can be expressed as follows,

I .
ar=>Y {QE* N -QE"},  apr=QE")-QE"TY),  e=en. (212)
J=1



As

Figure 2. Branch points z = " for the Zyy-symmetric curve y?> = x?N — 1 for the special
case N = 3, for which ¢ = €27/6. The branch cuts are denoted by black double lines, while the A J
and B cycles defined above are shown in blue and red, respectively. The integration paths used to
define the function Q(§) (see (2.13) below) are shown in green.

Here Q(€) is a function on the 2N-th roots of unity ¢ (i.e. €2V = 1), which is defined as the
integral of the SW differential A in (2.5) along a path from z = 0 to z = & (i.e. one of the
green paths in figure 2),

T Q(E) = /;A. (2.13)

As usual, the factors of 2 in (2.12) account for the fact that the integral over a full cycle is
twice the integral over the corresponding interval on a single sheet of the curve.

The function Q(€) is a hyper-elliptic integral whose series expansion in powers of the
moduli u, is given by the following theorem:

Theorem 2.1 The function Q(&) has the following series expansion around u, =0,

00 ugo o Uf\l,v’; N-2 N-2
Q) = Z Vim(§) 6'76_" L= Z I, M = Z b, (2.14)
{tn}=0 0* N=2 j=0 3=0
n=0,...,N—2
where the coefficients Vi, a1 (€) are given by,
Vi) = pM=(LA+1)/N ENMALANFID (Ll P NMoL=1)2 2 (r NM=L=1) (2.15)



The proof of this theorem is essentially calculational; we defer the details to appendix A.
Note that the resulting series expansion is optimal, i.e. the coefficient of each monomial
ug‘) e uf\],v_’f consists of a single factorized term. The following corollaries are direct conse-

quences of Theorem 2.1.

Corollary 2.2 The summation over £y may be carried out to express Q(&) in terms of an
infinite series of Gauss hypergeometric functions F(a,b;c;z) = oF1(a,b;c; 2),

3 Mo UADIN N Mot LN+ py L N o U Uy
0(€) = L M D(LEL) Yy (€Y, L) -2 N=2 (916
© el,...,ézw:_z_o 2m2N ¢ %) Y (€7, L) 1! Aya! (2.16)

where L = Z;V:_Oz gl; and My = Zé\f:—f (, while the coefficients Yar, (§N, L) are given by

Yar, (gN’L) — 2u gN cos? (WNMU—L—1)F(NMOJEZA\;—L—lyF (NM0+N—L—1 NMo+N—L—1. 3 ug)

2N 2N ) 2N 2
. 2/ NMy—L—1\1v/ NMg—L—1\2 7~ ( NMg—L—1 NMo—L—1. 1. 2
sin? (m MMy TLod ) p(NMCLol)2 pp (NMySlol NMZESL, 13 (2.17)

Corollary 2.3 In the special case where u, =0 for all n # 0, the function Q(§) is given
by a linear combination of Gauss hypergeometric functions Q(€) = £Q1 + ENT QN4 1, with

— F N—l,N—1;§; 2 ,
Ql 2F(%) F(%‘i‘ﬁ) (QN 2N 72 UO)
F(%—l_QLN) 1 1.1.,2

2 2

The proof of these corollaries, using the results of Theorem 2.1 as well as the standard series
representation of F'(a,b;c;z), is essentially straightforward and left to the reader. Note
that while the hypergeometric functions appearing in these corollaries may be analytically
continued to all values of ug, it is in general not clear how this affects the convergence of
the resulting series expansions.
2.4 Comparison to known SU(2) results
When N = 2, the only modulus is ug. Then (2.12) (with € = 4) together with Corollary 2.3
implies that
a=Q()—-Q(1)=(—-1)Q1— (i+1)Qs,
ap = Q(-1) = Q@) = —(1+)Q1 — (1 - i)Qs, (2.19)

where the functions )1 and Q3 are defined in Corollary 2.3 by,

F(—1, % 3ud). (2.20)

~10 -



Note that these functions have two symmetric branch cuts running from ug = £1 to ug = +o0
along the real axis.

Let us compare this to the SU(2) periods determined by Seiberg and Witten (SW)
in [1, 2]; we will follow the conventions of their [2]. Taking into account an overall factor
of \/2 that results from differently normalized strong coupling scales (Ays = v/2Agw, as in
footnote 4), we obtain,

t(ug — 1 _
ap,sw(uo) = (3@) F(i, 12,1500, (2.21)

Here we are using a representation in terms of hypergeometric functions that was spelled
out in [27] (see also section 4.1 of [16]). The conventions are such that agw(uo) has a branch
cut running from the monopole point uy = 1 to —oo along the real axis, while ap sw(uo)
has a branch cut running from the dyon point ug = —1 to —oo along the real axis. Note
that ap sw = 0 at the monopole point uy = 1. By contrast, we find that a = ap # 0
at ug = 1.

We claim that our periods a,ap and the SW periods asw,apsw are related by an
electric-magnetic duality transformation. This transformation can be determined by ana-
lytically continuing agw(ug) to the origin ug = 0 by going above the monopole point and
through the upper half plane.® We can then verify that®

-1 0

) _1> € SL(2,7Z). (2.22)

asw = —a, apsw =a —ap, <

2.5 Comparison to known SU(3) results

Explicit formulas for the periods in the case N = 3 were obtained in [5] using Picard-Fuchs
equations. The authors expressed their results in terms of Appell Fy functions, which can
be defined by the following series expansion,

[e.o]

F4(a7 b7 Clch;xay) = Z

m,n=0

Dl + 1 + )P+ n+ BTN e)
T(a)T(b)T(m + c1)T'(n + c2) m! n! )

(2.23)

We recover their results in the following corollary:

Corollary 2.4 The periods for gauge group SU(3) are given by the relations (2.12) in
terms of the function Q(§), which for SU(3) simplify as follows,

a1 = Q") — Q). ap1 = Q%) — Qe
a2 = Q") ~ Q") + Q) — Q). aps = Q") - Q(€%). (2:24)

5Due to the monodromy around the monopole point, other continuation paths will lead to different

duality transformations.

5This is straightforward for the second relation ap sw = a—ap by explicitly expanding all hypergeometric
functions around up = 0, where all of these expansions converge. In order to verify that asw = —a we can
use Mathematica, whose conventions for analytically continued hypergeometric functions agree with ours.
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The function Q(§) can be expanded in inequivalent representations of Zg,

Q) = £"Quo + Q10 + Q20+ Qo1 + Q11 + Qa1 - (2.25)

The formula for Q(&) given in Theorem 2.1 may be recast in terms of Appell functions Qs
expressed as follows in terms of the variables x = 4u3/27 and y = v? with u = u; and

v = ug,
Qoo = 2 342:2(%)3 Fy(—%,—%. 2, 3:2,9),
Qo1 = I 32712(%) vEy (3,12, 3:2,y),
Qo= ﬁ;;@umg,g,g,;;x,y),
Q11 = 23[1;_(2:2-})3U’1)F4(§7§,§,3;$,y). (2.26)

Additionally, we have Q2.1 = 0, while Q2 cancels out of all periods. These expressions,
including their normalizations, agree with [5].

The proof of this corollary is given in appendix B. We note that the double infinite
series for the Appell function is absolutely convergent for /x| + /[y[ < 1 which gives the
following region of absolute convergence in terms of u and v,

3
J%? lu|2 + v] < 1. (2.27)
Beyond this region, partial analytic continuation formulas are known for the Appell func-
tions,”
I'(c)l(b - a)
Fy(a,b,c1,coi2,y) = m( ) “Fi(a,a+1—ci,a+1—b,cp; 1, ¥)
I'(e)l(a — b) b
_—— Fy(b,b+1—c1,04+1— =4
JrF(a) (01—b)( o Fib bl enb gz D),
(2.28)
which gives the following region in terms of u and v,
L o] < Zeful?, (2.29)

allowing us to explore the region of large |u| and small |v|. Recent progress on the analytic
continuation of Fy may be found in [28].

"These are obtained by expressing Fj as an infinite sum of hypergeometric functions, such as

oo

Fy(a,b,c1,co;2,y) = Z

n=0

I'(n+a)l'(n+b)I(c2
T@TG)T(n + c2) !

)ynF(n—Fa,n—i—b;cl;x),

and applying inversion formulas for the hypergeometric functions.
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2.6 Expanding periods of holomorphic Abelian differentials

To evaluate the series expansion of the holomorphic Abelian differentials w,, for the family
of SW curves C(u), we use their relation with the SW differential given in (2.6). The second
term on the right side in (2.6) is an exact differential of a single-valued holomorphic function
for 0 <n < N — 2, and thus integrates to zero on all closed homology cycles. We can thus
write the periods of the holomorphic Abelian differentials as follows,

277 & l dﬂg
T Opar = Wn, ,
2[[ \/ g1[
z™ dac
2mi Opapr = Wn (2.30)

Br \/ By

which shows that they are simply derivatives of the SW periods aj,ap; with respect to
u,.% Using (2.12), these in turn may be expressed in terms of u,-derivatives of the function

Q(&),
I
Onar =Y {0,Q(e"71) — 0,Q(e*' )},
J=1

Onapr = 0,Q(*) — 9,Q(*7Y). (2.31)
The derivatives 0,Q() are given by Theorem 2.1 as follows,

oo 0wl .. In—2

2,00 = N2y (), (2.32)

Uy bo! -+ In_s! ’

where L, M and V7, p/(§) are the same as in Theorem 2.1. In the above sum, it is understood
that whenever u,, = 0 one also has ¢,, = 0 in the first factor in the summand.

3 Expanding the Kihler potential around the Zsxn point

In this section we express the Kéhler potential for pure N = 2 Seiberg-Witten theory with
gauge group SU(N), defined in terms of the periods a;y and apy by (1.1), which we repeat
here for convenience,

; N-1

= (al apr —ar aDI) , (3.1)
=1

in terms of the functions Q(¢), defined in (2.13) as (hyper-) elliptic integrals. The series

expansion of the Kéhler potential is then readily obtained from the series expansion of the
functions Q(§), derived in Theorem 2.1. We thus have the following theorem:

Theorem 3.1 In terms of the Fourier coefficients Q); in the decomposition of the function
Q(&) into inequivalent representations of Zon,

2N—-1

= > Q¥ (3-2)
j=0

8Here we use the shorthand 8f/du, = 9, f. Note that the matrix of complexified gauge couplings 77 is
identified with the period matrix of the curve as 775 = anapf(anaj)fl.
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the Kahler potential takes the following diagonal form,

2N—-1
_N Z |Q]|2tan(2N) (3.3)

J#N

The function Qo does not enter the expression for the Kdhler potential, and Qn = 0.

To prove Theorem 3.1, we use the expression (2.13) for the periods in terms of the
function Q(¢), as well as Theorem 2.1 giving a decomposition of Q(§) in powers of .

To show that Qn = 0 we observe that the coefficient of £V in V7, /(€) of Theorem 2.1
can arise only when NM — L —1 =0 (mod 2N). When this relation holds, the sine function
that appears in Vg, (€) vanishes. Moreover, the I'-function of the same argument is non-
singular since we have NM — L > 2 whenever at least one ¢,, #0 and NM — L —1= -1
when all £, = 0. As a result, Qn = 0.

To evaluate the Kahler potential in terms of the functions @);, we substitute the
expansion (3.2) into the expressions for the periods in (2.12) and carry out the sum over J,

IN—-1 _ Q20 2N—1
2[]
le U 1+ @ P17 Z Q;(1 (3.4)

The Kahler potential is then given by

= Q;Q 9 = 1{ —k 27k 21(j—k)
—4miK = Z (eF — e7R)(e72Ik — 2 U—R)
Py 1+ed)( —l— ek) —
4 (e7 — eI (2T — 521(]'*’“))} . (3.5)

The summation over I gives the following,

N-1 N-1
Yo =—14 > & = Noj=o — 1. (3.6)

Here we use dg=0 = Op=0 (mod ) t0 represent the Kronecker symbol mod N. In carrying
out the summations over I the contribution of the additive term —1 cancels out. The
contributions j = N and k = 0 cancel in view of Qn = 0, a fact that was established above.
This leaves only the contributions ¢;_z=o,
N 2Nl = ' '
K=-— ;0 ) [gk —eF el — I8 =0 (3.7)

~ =
dmi 4= (14+e)(1+¢

Next, we solve d;_r=9 which gives k = j + aNV for some integer .. The solutions for the
ranges of k and j involved in the sums are as follows,

k= 1<j<N-1and N+1<j<2N-—1
k=j+N 1<j<N-1
k=j—N N+1<j<2N-1 (3.8)
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The fact that @Qn = 0 implies that the contributions j = N and k = N are absent. For the
solutions k = j + N, we have ¢/ 4+ ¢¥ = 0, so that their contributions to K vanish. This
leaves only the contribution from k = j,

N 2N—1 |Q]|2 ) )

- _1YIL () 2T

27["L ; |1 +5]’2(€ g ) (39)
J#N

2mi /2N

Expressing ¢ = e in terms of real variables we readily obtain (3.3), thereby completing

the proof of Theorem 3.1.

3.1 The value of K at the Zan-symmetric point

At the symmetric point, we have u, = 0 for all n = 0,--- | N — 1. Using the results of
Corollary 2.2 for uy = 0, we find that Q(¢) = ¢V *'Qn,1 where Qn 1 is given by the
corollary. Using the expression (3.3) for the Kéhler potential, with the only non-vanishing
contribution from j = N + 1, we readily obtain

N T(3 + 55)?
K (un = 0) = _(i+2N cot (W) . (3.10)

This formula has two noteworthy features:

o K(u, =0) is negative.

e K(u, = 0) scales as —N? /472 for N > 1.

3.2 Structure of the Kihler potential on restricted moduli

An immediate consequence of Theorem 3.1 is that the number Ng of independent func-
tions ; that can contribute to the Kéhler potential is bounded from above, Ng < 2N — 2,
with equality being attained for generic moduli. Setting some of the moduli to zero may
decrease the number Ng to values smaller than 2N — 2. In this subsection, we shall give a
formula for Ng as a function of the choice of non-vanishing moduli.

At the Zon-symmetric point, all moduli u,, vanish so that only Qx4 is non-zero and
we have Ng = 1 for any value of V. On the slice u,, =0 foralln =1,--- ,N —2 and ug # 0
we have Ng = 2 as shown in Theorem 2.1. More generally, the number of independent @,
functions contributing to the Kéhler potential equals the number of distinct values, other

than €® and eV, taken by the roots of unity function e VM+N+1+L

in the expression for Q(&)
given in Theorem 2.1.

Let uj,,... ,uj;, be the set of distinct moduli that differ from zero, while all other
moduli vanish, and define the set S = {j1,j2,--- ,jp} € {0,1,2,--- , N —2}. In terms of

these data, the roots of unity function takes the following values,

No = #({€N+1 I €(N+j)ﬁj}

jes

\ {60,€N}> . (3.11)

0<¢,<2N—1
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Here the ¢; are allowed to take all possible values in the range 0 < ¢; < 2N —1. A significant
simplification occurs when N + j is even for every j € S. In this case €* and ¢V never
belong to the range of the root of unity function and we simply have,

Ny — N+1 (N+35)¢; ' ‘
@ #{6 H c ’ }oge,gQN—l (3.12)
JES J
As an example, consider the case N = 4k, with only the modulus ug; turned on,
Ng = #4eNVT1(—4)br = |Zy4] = 4. 1
@=#{NTY =1 (3.13)

Note that the counting procedure outlined above is correlated with the breaking pattern of
the Zon symmetry on the moduli space.

4 Some exact properties of the Kihler potential

In this section we present a number of general results about the Kéhler potential, which
offer evidence for its overall structure advocated in this paper. The derivations of these
results are direct and exact, i.e. they do not rely on the series expansion of the periods
around the Zox symmetric point presented in Theorem 2.1.

4.1 K is negative at an arbitrary stationary point

At an arbitrary stationary point of K, the value of K is negative. This may be established
by using the partial derivative of K with respect to an arbitrary modulus u,, and using the
fact that a;y and ap; are holomorphic in u,,,

0K ) 0
_ A CLI((L[)[—ZT[JCLJ)ZO. (41)
J

Dun ~ im 2= Du

Since the matrix day/0u, is invertible, the vanishing condition required at an arbitrary
stationary point of K simplifies and we have,

apr— Y Trya; =0, (42)
J
for I =1,..., N — 1. Using this relation to eliminate ap; and ap; from K, we obtain,
1 _ 1 _ _
K|‘t t :——ZaIaJIm(TU):——ZQDIQDJ(ImT)UI < 0. (4.3)
stationary 2T —~ o2 ~

This inequality is strict as long as the vectors ay and ap; are not both identically zero.

4.2 K as a two-dimensional integral

In this subsection, we shall prove that derivatives of the Kédhler potential K can be written
as real, two-dimensional integrals over the SW curve C(u), via the following formulas,

0K i / X 1. e xA'(z)z"
C(u

g _ v A BAN)T 4.4
Dt 1678 Jow) " Oun 873 Roeo Jwer© A2 — 1] (44)
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where d’z = %dm A dx. The SW differential A is meromorphic in all its ingredients and
has only double poles at Py = +00. The formula is established using calculations similar
to those used to prove the Riemann bilinear relations on the integrals involving Abelian
differentials. Indeed, the starting point is the relation,

oK
oK b ad @), 45
a'l,_Ln 16773 Z (%1 %1 f\%[ Ay “ ) ( )

where the holomorphic differentials w,, were given in (2.6) by

A nd
;un = wy, + (exact differential) , Wp = Agéx)gm_l :

(4.6)
To recast (4.5) in terms of a two-dimensional integral, we introduce a simply-connected
domain M, in C, where M, is obtained from the SW curve C(u) by cutting the latter open
along the 2A; and B cycles of a canonical homology basis and removing coordinate discs,
of coordinate radius € > 0, centered at Py with boundaries 4. In the simply-connected
domain M., we may write the closed form w,, as the exact differential w,, = df,, of a function
fn that is single-valued in M.. With this set-up, we evaluate the following integral,

)\/\Qn:/ME)\/\dfn:—/Mgd(fn)\):—ngEfn/\. (4.7)

M

Decomposing the integral over M. into integrals over cycles, we obtain (see e.g. [29])

S ) e f

The integrals over 21y and B cycles may be read off from the properties of the SW
differential and the period matrix, while the integrals over v+ vanish, as may be seen by
expanding fn(z) in a series near the points Py. Taking the limit € — 0 gives a prescription
for regularizing the double pole in the surface integral, and we obtain,

/ )\/\wn—QMZ(—aD[—i-ZTUaJ)

From the definition of K we obtain,

oK i aaj
T%—E . (CLD[+ZT[JCLJ> 87 (4.10)

oar

’fl

(4.9)

Re-expressing this relation in terms of the variables u,, we obtain the first equality in (4.4);
substituting the values for the SW differential and making the regularization explicit
establishes the second equality in (4.4).

As an aside, the convexity of K for gauge group SU(2) can be proven by differentiat-
ing (4.4), and showing that the determinant of the Hessian is strictly positive. For general
N > 2 such arguments can be used to demonstrate positivity of the derivatives of K on
certain sub-slices of moduli space, but we have not succeeded in generalizing them to prove
the conjecture that the origin is the only minimum of K.
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4.3 The Zan-symmetric point is a stationary point of K

Here we verify that the symmetric point, defined by u, =0 for alln =0,1,...,N —2 is a
stationary point of K, as expected from the fact that K is invariant under Zsy rotations.
To establish this directly, we use formula (4.4) above for the gradient of K as a surface

0K 1 o xA'(x)T™
— = —_— - 4.11
ou,  8m3 /cd :U\A(x)Q — 1 (411)

integral,

At the symmetric point, we have A(z) = 2", so that,

0K N N zn
— =— [ d*z . 4.12
dun |,y 8 /@ v |22N — 1] (4.12)
Under a rotation on z by angle 27 /2N,
r=cy, g = e2mi/2N (4.13)

the denominator and the measure d?x are invariant, but the remaining part of the numerator

is not invariant, and we have,

N n
2 N " N-n 2
[ T L Tt (4.14)

Since eV £ 1 for all n = 0,--- , N — 2, the integral must vanish for all n, which shows
that the symmetric point is a stationary point. Note that the periods a; are manifestly not
zero at that point, so that the value of K at the symmetric point must be negative (as was
already shown in (3.10)).

4.4 OK/0up # 0 whenever Im (ug) # 0

We shall now prove a stronger statement that implies the result of section 4.3 above:
Im (0K /0up) > 0 for Im (ug) > 0, where we stress that both inequalities are strict. This
result will imply that 0K /0ug # 0 whenever Im (ug) # 0. Our starting point is (4.4) for
A(z) = 2V — ug and we change integration variable from x to z = 2"V to obtain

oK 1 d*z z
Otg  8mN Jc |Z’2—% |z —wo+ 1| ]z —up — 1]

(4.15)

We decompose z and ug into real coordinates z = x+iy and ug = v1+ive with x, y, vy, v2 € R,
and take the imaginary part of the above equation,

oK
m 2K _ i/ d d _plz.y,u0) (4.16)
dug  8mN J_ oo |22 + y2‘1——
where the function ¢ is given by,
_ Y
QD(:L',y,’lL(]) - . (417)

M=
N|=

(@ —v+1)2+ (y = v2)?)2 (v —v1 = 1)2 + (y — v2)?)
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Decomposing the integration over y into positive and negative parts, and reducing both
integrations to y > 0, we obtain,

0K 1 00 00 -
Im — = / dr / dy (10(1',:1/,100) +30(x71 yaUO) ) (418)
Oug 8m3N J_o 0 22 + 2|l ™

Note that (z — vy £1)%2 4+ (y +v2)%2 > (x —v1 £ 1)2 + (y — v2)? as long as vg > 0. Thus, for
Im (up) = v2 > 0 we have
90(% Y, UO) - QO(.T, Y, UO) >0, (419)

uniformly throughout the domain of integration, and thus Im (0K /dugy) > 0, strictly.

4.5 OK/Oup # 0 for real ugp # 0

A subtle analysis, which is much more involved than the one given above for Im (ug) # 0
and that we shall not reproduce here, allows one to show that 0K /dug is non-zero also
when wug is purely real and non-zero. The result is obtained by a detailed bound on various
combinations that appear in the integrand.

5 Exploring the Kihler potential for SU(3)

The goal of this section is to explore the behavior of the Kéhler potential for the case of
gauge group SU(3) using a variety of complementary analytic and numerical techniques.

5.1 Expansion around the Zg-symmetric point

The exact series expansion around the Zg-symmetric curve given by Theorem 2.1, or via
Appell functions in Corollary 2.4, is absolutely convergent in a finite neighborhood of
moduli space surrounding the origin v = v = 0. The boundaries of this region are set by
the singularities that arise when branch points collide. For SU(3) gauge group the Kéhler
potential takes the following form (see Theorem 3.1),

V3
K(u,v) = 5~ “Qo,ﬂ2 +3|Q1.0* = 3|Qool* — ’Ql,lﬂ : (5.1)
The special slice u = 0 reduces to Gauss hypergeometric functions,

2532 T(2)?
4Am?
2 v

 2333T(2)3

K(0,v) = \2/5 [!Qo,l\Q - 3|Q0,0!2} 7 Qoo =

as does the special slice v = 0,

V3

B 2332 T(2)?
o7

47?2
2mu

23 32T(2)3

W~

K (u,0) Fl—5 6% %),

F(i 5:3:%).  (53)

[3’Q1,0|2 - 3|Q0,0|2} ; Qoo =

The full control over the analytic continuation of the hypergeometric function allows for a
complete picture of K in either the u = 0 or v = 0 slices through moduli space.
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5.2 The cusp slice

In this subsection, we explore the behavior of the SW periods and of the Kéhler potential
on the cusp slice for gauge group SU(3), namely the section of moduli space along which
the discriminant of the SW curve vanishes.

5.2.1 Definition

The SW curve may be parametrized by u = u; and v = ug, following the notation of [5],

323 — ux)dw
y? = (2 —ux —v—1)(23 —uzr —v+1), )\:g. (5.4)
)
Both factors on the right side of y? cannot vanish simultaneously, so that the discriminant
of the SW curve factors into the product Ay A_ of the discriminants of each factor (up to
an overall constant), with

Ag =4u® —27(v F1)2. (5.5)

The cusp divisor is the union of the vanishing sets of Ay and A_. The two sets are related
by (u,v) = (—u,—v), and the SW curve and differential are invariant provided we also let
(z,y) = (—x, —y). Thus, we concentrate on A, for which v is given as a function of u by,

1
4u3 2
=1 —_ . .
v +<27> (5.6)

Note that the N = 3 Argyres-Douglas points [26], as well as the multi-monopole points
(i.e. the N = 3 generalization of the SU(2) monopole and dyon points, studied for instance
in [8, 12, 21]), lie on the cusp slice, as they satisfy

(u3,v*)ap = (0,1), (13, ) mon = (27/4,0). (5.7)

Inspection of the boundary of absolute convergence of the Appell functions in (2.27)
and (2.29) reveals that the above cusp relation sweeps out a divisor that intersects with the
boundary of convergence. For this reason the Appell function solution, even if analytically
continued with the help of (2.28), is expected to be of limited use for evaluating the periods
and the Kéahler potential on the cusp slice.

5.2.2 Mapping to an elliptic problem

Instead, we shall use the special properties of the cusp slice to solve it with the help of
elliptic functions and modular forms. We begin by substituting the cusp relation (5.6) into
the expression for the SW curve,

y2: <x3_ug;—2— (4215>5> <x3—u:c— (42“73>;> . (5.8)

It will be convenient to scale out the modulus u by using the new variables &, k,

= (3)'e, EAL 59)

N[
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in terms of which the SW curve and differential become,

U 3
)2 = () (€+ 126~ 2)(6 — 36 — 2~ 4n)

3
V3 —1)d
A= “g(f Jde . (5.10)
V(€ —2)(6% -3¢ —2—4k)
Note that the factor (¢ + 1)? in the equation for the SW curve cancels out from the SW
differential. This cancellation is the crucial ingredient in reducing the SW differential to

an elliptic differential whose denominator is the square root of a quartic polynomial. By
contrast the denominator of the original SW differential involved the square root of a
polynomial of degree 6. The explicit knowledge of one of the roots of the quartic polynomial,
namely £ = 2, allows us to send that point to infinity using a Mobius transformation from
the variable ¢ to a new variable x. The resulting polynomial is now cubic. Choosing the
remaining freedom in the Mobius transformation to cancel the term quadratic in x in the
cubic polynomial determines the appropriate change of variables uniquely,

4K
5:2—X_3. (5.11)

In terms of x the SW differential becomes,

4vV3u (x — 3 — 2k)(x — 3 — 4k)dx
(x — 3)2\/4x3 — 12(9 + 8k)x + 8(8K2 + 36K + 27)

The square root in the denominator is now over a polynomial of degree three in xy whose

=

(5.12)

quadratic term vanishes.

5.2.3 Uniformization

The SW differential obtained in (5.12) may be uniformized in terms of the Weierstrass
elliptic function p(z) with periods 1 and 7, using the differential equation it satisfies,

0'(2)* = 4p(2)° — 920(2) — g3, (5.13)

where go and g3 are the standard modular forms of weight 4 and 6 respectively, with respect
to the periods 1 and 7.7 However, in mapping the SW differential to the elliptic problem, we
need to leave the periods 2w and 2w’ with w’/w = 7 to be determined by the SW problem.
Restoring arbitrary periods may be carried out by using the degrees of homogeneity in the
periods, which are 2, 4 and 6 for p(z), g2 and g4 respectively. Thus, we uniformize the
Seiberg-Witten curve and differential by making the following change of variables,

p(z) =x (2w)2 ) g2 = 12(8x +9) (2w)4 ,
g3 = —8(8k? + 36k + 27) (2w)° . (5.14)

The complex coordinate z takes values in the fundamental parallelogram with vertices
{0,1,7,7 + 1}. The uniformized SW differential is then given by,

A =8wV3u f(z)dz, (5.15)

9A summary of elliptic functions and modular forms needed here is provided in appendix C.
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where the elliptic function f(z) is given by,

24 w2k 128 wx?
=1- . 5.16
M& =1 oy =122 * (o) - 1222 (5.16)
The reduced discriminant A = g3 — 27¢3 and the j-function evaluate as follows,
_ 512 12,3 N (8x +9)°

Given & in terms of u as in (5.9), the modulus 7 may be obtained by the standard expression
in terms of hypergeometric functions F' = o F [30, 31],

i P33
_%F(l 2114+ k)

373

T

(5.18)

A final rearrangement of A is made to obtain an expression that may be easily integrated to
obtain the periods. To do so, we define a point zy such that 12w? = p(z0). By matching
zeros and poles we obtain the following alternative expression for f(z),

f(z) = % + &p?z’())(p(z —20) +p(z+ zo)> ) (5.19)

This formula may be checked directly by using the addition formula for Weierstrass functions.

5.2.4 Periods on the cusp slice

In summary we obtain the following formula for the SW differential on the cusp slice,

)\_\/3u
4

" dz(8w2 + p(z — 20) + p(z + zo)) . (5.20)

The SW curve for the cusp slice is a genus-one curve with two punctures at z = £zq, resulting
from a non-separating degenerating of the genus-two SW curve for SU(3). Correspondingly,
the SW differential has double poles at z = +2p. The homology generators of the underlying
compact genus-one Riemann surface may be chosen as follows,

A:z—>2z+1, B:z—=z24+T. (5.21)

Of the remaining two homology cycles of the genus-two curve, one cycle tends to infinity
under the non-separating degeneration and corresponds to the curves from —zy to +zp,
while the other cycle tends to zero.

The periods of the SW differential A on the cycles 2 and B are readily evaluated using
the Weierstrass (-function, which satisfies p(z) = —(’(z), and the monodromy relations
given in (C.6) of appendix C,

2mia = V/3u (2w — 21) 2wn =((3),
2miap = V3u (20" — 217') 2w’ =((3). (5.22)
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The modular transformation properties of the periods are manifest in view of (C.11).1° The
Kéhler potential,

3|uli
473

K(uv) = "= (@-n)@ =) = @ - 7)), (5.23)
is manifestly modular invariant. For later use, it will be convenient to recast K in the
following way,

3|uli

K(u,v) = {5 sp0r

{(4002 —2(})) (4% - 2(3)) - c.c} . (5.24)

Manifestly, only the single-valued combination w? appears (recall that w is double valued).

5.3 Values of K at special points

As noted around (5.7), the Argyres-Douglas points and multi-monopole points lie on the
cusp slice, and thus we may use (5.24) to evaluate the Kéhler potential at these points.

5.3.1 Argyres-Douglas points

The Argyres-Douglas points are located at (u,v) = (0, £1), which lie on the cusp slice since
they satisfy AL A_ =0 in (5.5). Thus, we may obtain the behavior of the Kéhler potential
at the Argyres-Douglas points by taking the limit « — 0 on the cusp slice.

As u — 0, we have Kk — oo in view of (5.9), and thus j(7) — 0 in view of (5.17),

27i/3 up to modular transformations. Since gs(p) is finite and

which implies that T =p=c¢e
Kk — 00, the last equation in (5.14) implies that we must have w — 0 as v — 0. This result
is consistent with the fact that ga(p) = 0 and the relation between go, £ and w in (5.14).

Using the result for n and 7’ for 7 = p from (C.18), we readily find,

T e
Qwn' = ——— —j—. 5.25
n N (5.25)

U
2(«077:%7

The Kéhler potential evaluates as follows,

K(0,+1) = — lim V3lul

w3t Am[20|? (5.26)

We obtain w from its relation with g3(p), which in turn is derived from the value of Eg(p)
given in (C.18), and we find,

3V3

4

N|©

1
23321 (2
K(0,+1) = 253200 _ ) 1119890388 (5.27)
(2m)®

93(0)

In particular, the Kéahler potential is negative at the Argyres-Douglas points.

10 Actually, the periods a and ap are subject to the larger Fourier-Jacobi group Z* x SL(2,Z), which acts
on w and 7 by a common shift, and similarly for w’ and n’. A systematic investigation of the non-separating
degeneration of genus-two Riemann surfaces was presented in [32].
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5.3.2 Multi-monopole points

At the multi-monopole points we have v = 0, and v = u, with 4u2 = 27 and %2 = 1. The
root kK = —1 corresponds to a singular curve where j = co and 7 = t0o up to modular
transformations, and is the proper value for the multi-monopole point (by contrast x = 1
corresponds to a regular curve). Using the values of (C.18), we obtain 1 and 1’ in the limit
of large T,

™ ’ T ™ / T .
_ , w = , = —, = —F — 1 3 528
23 2V/3 K 23 g 2v/3 (5.28)

Hence w — 7 vanishes in this limit, while w’ — 7' remains finite. As a result, we have,

K(uy,0) =0. (5.29)

This is as expected, and also confirms the result obtained by substituting for v = u, on
the v = 0 slice in (5.3). We will have more to say about the K = 0 hypersurface inside the
N = 3 moduli space in section 5.4 below.

5.3.3 Behavior of K for large u

Large u — oo corresponds to k — 0, which implies j(7) — oo and thus 7 — ico. Using (5.14)
and the values of go and g3 at infinity, we obtain

At 876 2
j00) = —— j00) = — 4u? = ——. 5.30
gQ(ZOO) 3 93(100) 27 w 9 ( )
We also have the following asymptotics for the (-values at half periods,

2 2

1- ™ ~ ™ .
((zlico) = 6 ¢(3l7) e G T (5.31)
This allows us to recast K in the following form,
u| (4w

The limiting behavior of K may be obtained form the expression for the reduced discriminant,

Alr) = (2m)126T7 % 3 x 212 (20) 2 = ~2%m2(3u) (5.39)
so that,
|ul 3u
|cusp au—oo ﬁ 2In2—-6+3In F — +00. (534)

5.4 A numerical study of K

In this subsection we summarize the results of a numerical exploration of the SU(3) Kéhler
potential, which are complementary to the analytic results obtained thus far. Let us briefly
review what has already been learned:

e K has a minimum at the symmetric point © = v = 0, where the value of K is negative.
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¢ On the 2-real-dimensional slices of moduli space © = 0 and v = 0, one may straight-
forwardly use the hypergeometric function representations (5.2) and (5.3) to conclude
that K does not have stationary points away from the origin. (This has not been
proven on the analogous slices for general N > 3, although the result of section 4.4

provides some evidence in this direction.)

e An arbitrary stationary point of K must occur at negative K, and so it is of interest
to map the real-codimension-1 boundary of this region, where K = 0. The multi-
monopole points lie on this K = 0 boundary, while the Argyres-Douglas points lie
within it.

We would like to numerically evaluate K to further elucidate its features, e.g. whether
it has other stationary points and what can be said about the K = 0 surface. On a generic
slice in moduli space, K is given in terms of Appell F; functions whose arguments are
functions of the moduli v and v, as per Corollary 2.4. Unfortunately analytic studies of
the Appell functions are limited, and software tools such as Mathematica and Maple have
considerable difficulty evaluating them directly.!! We have developed two complementary
techniques to evaluate K numerically, which are more fully described in appendix D. The
first method (see appendix D.1) converts the system of second order differential equations
defining F} into the integration of a first order ODE along a ray in moduli space; the second
method (see appendix D.2) uses (4.4) to numerically compute the derivatives of K with
respect to the moduli, which are then numerically integrated to obtain K.

Using both of these numerical techniques, we have evaluated K and its derivatives
on many slices through the four-real-dimensional moduli space, with representative plots
appearing in figures 3—5. In all cases we observe that K is apparently convex, with no
evidence for an extremum away from the origin of moduli space.

Figure 3 depicts two representative numerical plots of K(u,v) on two-dimensional
slices of moduli space. In figure 3(a), K is plotted in the Re(u) and Re(v) plane with
Im(u) = Im(v) = 0. This slice includes the two Argyres-Douglas points at v = £1, and
one of the three multi-monopole points on the K = 0 contour. Figure 3(b) is the SU(3)
analogue of figure 1 for SU(2), depicting K in the complex u-plane at v = 0 that includes
all three multi-monopole points on the K = 0 contour. Another slicing is shown in 5(a),
which depicts K along rays in the complex u-plane for various fixed real values of v.

All these plots indicate that K is negative around the Zg-symmetric point u = v =0
and goes to positive infinity as u,v — oco. A visualization of the K = 0 hypersurface
bounding the region of negative K surrounding the origin is depicted in figure 4. In detail,
figure 4(a) depicts the complex u-plane as a function of real v, and figure 4(b) depicts the
complex v-plane as a function of real u. In these slices, the K = 0 surface is roughly shaped
like a cigar, which caps off at approximately |v| ~ 2.01 and |u| ~ 1.89. Another view of this
boundary is depicted in figure 5(b), which shows an almost-circular section of the K =0
surface along a ray in the u-direction.

"Mathematica does not have a built in Appell F; function; while Maple does have such a function, its
evaluation fails outside its strict region of convergence.
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,»r—!m(u)=|m(V)=0

Re(u) -
P

(a) K plotted in the Re u-Rewv plane, with Imu = Imv = 0, evaluated on a grid with spacing
0Reu = dRev = 0.25. This slice includes the two Argyres-Douglas points, indicated by the red
dots, and one of the multi-monopole points, indicated by the blue dot.

(b) K plotted in the complex u-plane, with v = 0, evaluated on a grid with spacing dReu =
0Imu = 0.25. The three multi-monopole points are indicated by blue dots.

Figure 3. The SU(3) Kéahler potential, plotted numerically on two-real-dimensional slices of the
moduli space, using the method of appendix D.2. The K = 0 contours are depicted in black.

6 Some candidate walls of marginal stability

Consider the Coulomb branch of the pure SU(NN) gauge theory, where the low-energy gauge
group is U(1)N~1. In addition to the massless fields on the Coulomb branch, there can be
massive particles. These are characterized by their mass M, as well as their electric and
magnetic charges under the low-energy U(1)V~! gauge group, collectively denoted by a
charge vector |1,

—

f=(q1, - qN-1;01,-- -, gN-1) € ZN x 7V, (6.1)

with q1,...,qny_1 € Z the electric charges and ¢1,...,9n—1 € Z the magnetic ones.
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(a) K = 0 contours in the complex u-plane, for real v > 0. K becomes positive on this slice
when v 2 2.012. The blue v = 0 contour in the left panel includes the three multi-monopole
points, indicated by the blue dots. The K = 0 surface plotted in the right panel is the 3D
visualization of the contours plotted in the left panel, and is symmetric under v — —v.

Im(v)

-2

— u=0
— u=0.5

u=1 Uio
ol | | | Re(V) — u=15 ,‘
— u=1.75 05}
— u=1.85
1) - — u=1.89

2 ] Re(v) e

-2 -1 0 1 2 -

(b) K = 0 contours in the complex v-plane, for real u > 0. K becomes positive on this slice
when v 2 1.89. The K = 0 surface plotted in the right panel is the 3D visualization of the
contours plotted in the left panel.

Figure 4. K = 0 contours for gauge group SU(3), plotted via the method of appendix D.2.
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K(u=teiF",v)

0.05 — v=13
v=0.9
t - v=1.7
— v=0.5

-0.05
— v=0.1

-0.10

(a) K plotted along rays parameterized by u = te%, for various real values of v. Each ray
consists of 100 data points. As v is increased, the region of negative K shrinks.

"4

20| — (tv) with K(u=te' ,v)=0

0.5

t

0.5 1.0 1.5

(b) Plot of the (approximately, but not exactly ellipse-shaped) K = 0 contour in the (¢, v) plane,
for various real values of ¢ and v, with u = tes . The curve is made up of 36 data points, and
is symmetric under v — —uv.

Figure 5. Plots of K made using the numerical techniques of appendix D.1.

The central charge in the N’ = 2 supersymmetry algebra is a complex linear function
of the charges that depends on the SW periods [1],

N-1

Z[ii) = Y (qrar + grapr) - (6.2)
I=1

A single-particle state of mass M and electromagnetic charge vector [ satisfies the following
BPS bound [33],

M > |Z[a]] - (6.3)

The particle is a short, or BPS, multiplet of the N' = 2 super-Poincaré algebra if and only
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if this bound is saturated,
Mgps = |Z[fi]| - (6.4)
Consider two BPS particles with charge vectors i, i’ and masses given by (6.4). Hence-
forth we assume that both charge vectors are non-zero, and that they are not integer
multiples of one another.'? Let us recall that two such particles can in principle form a
single-particle bound state (which necessarily has electromagnetic charge vector i+ i)
that is also BPS. This happens precisely for threshold bound states (with zero binding
energy) whose masses satisfy the following condition,

|2l + @) = |Z[)| + | 2[i)] (6.5)

Since Z is a linear function of the charges, this condition saturates the triangle inequality,
which is only possible when the complex numbers Z[ji], Z[ji'] (and hence also Z[ji + [i'])
are related by a real proportionality factor,

Zii=¢Z[@, CeR. (6.6)

For fixed charge vectors, this real condition carves out a real-codimension-one slice on the
Coulomb branch. We refer to this slice as a candidate wall of marginal stability for the
BPS particles with charge vectors ji, fi’. Whether or not these particles actually form a
bound state upon crossing the wall is a more interesting and delicate question that we do
not analyze here.

6.1 Review of marginal stability for SU(2)

For gauge group SU(2), there is a single pair [i = (g, g) of electromagnetic charges on the
Coulomb branch, so that Z[fi] = ga + gap. Given two (non-vanishing and non-parallel)
charge vectors i = (¢,g9) and @' = (¢,¢’), the condition (6.6) for a candidate wall of
marginal stability then reads

(¢a+g'ap) =¢(ga+gap), ¢ €R. (6.7)

Since the charges are all real, this condition can be satisfied if and only if @ and ap are
themselves related by a real proportionality factor, or equivalently

Tm (“f) = 0. (6.8)

This condition defines a (roughly elliptical) curve surrounding the origin « = 0, which is
plotted in figure 6. As shown in [1, 22], inside the wall of marginal stability, there are
precisely two BPS states (together with their antiparticles): the monopole that becomes
massless at © = 1, and the dyon that becomes massless at u = —1. Note that these points
lie on the wall. The interior of the wall is known as the strong coupling chamber of the
moduli space. As the wall is crossed towards the weakly coupled region at infinity, the
monopole and the dyon form an infinite tower of BPS bound states comprising the SU(2)
W-bosons and the infinite dyon towers that are visible at weak coupling.

121f [i = pji’ with p € Z, it is possible that the BPS particle of charge y is a threshold bound state of p
BPS particles of charge ji’. This famously happens for DO branes in type IIA string theory. The structure of
such bound states is particularly delicate and we will not discuss it.
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B

Figure 6. The unique wall of marginal stability in SU(2) gauge theory. The monopole point at
u = 1 and the dyon point at u = —1 are indicated as blue dots.

Finally, note that the Kéhler potential K ~ Im aap vanishes on the wall of marginal
stability, because the condition (6.8) is equivalent to Im aap = 0. Thus our notion of strong
coupling region, defined as the region where K < 0, coincides with the standard strong
coupling chamber for BPS particles in the case of SU(2) gauge group.

6.2 Some candidate walls of marginal stability for SU(3)

Here we use the expansion of the periods obtained in Corollary 2.4 for SU(3) gauge group
to determine candidate walls of marginal stability in special slices of the moduli space,
and in a neighborhood that encompasses our strong-coupling region, where K < 0. It is
known that there is an open neighborhood of the origin — termed the strong coupling
chamber — in which the BPS spectrum consists of exactly six stable particles (as well as
their antiparticles), pairs of which become massless at the three multi-monopole points
of SU(3) gauge theory [34-36]. However, the precise extent of this chamber in moduli space
is not known, and our results can serve as a starting point for a more detailed analysis of
this question.

6.2.1 The v = 0 slice

Inspection of the solution given by Corollary 2.4 shows that Qo1 = Q1,1 = 0 when v = 0,
so that Q(&) = £*Qo,0 + €2Q1,0. Thus, the periods in the u-plane are given by

a1 = (p* = 1)Qoo + (p — Q10
az = (p* = p)Qoo — (p* — p)Q10
ap1 = (p— p*)Qoo — (p— p*)Q10,
ap2 = (p* —1)Qoo + (p— 1)Q10, (6.9)

2

where p = 2 = €2™/3. The above expressions for the periods imply the following relations,

independently of the values taken by Qo0 and Q1,

as = —api, aps = aj . (6.10)
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Figure 7. Candidate wall of marginal stability in the u-plane (where v = 0) for SU(3) gauge group.
The three multi-monopole points are indicated as blue dots. In the u-plane, the wall coincides with
the locus where K = 0, i.e. it coincides with the outermost contour plotted in figure 4(a).

Let us evaluate the Kéhler potential on this slice. Thanks to (6.10), the two pairs of periods
contribute equally to K, which can now be expressed in terms of a; and apj only,
K= i(aldl)l — &10,D1> . (6.11)
This differs from the Kéhler potential for SU(2) by an overall factor of 2.
Now consider two BPS states with (non-vanishing, non-proportional) charge vectors i =
(q1,92; 91, 92) and [’ = (q},4b; 91, g5). Thanks to (6.10) their central charges are given by

Z[ji] = (q1 + g2)a1 + (91 — q2)ap1 ,
Z[fi'] = (g1 + gs)a1 + (g} — g3)aps - (6.12)

Requiring these to be related by a real proportionality factor implies that a; and ap;
are also thus related. Thus, as a result of the relations (6.10), this case is completely
parallel to the case of SU(2) discussed above: there is a candidate wall of marginal stability
defined by the curve Im(api/a;) = 0 in the u-plane, depicted in figure 7, and the Kéhler
potential (6.11) vanishes there.

6.2.2 The u = 0 slice

General discussion. Inspection of the solution given by Corollary 2.4 shows that Q10 =
Q11 = 0 for u = 0, so that Q(&) = *Qopo + £Qo1. As a result, the periods are given
as follows

a1 = —(2+ p)Qoo + pQo,1,
az = —(1+2p)Qo0 — Qo ,
ap1 = +(1+2p)Qopo — Qo1 ,
ap2 = —(2+ p)Qoo — pQo,1, (6.13)
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where p = e2™/3  The above expressions for the periods imply the following inter-relations,
independently of the values taken by Qo0 and Qo,1,

ag = —p2 ai, ap2 = papi - (6.14)
On this slice, the Kéhler potential takes the form

Ka
47

As before, we consider two BPS states with (non-vanishing, non-proportional) charge

K= ((1 —p)arapr — (1 — 02)&10@1) = \2/5(|Qo,1|2 - 3|Q0,0|2> - (6.15)

vectors i = (q1,92;91,92) and @' = (q},4h; 97, 95). Substituting these charges and the
periods (6.13) into the central charge formula (6.2), we find

)
Z[p) = (m1 +m2p)Qo,0 + (n1 +n2p)Qo 1,
(

Z[W] = (m} +map)Qoo + (1) +n3p)Qo1, (6.16)
where,
m1 = g1 — 292 — 2q1 — q2, niy=g1—q,
me =2g1 — g2 — q1 — 2q2, ny =—g2+4qi,
my = g) — 295 — 241 — g3, n=g1— 4,
my =291 — g5 — 41 — 25, ny = —gp +qi - (6.17)

Note that since the charge vector (g1, 92;q1,¢g2) is not identically zero, the same is true for
(m1,ma;n1,n2), and similarly for the primed charges. Thus Z[f], Z[i'] # 0 for generic v.
The condition (6.6) for a candidate wall of marginal stability, namely Z[i'] = (Z[j] for

¢ € R, may be expressed as follows,

az+b Q()l
. 1 6.18
C cz—i—d QQQ ( )
with
a=mnj+nyp, b=m} +myp,
c=mn1+n9p, d=m1+maop. (6.19)

We now analyze the implications of these equations, recalling from above that ¢ and d are
not both equal to zero. Let us distinguish the following cases:

e For the singular case ad — bc = 0 the numerator az + b is a constant multiple of the
denominator cz + d in (6.18). Since ¢ and d cannot vanish simultaneously, it suffices
to analyze the cases ¢ # 0 and d # 0, for which we have the relations,

c¢o:g:%, d#£0: (=-. (6.20)

Since a, b, c,d € Z[p], the ratios a/c and b/d may be real or complex. If the ratios are
not real, then there can be no solution since ¢ must be real. If the ratios are real,
then the charges i, fi’ are proportional to one another, which we assumed was not
the case.
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e For the regular case where ad — bc # 0, the relation between z and ¢ may be inverted
to give z as a function of (,

Qi _ dC—b

ooy = Terva (6.21)

For generic electromagnetic charge vectors, the constants a, b, c,d will be complex,
and thus z, as a function of {, will span an arc of a circle in the complex plane whose
center is on the imaginary axis. Below, we will see this explicitly in examples.

Candidate walls for BPS states that are stable in the strong-coupling chamber. We will
now apply the general discussion above to the six BPS particles that are stable in the
strong-coupling chamber of the SU(3) gauge theory. As we review in appendix E; in our
conventions these particles have the following electromagnetic charge vectors (q1, g2; g1, 92),

= (-1 ,0),

floz = (0,1,0 )

fin = (1,0, -1, -1), (6.22)
=(— 1,1,0 1),

fiar = (0,1;1,1),

fizz = (1,-1;-1,0).

Note that the particle pairs with charges [ix1, iizo become massless at the three multi-
monopole points (lying in the v = 0 slice) corresponding to k& = 0,1,2. Combining
with (6.13), we see that their central charges in the u = 0 plane take the following form,

Zljio1] = *( —Z\[) (Qo,0 + Qo,1),
Z (3—i\/§) (Qo,0 — Qo,1),

[Fio2] =
Z[iin] = —iv3(Qoo — Q1) ,
Zljirz] = —iv3(Qoo + Qo) »
Zljio1] = =35 (3 +2\[> (Qoo + Qo)
Zljize] = —3 (3 + Z\f3> (Qo,o — Qo,1) - (6.23)

Note that the two Argyres-Douglas points lie in the u = 0 plane, at v = £1 (see (5.7)).
Evaluating (5.2) at these points, we find the following relations between the Q-functions,

We see that the states fig1, fl12, fi21 are massless at the v = —1 Argyres-Douglas point, while
the remaining three BPS states figo, fi11, fio2 are massless at v = +1.
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Using the central charges in (6.23), we can form (§) = 15 different pairwise ratios, of
which six are complex constants ~ p, p? so that the corresponding central charges can never
align. In order to express the alignment conditions for the remaining nine pairs, we use the
variable z = QQo,1/Qo,0. This leads to the following three cases:

1. The central charges pairwise align as Z[fio1| ~ Z|[fo2], Z[fi12] ~ Z[fi11], and Z[fi21] ~
Z|[i22] (with ~ indicating real proportionality) if and only if

1+ 2 ¢—1
=(eR = z=>—-—.
¢ ¢+1

T (6.25)

This describes a horizontal straight line in the complex z-plane, i.e. z = Qo,1/Qo,0 has
to be real, and this can only happen when v is real.

2. The central charges pairwise align as Z|[fip1] ~ Z[fi22), Z|i12] ~ Z]fo2], and Z][fi21] ~
Z[ji11] (with ~ again indicating real proportionality) if and only if

1+2 p*C—1
=(eR «— = :
1—2 ¢ : p2C+1

p (6.26)

This describes a segment of the circle |z +i/v/3|? = 4/3.

3. The central charges pairwise align as Z[fip1] ~ Z[fi11], Z|f12] ~ Z]fia2], and Z][fio1] ~
Z[fip2] if and only if

_plte

pC+1
p zZ =
1—-=z

pC—1°

This describes a segment of the circle |z —i/v/3|> = 4/3.

=(eR <«

In the left panel of figure 8 we have plotted the circle described by (6.26) in red, and the
one described by (6.27) in blue. There we also indicate in black the curve corresponding to
the vanishing of the Kéhler potential, K = 0. As may be read off from (6.15), this curve is
a circle in the z-plane of radius v/3.

In the right panel of figure 8, the curve of vanishing Kéhler potential and the candidate
curves of marginal stability are plotted in the v-plane. The function z = Qo,1(0,v)/Q0,0(0,v)
is holomorphic and single-valued away from the Argyres-Douglas branch points. Thus,
the map from z to v is conformal away from the branch points and preserves all angles.
Comparison of the curves in the left and right panels of figure 8 clearly shows, however,
that the angles between the curves are not preserved at the Argyres-Douglas points, as
expected. Using (5.2), the precise expression for the map is given by

L Qo,1(0,v) 83 v F(
~ Qool0.0) 233 (2 F(-

(6.28)

The lowest order approximation, where the hypergeometric functions are set to 1, gives the
approximation z &~ 0.93875v and translates the circle |2|? = 3 into the circle |v|? ~ 3.4043,
which provides a reasonable approximation to the curve of vanishing Kéhler potential in
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Figure 8. Candidate curves of marginal stability in the v = 0 slice for SU(3). In the left panel, the
curves are circles of radius % centered at :tﬁ in the z-plane, and plotted in blue and red. In the
right panel, the image of the blue circle is shown in blue and cyan, while the image of the red circle
is shown in orange and red. In both panels, the Argyres-Douglas points are indicated by bold black
dots, while the K = 0 curve where the Kéhler potential vanishes is plotted in black.

the v-plane. The behavior near the Argyres-Douglas points may be obtained by using the
analytic continuation formulas for the hypergeometric functions, which leads to

2= v (104731001 - v?)5 + O(1 = v?)) . (6.29)

The points v = £1 are clearly mapped to the points z = 41, but the map is not conformal
at those points, which explains the widening of the angles in the v plane.

6.3 Generalization to the ug slice for SU(IN)

The approach adopted above for the u = 0 slice in SU(3) extends almost verbatim to the
1-complex-dimensional slice ug # 0 and u, = 0 with n = 1,..., N — 2 for SU(N) gauge
group. Recall from Corollary 2.3 that in this case,

apr = Q(*) = Q1)
1
ar=3_{QET) - Q) ) (6.30)

J=1

where € = ¢?™/2N and the function Q(¢) for any ¢2V = 1 is given by,

Q&) = €Q1+ " Qn (6.31)

where @)1 and Q)1 are functions of ug only. Substituting the form of these functions into
the periods, we obtain,

apr = 621_1{(6 —1D)Q1+ (e + 1)QN+1} ;

I
ar=3 (e~ 1)Q1— (¢ + 1)Qn11} - (6.32)
J=1
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The central charge of a BPS state with electromagnetic charge vector
fi=(q1,---,qN-1591,--.,9N-1) is given by

Z[ji] = mQ1 + nQn+1, (6.33)

where m,n € Z[e] are given in terms of the charge vector,

N-1 N— I
m = 291621_1(6 Z Z “2e—-1),
I=1 =1 J=1
N—-1 N-1 I
n=> gre? e+ 1) =Y @ Y P e+1). (6.34)
I=1 I=1 J=1

Now we simply repeat the argument used to determine candidate curves of marginal stability
in the u = 0 slice for SU(3) gauge group (see section 6.2.2 above). Consider two charge
vectors i, fi’ with corresponding central charges,

Z[[i] = mQ1 +nQn+1,
Z[i) = m'Q1 + 1/ Qus1 (6.35)

Marginal stability requires Z[i'] = (Z|i] for ¢ € R, or equivalently

n'z+m
(=—"7—, o= @ (6.36)
nz+m Q1
For the singular case n'm — m/n = 0 and, say, m # 0, we have ( = m’/m. There are then
two possibilities: if m’/m is not real, then there are no solutions; while if m'/m = n//n
are real, then the charge vectors are proportional to one another. For the regular case

n'm — m/n # 0, the relation between z and ¢ may be inverted and we have,

_ Qny1 - m(—m
z= O nciw (6.37)

For generic charge vectors, z traces an arc of a circle in the complex plane.

A  Proof of Theorem 2.1

In this appendix, we shall provide a complete proof of Theorem 2.1.

A.1 Taylor series expansion of A

To obtain a Taylor expansion for the periods a;y and ap; at the Zsy symmetric curve, we
begin by Taylor expanding the Seiberg-Witten differential in the moduli u,, by setting,

Alz) =2V —U(z), U(z) = Z up zt (A1)

and expanding in powers of the polynomial U (x),

> T'(m+ %)I’(n + %) (NxN — U (z)) U(x)™t"

=y

m,n=0 F(%P m!n! ($N _ 1)%+m(xN + 1)%+n

dx . (A.2)
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To obtain this formula, it is convenient to derive the expansions arising from the factors
A(z) £ 1 separately and then multiply both series together. Furthermore, to arrive at an
integrand whose integrals are easily computed, it will be convenient to multiply numerator
and denominator by the factor (zV +1)™(z" —1)", so that all contributions have a common

2N

denominator in the form of a power of (z 1). Changing summation variables from m,n

to m and M = m + n, the result may be expressed as follows,
(Nx — mU’(a:)) U(z)M
(x2N — 1 $4+M

)\—ZPM )
(

Here we have introduced a family of polynomials Pjs(z), defined by

dx . (A.3)

+Hr(M -m+ 1)

ety D E D (A4)

M T(m
Py(z) =
M (%) mZ:O I

Alternatively, one may define these polynomials by their generating function,

> oM Pu(z) = (1—;52—xf (A.5)

The polynomial Pps(z) is of degree M in z, satisfies the parity relation Py(—z) =
(—)M Pys(2), and belongs to a class of polynomials that generalizes Jacobi polynomials. Its
expansion in powers of z defines the coefficients pys(¢) as follows,

M
= Z par(m) 2™ . (A.6)
m=0

The parity relation for Py;(z) implies that the coefficients pps(m) vanish unless M and m
are either both even or both odd, in which case we have the following expression for pys(m)
obtained using Mathematica,

2m—M M)
mI T(L(M —m)+1)2

prm(m) = 0<m<M, M=m(mod?2). (A.7)

We shall also use the multinomial expansion of U(x)* in powers of the moduli,

Ux)M = i oM fNZJE' M R (A.8)
- —~ J EOv- 0 N-2 :
]:

Lo, AN —2=0 ~o N2

where L and M are related to the exponents ¢; by

N-2 N—2
L=>jt, M=> 1. (A.9)
j=0 =0

Putting all together, we obtain the following expansion for the SW differential,

— M
A= Z ’ “1}]\17V o ZPM YA (Nm+ L), (A.10)
Lo,y kN _2=0 EO’ cee 7€N72
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where L and M are given in terms of the exponents ¢; by the relations of (A.9) and the
differential (1,0)-form Ap/(k) is given as follows,
(N2 — 2U'(x)) 2* dx

(k) = (N )b : (A.11)

To derive the expansion of Theorem 2.1 we need to obtain the period integrals of the
differential A\js(k) and to carry out the sum over m.

A.2 The basic integrals

The period integrals of A may be expressed in terms of those of Ay/(k) through (A.10),
which in turn may be obtained as finite linear combinations of integrals of the type,

Y =14 Y P
/M,:iPyF( U T 2N>, (A.12)
0 (2N —1)2 v 272N’ 2N’

for Re () > 0 and odd integer P > 1. The branch cut has been chosen so that Va2V — 1 =
—ivV1 — 22N when |z| < 1, for which the square root v1 — 22N is positive for x real.
Actually, in view of (2.12) and (2.13), evaluating the period integrals requires the above
integrals only at the points y = & where £€2V = 1. To obtain these, we choose the integration
path to be the straight line from 0 to &, as illustrated for N = 3 by the green lines in
figure 2. Since the hypergeometric function then has argument 1, it may be simplified using

Gauss’s formula,

I'(e)l'(c—a—Db)

F(a,b;c;1) = T(c—a)l(c—0b)’ (A.13)
and we obtain,
/E 2 de :iPQF(lﬁ-ﬁ)F(l—g) (A14)
0 (22N _1)7 T oT(i+5-5) '

Using the decomposition of the differential (1,0)-form Ajs(k) in terms of the above inte-

grands,
NzNtE gy N2 zF I dx
wrlh) = T~ L o (A15)
(sz _ 1) 1+M (xQN 1)2+M
its integral is readily obtained with the help of (A.14),
k+N+1 k+1
1 13 r +
mi Jo 2F<’“+1+1—M>F(M+%)
N—2 £k+j+1r k+j+1
~ 3 g ( 2N ) (A.16)

o T eNT (MR - M) (M + )

where we used I'(3 — M)I'(3 + M) = 7(—)M for integer M to simplify the result.
The integral of the SW differential from 0 to an arbitrary 2NN-th root of unity &,

E)ZT:Z./;A, (A.17)
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may then be expressed in terms of the integrals of the differentials Aps(k),

M
1 ré
Warl6,2) = MUY pas(m) — [ A (Nm+ 1) (A18)
as follows,
=gl
Q)= Y 7WM(§7 L), (A.19)
tomitm g Lot 2!
0yt N—2—

where in both formulas L and M are given in terms of the ¢; by (A.9).

A.3 Carrying out the sum over m

Substituting the result (A.16) for the integral of Ajs(k) into the expression for Wy, (€, L)
n (A.18), we obtain

m 1 La) g
(& L) = §NM+L+N+1 Z pM(m)F( +14 2N> i
moF( L+1+1—M)F(M+l)

N-2 M pM(m>p(2 + L+J+1) M)

€NM+L+j+1 ju
2N le Jm{:of(? Ll 1 M)F(MJr%)

. (A.20)

We have used the fact that pys(m) vanishes unless M and m are both even or both odd
to set £V = ¢NM thereby allowing us to extract this factor from under the summation
symbol. Both sums over m are of the following form for an arbitrary ~ € C,

M pv(m) T (% +) M!

25T (3 o+ - M)+ D)
in terms of which Wj; can be expressed as follows,
1 N-2
War(e, ) = 5 VNN LGy (Mt L eNMHER ST s iy (L) (A22)
7j=1
To evaluate the functions Sy/(7y) we need the following lemma:
Lemma A.1 The function Sy(7) evaluates to the following expression,
2M+1—2'y
Su(v) = =—5—T NP5 = 9)*sin’ (n(#5 =), (A.23)

for integer M > 0.

The formula was obtained by induction from the form of Sys(vy) for low values of M,
and then verified using Maple for all values of M up to 200. It may be proven analytically
by appealing to the hypergeometric function 3F5 as follows: using the explicit expression
for pps(m) given in (A.7), the sum over m in Sy;(y) may be carried out to obtain

pMH2op(M 4+ 2 +0) T (v+0 o-4o-2A y+0
SM(’Y): (2 2 ) ( )3 2 207

i1, A.24
(M + 33 +0 — M +7) ;+2a,§+a—M+w> (8.24)
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where 0 = % - {%] takes the value 0 when M is even and % when M is odd. Next, we use

the analogue of Gauss’s formula for 3F5,

a,b,—n Fc—a+n)'(c=b+n)'(c)'(c—a—0)

S F 1) = . (A.25)
ol+a+b—c—n IFc—a)l(c—b)I'(c+n)T(c—a—b+n)

with a = 0 — %, b=v+4+o0,c= % + 20, and n = % — 0. After some simplifications, this

expression combines to give the formula of Lemma A.1 and completes its proof.
Substituting Lemma A.1 into (A.22), we find the following formula for Wy, (&, L),

oM—(L+1)/N

(e L) = - ENMALEN LD NELEL )y ( NMLol )2 2 (o NM oLt
oM —(L+1)/N N2 NMajt L1 ooty it Lt vy NMAN—j—L—112
R T PR S RS
7j=1
x sin? (qMMEN Loy (A.26)

A.4 Final simplification

We now substitute the formula for Wjs(€, L) in (A.26) above into the expression for Q(§)
n (A.19) to obtain

- “go"'uf\]fv—_; oML D/N MiLiN+1 NAL+1\p/ NM—L—1\2 .+ 2 (_ NM—L—1
Q(g): Z g / | 27.[_2 g F( N )F( 2N ) s ( 2N )
£o,... AN _2=0 N-2
0 EN—2
o0 £ ol 2 gM—(L NN=2 . NM+j+L
_ Z ug’ - -uy_y ML/ Juy ENMHIT +1F(j+L+1)
. 2 J N
oo, eN_Q:OE : EN’Q' TN j=1 2N

NMAN—j—L-12 . 2 ( NM+N—j—L-1

x D(FHERRI=E=E) 2 sin? (n PHEETI=ETL ) (A.27)

where on both lines we use the expressions for L and M given in (A.9). In the sum over j on
the second and third lines, we combine the lone factor of u; with the monomial u b uf it
and change variables £; +1 — £;. The net effect is to bring out a factor of £; and to decrease
the values of M and ¢ as follows, M — M — 1 and L — L — j. Carrying out these three

changes at once, and factorizing common parts, gives

Y Z
Q(é—) _ i uOO o N 3 2M (L+1)/N €NM+L+N+1F(NM7L71)2
) / 0[0 ZN 2 27T2 2N
0y--st N—2=—
N— .
x sin? (w MM=L=L) |\ T(1 4 L) — (&) Z (A.28)

The expression inside the brackets simplifies to F(%) /N, which leads to our final result,

0(6) = i ulo eN ZOM-(HD/N
_Z 7 lo! - EN 2' 2m2N
0,---{N—2=0
XF(%)F(N]MQR[L_IVSIH ( NJ\42NL 1)

This expression may be recast in the form of Theorem 2.1, thereby completing its proof.

40 —



B The SU(3) solution in terms of Appell functions

In this appendix, we prove Corollary 2.4 and thereby show that the results obtained in
Theorem 2.1 for arbitrary N reproduce the solution in terms of Appell functions obtained
in [5].

The starting point for the proof is the expression for Q(§) for the case N = 3. We shall
use the simplified notation v = ug and u = u1, and express the sum in terms of £ = £y and
k = /¢y sothat M =k + ¢ and L = k. In terms of these variables, the result of Theorem 2.1
reduces to the following expression for Q(§),

00 o(36+2k—1)/3

QO = > 672 el /!

k,0=0

3l+ak+d, k0 F(%)F(%V sin2 (W%). (B.1)

To decompose the function Q(&) into powers of £, we decompose the summation variables k
and £ modulo 3 and 2 respectively,

k=3m+u m >0 uw=20,1,2
{=2n+v n>0 v=20,1 (B.2)

so that the &-dependence of Q() is contained entirely in p, v and independent of m,n. The
function Q(&) then decomposes as follows,

Q) = Z Z 54“-1-31/4_4 Qu,u
1=0,1,2 v=0,1

=&'Qoo + Q10+ Qa0 + Qo1 + Q11 + Q21 (B.3)

where the coefficient functions are given by,
X  92m+2n+v+(2p—1)/3

_ 1 s 2 v+2p—1 Im+p , 2n4v
Q”’"_67r28m (P55 D (3m+u)!(2n+u)!u Y

m,n=0
x D(m + LE9D(m + n + 2420=1)2 (B.4)
Using the duplication and triplication formulas for the factorials in the denominators,
22n+1/
r@2n+v+1)= NG Fn+5%+3HTn+5%5+1),
F'Bm+p+1)= T1“(m+§+5)1“(m+ngg)F(ergjul), (B.5)
we obtain,
_ _ m+g
0. 9-1/3 0 sin? (7r73”+§“ 1) C(m+n+ 73'/4%” 1)2 (42L73) 3ty (B.6)
2L .

3V oz T+ 5+ )T+ 5+ )T (m + 5 + 5T (m + 5 +1)

Of the six inequivalent representations of Zg, (Q2 0 multiplies the trivial representation of Zg
and cancels in the differences giving the periods. Also, the sine-factor vanishes identically

for p =2 and v = 1, so that we have

@21 =0. (B.7)
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The remaining four functions correspond to u,v = 0,1 and evaluate as follows,

2-1/3 X T(m+n—%)? 4u on
Qoo = > 6) ™ v

1237 5= T(m+ 3)T(n + 3) m!n!
= L(m+n+ 1) 4u3 on
Q0’1_4\/377rvm%;01“(m+ S(n+ ) Inl ( > v
Oro = 21/3 > L(m+n+g)? 4u om
YT 36VBr A Tm + )(n + 1) mlnl o

21/3 L(m+n+ %) 4u3 .
Q1= TN mz T+ 3yl < ) v (B.8)

Using the definition of the Appell function F in the variables z = 4u®/27 and y = v?, we
easily convert these expressions into those stated in Corollary 2.4.

C Aspects of elliptic functions and modular forms

In this appendix, we provide a brief review of elliptic functions and modular forms as needed
here. A standard and useful reference is [30], whose notations we follow.

C.1 Weierstrass elliptic functions

Given a lattice in C with periods 2w, 2w’ the Weierstrass g function p(v|2w,2w’) satisfies
the following differential equation,

3@(U|QW, 2“/) 2 N3 / / /
0 ) = 4 p(v|2w,2w")° — g2(2w, 2w") p(v|2w, 2w") — g3(2w, 2w") , (C.1)
v

where each of these quantities is given by the following lattice sums,

1 1
p(U’2w72W/) =2 Z < n2 / 2) )
Y mm£00) (04 2mw + 2nw’)?  (2mw + 2nw’)
1
g2(2w, 2w") = 60 S
m,n§(070) (2mw + 2nw/)®
1
w2 =10 3 c2)

AT
o (0.0) (2mw + 2nw'’)
It will be convenient to use canonical normalizations instead in which the periods are
normalized to 1,7 = w'/w, and the argument is normalized accordingly to z = v/2w. The
relation between these two normalizations amounts to a scaling factor by powers of the
period 2w (the functions with both normalizations are denoted by the same symbol),

(20) 7% p(2]7) = p(v|2w, 20),
(20) ™ g2(7) = g2 (2w, 2)
(2w)_6 93(7_) = 93(2(4), QW/) ) (03)
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or equivalently go(7) = g2(1,7) and g3(7) = ¢g3(1,7). In the sequel, the argument 7 will
not be exhibited if its dependence is clear from the context. The differential equation for
the Weierstrass function is homogeneous under this scaling, and the canonical Weierstrass
function p(z) satisfies,

9'(2)* = 40(2)° — g20(2) — g3 (C.4)

Henceforth, we shall use this canonical form which is the derivative of the Weierstrass (z)
function (not to be confused with the Riemann (-function which will not enter here),

p(z) ==C(2),  C(=2) =—C(2). (C.5)

The ((z) function has the following monodromy relations,

C(z+1) = ((2) = 4wn, 2wn =¢

(),
C(z+7) = ((2) = dwn, 2w’ =¢(3). (C.6)

Note that ¢(3) and ((3) are functions of 7 only but, because of the extra factor of w
in their definition, the parameters n and 1’ depend on both w and 7. The relations are
readily established by using the fact that {(—z) = ((z) and setting z equal to —% and —3,
respectively. The periods 2w and 2w’ and the parameters n and 7’ satisfy the following

relation,
2nw' — 20w =7¢(3) — ((F) = ir. (C.7)

One may use this relation to obtain 7’ and {(%) in terms of the other data. A useful formula
for ¢ (%) and thus 7 in terms of the discriminant A = g3 — 27¢3 is as follows,

. 2
C(%) = —% OrInA = %EQ(T). (C.8)

The combinations ¢o, g3 and A are holomorphic modular forms.

C.2 Modular transformations and modular forms

Modular transformations form the group SL(2,Z) and act on 7 by Mébius transformations,

ar +b ab

T—>T= m y (C d) c SL(Q,Z) . (Cg)

They are generated by the transformations S and 7', under which S : 7 — —1/7 and
T:7— 7+ 1, and whose matrix form is as follows,

S = (O _1> , T = (1 1) . (C.10)
10 01

Under an arbitrary modular transformation 7 — 7, the half-periods w and ' and the
parameters n and i’ transform linearly,

an’ +bn,
en’ +dn, (C.11)

& = aw + bw, i

@ =cw +dw, N
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while the combinations g, g3, A = g3 — 2793, and j = 1728 g3 /A transform as follows,

92(7) = (em +d)* ga(7) A(7) = (er +d)? A(7),
93(7) = (c7 +d)° gs(7) , J(7) = 3(7). (C.12)

The combinations ¢o, g3, and A are referred to as holomorphic modular forms of weight
(4,0), (6,0), and (12,0) respectively, while j is a meromorphic modular function, since it is
invariant under SL(2,Z). We note that ((3) and ((%) are not modular forms. Indeed, by
combining the expression for Fs in terms of A with the transformation law for A, we obtain,

Eo(7) = (e1 + d)*Ex (1) + %C(CT +d), (C.13)

and FEjy is referred to as a quasi-modular form.
The standard fundamental domain for SL(2,Z) is given by,

F ={r€Csuchthat 0 <7, 1 < |7, || < i}. (C.14)

It contains the orbifold points i, p = e2™/3 and p/ = p + 1, which are fixed points under

the transformations S : i — i, ST : p — pand TS : p’ — p'. The j-function provides a
holomorphic bijection from F to the Riemann sphere C.

Convergent Taylor series expansions in terms of the variable e2™" for ¢ (%), go and g3
with 7 in the standard fundamental domain F are given by

2 00
T ,
C(3l) = €E2(7) ; Ey(t)=1-24) o1(n) ™7,
n=1
47T4 - 2minT
92(7) = ?E4(7'), Ey(1) = 1—1—240203(71)6 ,
n=1
87T6 - 2minT
g3(7) = 2—7E6(7') , E¢(1) =1—504 Z os(n)e , (C.15)
n=1

where o%(n) = g, d* with d > 0 are the standard sum-of-divisor functions. The discrimi-
nant takes the form,
(271')12 00

A(r) = Tooe (Ea(r)® = (1)) = (2m)* &7 [ (1 = >77)2 (C.16)

n=1

The j-function is normalized so that its pole in ¢ = €>™7 at the cusp has unit residue,

J(1) = e 2™ 4+ 744 4+ O(e*™T).. (C.17)

C.3 Special values

In this final subsection, we review the reality conditions for go, g3, A, E5 and ¢ (%) and ¢(3),
and obtain their special values at the orbifold points ¢ and p and at the cusp iocc. The
modular function j, the modular forms go, g3, A, as well as Es and thus ( (%) are real for
7 €iR and 7 € £ +iR.
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At the orbifold points i, p and at the cusp ioco, the functions Ey(7), Es(7), j(7), ((3|7)
and ((5|7) take the following values,

Ea(ic0) =1 By(i) =2 Ey(p) = 232

Ey(ioc) = 1 Ey(i) =480()*/(@T(3)Y)  Ea(p) =0

Eg(io) = 1 Es(i) = 0 Eg(p) = 729T(4)°/(27°0(3)°)
j(ioe) = o j(i) = 1728 ip) =0

C(3lico) = C3l) =3 CGlo) = 2
CEIm) ~ Fr—ir ((3li) =7 C5lp) =575 (C.18)

The values for the cusp 7 = 700 follow from the series expansions of Fo, F4 and FEg, and
the relation between ((3) and E5 and (C.7). The cancellations of E4(p) and Eg(i) follow
from the modular transformations [37]: the relation Si = i implies Fg(St) = —Fg(i) so that
Eg(i) = 0 and j(i) = 1728. Similarly, the relation STp = p implies E4(STp) = p*E4(p)
so that E4(p) = 0 and j(p) = 0. The values of Ey(i) and Eg(p) may be found on page 7
in [38].

The values of ((1|7) and ¢(Z|7) at the fixed points may be obtained from the values of E»
at the fixed points combined with the relations (C.7). Applying the modular transformation
rule for E5 for the values 7 = 7 = 4 and 7 = ¥ = ¢ with the modular transformations S and
ST respectively, we find,

Bali) = —Bali) + ©. Balp) = pEalp) + 2. (C.19)

Solving these equations gives the entries in the first line of (C.18).

D Numerical methods for SU(3)

In this appendix, we describe two numerical techniques to evaluate the Kéahler potential for
the case of SU(3) gauge group.

D.1 Numerically evaluating Fjy

The Appell function Fy(a,b,cy,co;x,y) may be evaluated by summing its Taylor series at
x =y = 0 in the domain of convergence \/[z|+ /]y] < 1. Beyond this domain, the function
enjoys an inversion formula, given in (2.28), which allows one to extend the domain to
V]z[+1 < /[yl and /Jy] + 1 < /[z]. Still, the union of all these domains does not cover
all of x,y € C, and in particular excludes the domain that is of greatest interest to us when
|z| ~ |y| ~ 1. Maple sports a preprogrammed function for Fy, which has difficulties precisely
in this physically interesting region as well. To this end, we now present a numerical
approach that circumvents these problems. It is based on numerically integrating a first
order ODE along a ray x(t) = tz,y(t) = ty for a given point (z,y) € C? and t € [0,1]. We
shall now present the essential components of the method.
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D.1.1 Conversion to a first order system

Following Appell and Kampé de Fériet [39], we transform the system of two second order
differential equations for Fy,

(1 —x)02f — y28§f — 22y0,0y f + (c1 — cox) Oy f — coydyf — abf =0
y(1 — )02 f — 202 f — 2xy0.0y f + (c2 — coy) Oy f — cordpf — abf =0 (D.1)

with cg = a+b+1, into a system of 4 first order differential equations. Clearly, the dimension
of the first order system must be 4 since we know that there must be 4 independent solutions

(for generic parameters). Using the notation,

o o o
P= %5z q_ay’ - 0z 0y’

(D.2)

the system of first order differential equations is conveniently expressed in terms of matrix-
valued differential form notation,

d® = (M,dz + Mydy)® (D.3)
where,
f 01 0 O 0 01 0
Ap Ay As A 1
o= |P|, = |MArdsdg oy 1000 (D.4)
q 0 0 0 1 Bl BQ Bg B4
S Cl 02 Cg 04 D1 D2 D3 D4

The rows that involve only 0 and 1 in M, and M, readily result from the definitions of
p,q, s in (D.2). The entries Ay,..., A4 and By,..., B4 may be obtained by transforming the
system of second order equations into an equivalent system in which one equation involves
O,p but not 9,q and vice-versa. This system is given as follows,

x(1—xz —y)0yp — 2xys + (c1 — c1y — cox)p + (c2 — co)yq — abf =0,
y(1 — 2z —y)Oyq — 2xys + (c2 — cax — coy)q + (1 — co)zp —abf = 0. (D.5)

As a result, we have,

A — ab B _ ab
T a(l—a—y) T yl—a—y)
A :cox—i-cly—cl B, — (co—c1)x
2T el -z —y) 2Tyl -z —y)
o= (o= c2)y B, QT F 0y —c
P a(l—z—y) Pyl -z —y)
2 2
Ag=— Y By= 2 (D.6)
l—z—y l—z—y

To obtain the entries C1,...,C4 and Dy,..., D4y we begin by taking the d, derivative of
the first equation in (D.5) and the 0, derivative of the second equation. Taking linear
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combinations that produce one equation involving only 0,s and another involving only Jys
and eliminating the derivatives d,p and 0yq using (D.5), one obtains,

C; D;
- D=——" D.
e T Yyl -z—y)N’ (B-7)

where N = (1 — 2 — y)? — 4xy. The coefficients C; are given by,

Ci=ab(co —2c1 +ca+ 1)z +ab(cog —c2 + 1) (1 — y),
Co = (—2ab+ 0(2) — ¢cpc1 + cpea — ¢ — ¢ + 01)x2
+ (=2ab — ¢ + 3coer + coea — 262 — c1ep — 3cg + 3¢1)zy
+ (2ab + 0(2) — 3cpc1 — coea + 20% + c1e2 4 3co — 3c1)x,
C3 = (ab — coca + c3 + co — c2)(1 — 2)? + (ab — 2 + coca)y)?
+ (2ab + C% — 2cpc1 — 2cpca + 2c1c9 + C% + 3co — 3e2)zy
4+ (—2ab+ 2 — 3 —co + c2)y,
Cy = (co — 2¢2 + 2)2% + 1y + (2c0 — 31 + 2)2%y + (—=3co + 2¢1 + 2¢o — 4)xy?
+ (=2co — c1 + 4ep — 4)2® — 3c1y® + (2c0 — 4y + 2)zy
+ (co + 2¢1 — 2¢2 + 2)x + 3c1y — 1, (D.8)

and the coefficients D; are given by,

Dy =ab(co—c1+1)(1 —z) +ab(co+c1 —2c2+ 1)y,
Dy = (ab — ¢ + coc1)x? + (ab — coer + & + co — ¢1)(1 — y)?
+ (2ab + c% — 2cpe1 — 2¢oca + & + 2c1¢0 + 3cg — 3¢1)zy
+(=2ab+c2 - —cy+ 1),
D3 = (—2ab + c% + coc1 — coca — c1e9 — g + CQ)y2
+ (—2ab — cg + coer + 3cpes — cieo — 20% — 3co + 3c2)zy
+ (2ab + 0(2) — coc1 — 3cpea + cpeo + 203 + 3co — 3e2)y,
Dy = cox® + (o — 2¢1 + 2)y° + (=3co + 2¢1 + 2¢2 — 4)2?y + (20 — 3c2 + 2)2y?
— 3cpx? + (—2¢0 + 4ey — e — A)y? + (20 — dey + 2)zy
+ 3cox + (co — 2¢1 + 2¢0 + 2)y — c2. (D.9)

Swapping = <+ y and simultaneously ¢; <> co, we verify (A1, Ao, A3, Ay) <> (B1, Bs, Ba, By)
and (Cy,C2,C3,C4) <+ (D1, D3, Do, Dy).

D.1.2 Solution on a ray via ODE

Fix a point (z,y) € C? and parametrize a ray from the Zg symmetric point to (z,y) by

z(t) = ta?, z=a?,

y(t) =t5°, y=p5. (D.10)
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In terms of this parametrization, the denominators (1 —z — y) and N have simple zeros,

1—a(t) —y(t) =1 —ta? + %),
N(z(t),y(t) = (1 —tla—B)*) (1 - tla+ B)?). (D.11)

On this ray, the system of first order equations in two variables collapses to a system in

just one variable t,
d
P (M, + B*M,)®, (D.12)
where ®, M,, and M, are all evaluated at x(t),y(t). The initial values at the Zg-symmetric
point may be obtained from the Taylor expansion of Fy in powers of x,y. The integration of
this ODE for each one of the F; functions appearing in the SU(3) solution is now standard,

and thankfully proves to be numerically fast.

D.2 Numerically evaluating the derivatives of K

We now describe a method for numerically evaluating the SU(3) Kéhler potential by
integrating its derivatives with respect to the moduli uw,v. Our starting point is the
expression (4.4) for the derivatives of K as two-dimensional integrals, which we repeat here

/ pod 1)
oK 1 Lo zA'(x) x

Il F R S D.1
Oty 875 Rooo Jiajer ' JA(z)2 — 1] (D.13)

and likewise for the complex conjugate derivatives. For N = 3 the two complex moduli are
up = u and ug = v, with A(z) = 23 — ux — v.

Straightforward numerical integration of (D.13) fails, due to the fact that the integrand
has poles at z; satisfying A(x;)? = 1, as well as at infinity (for the v-derivative). We
proceed by explicitly subtracting the residues of these poles from the integrand, numerically
integrating, and then adding back in the subtracted contributions. For instance, dK/du is

computed as

0K 2t .
aa—wli%l/ / dRe(z) dlm(z) I(z,) +3_ J@i9)| - (D14)

where I(x,¢€) and J(x;,€) are given as,

2 A'(x)  32% - L |2 |2 A/ () e~ cle—=il®
I — T o e
(z,€) A — 1] []2° 2 20 A () |[& — x4
(A
;A () o2
J(xiv ) 2|A’ ﬂfz 27r / dre . (D.15)

When evaluating these formulas numerically we take € to be a small number (e.g. € = 0.01)
whose precise value demonstrably does not affect the results of the integration. The
expression (D.14) for 0K/0u, along with the analogous formulae for 0K /0v and their
complex conjugates, can then be straightforwardly numerically integrated from an initial
point (which we take to be the multi-monopole point with real u for which K = 0) to a
generic point (u,v). In this way, K can be evaluated on a grid of complex (u,v) values.
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We have subjected the numerical evaluation method described above to various consis-
tency checks:

o Applying the same method to the case of SU(2) gauge group, we have verified that the
resulting K (u) matches the known hypergeometric function representation depicted
in figure 1.

e We have verified that on the u = 0 and v = 0 slices of moduli space for which the
Appell functions reduce to hypergeometric functions, the numeric evaluation of K (u,v)
reproduces the correct values. This includes matching to the analytic values of K
at the origin (computed in (3.10)) and at the Argyres-Douglas points (computed
in (5.27)).

e Within the region of convergence of MAPLE’s predefined Appell Fy function, we have
verified for a variety of (u,v) that the numerical evaluation of K (u,v) matches the
numerical evaluation of the exact formula of K given in terms of Appell functions.

e We have, in some regimes, checked the two numerical methods described in appen-
dices D.1 and D.2 against each other and found them to match with high precision.

E The strong-coupling spectrum for SU(INV)

In this appendix, we enumerate the stable BPS particles in the strong-coupling chamber
of four-dimensional A/ = 2 pure supersymmetric gauge theory with gauge group SU(N),
though our primary interest is the case N = 3.

These BPS states were determined, for all SU(N) gauge groups, in [34-36]. We follow
the discussion in [35], where a basis different from ours is used. It is convenient to work
at the origin of moduli space, i.e. at the Zsy-symmetric point. The left panel of figure 9
shows the branch cut conventions and various cycles used in [35], while the right panel
shows our choice of branch cuts and cycles, both for the case of SU(3) gauge group. We
see that the branch cuts, as well as the 2; (and hence the ) cycles and the intersection
pairing #(7,B ) = d17, are the same in both figures. However, the figures differ in the
definition of the B cycles.

In order to translate their results into our conventions, we denote their B cycles —
referring to the left panel of figure 9 — by Bt™ while our B, cycles — referring to the
right panel of figure 9 — are denoted by B}°. By examining these figures, we see that the
cycles are related as follows,

P =mihem — 2y, BY = VL 42y (E.1)

In the conventions of [35], the N(N — 1) BPS particles that exist at the origin of SU(N)

gauge theory have charge vectors ji; that correspond to the following cycles jizr,'3

por = —BiPem pir =€r, MEkT = Pk—1,1—1 + Mk—1,7+1 — Hk—2,1 - (E.2)

13 As is common in the literature on BPS particles, we do not list their corresponding anti-particles.
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Figure 9. The left panel shows the conventions for the QA[I, B, and €; cycles that are used in [35].
The right panel shows our conventions for the 17,8 cycles. In this figure we have specialized to

27

N =3, withe=¢75 .

Here the labels run over k =2,...,N —1land I =1,..., N — 1, so that we set u; = 0 for
I <1land I > N —1. The €; cycle is obtained from %}hem by a — % rotation, as indicated
in figure 9 for the case N = 3. It can be expressed in terms of the 2; and ‘Bt[hem cycles:
—Ay 1+ 2 — A1 + 533hem I even
¢r = th th th (E.3)
—Ar 1+ 2% — A1 — %I_e{n — ‘BI om ‘BH_eiH I odd

The tower of N — 1 mutually local dyons that become massless at the k’th multi-monopole
point corresponds to the set of gy cycles, with I =1,--- /N — 1.

Specializing to N = 3, there are six BPS particles in the strong-coupling chamber,

corresponding to cycles ppr with £ = 0,1,2 and I = 1,2. The corresponding charges

ﬂ*them — (Cf, g»)them

N = 3, while the charges i = (¢; §)"™ in our basis can be determined from (E.1),

can be read off immediately from the specialization of (E.2) and (E.3) to

gms — g»them’
= g g, (E0)
= g

The results are summarized in table 1. The states in the table are grouped into three pairs
urr, labeled by & = 0, 1,2, of mutually local dyons, with one pair becoming massless at
each of the three multi-monopole points. At each of the two Argyres-Douglas points, one
dyon from each pair becomes massless. At the origin of moduli space, all six states are
massive and degenerate.

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. SCOAP? supports
the goals of the International Year of Basic Sciences for Sustainable Development.
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k1 Cycles (g, g)them (7:9)™
o1 —pihem (0,0;-1,0) | (-1,0;—1,0)
102 —spthem (0,0;0,—1) (0,1;0,—1)
par || €1 = 2205 — Ay — Wihem _ggthem | (2 1.1 1) | (1,0;-1,-1)
12 Cy = —Ay + 2A + Bihem (—1,2;0,1) (-1,1;0,1)
po1 €y + Bihem (-1,2;1,1) (0,1;1,1)
122 ¢ + Bthem (2,—1;-1,0) | (1,-1;—1,0)

Table 1. The six stable BPS particles in the strong-coupling chamber of SU(3) gauge theory, together

with the corresponding cycles and charges in the conventions of [35], as well as the translation of

the charges into our conventions.
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