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ABSTRACT: The spectrum of quarter BPS dyons in N’ = 4 supersymmetric string theories
can change as the asymptotic moduli cross walls of marginal stability on which the dyon
can break apart into a pair of half BPS states. In this paper we classify these marginal
stability walls and examine this phenomenon in the context of exact dyon spectrum found
in a class of N' = 4 supersymmetric string theories. We argue that the dyon partition
functions in different domains separated by marginal stability walls are the same, but the
choice of integration contour needed for extracting the degeneracies from the partition
function differ in these different regions. We also find that in the limit of large charges the
change in the degeneracy is exponentially suppressed compared to the leading contribution.
This is consistent with the fact that in the computation of black hole entropy we do not
encounter any change as the asymptotic moduli fields move across the walls of marginal
stability. Finally we carry out some tests of S-duality invariance in the theory.
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1. Introduction and summary

In a series of papers we computed the exact degeneracy of quarter BPS dyons in a class
of N' = 4 supersymmetric string compactifications in an appropriate corner of the moduli
space of these theories []—[] verifying and generalizing earlier conjectures [[—f]. Alterna-
tive approaches to this problem leading to similar results have also been developed [{, -
[0. The result for the degeneracy takes the form of integration over a three real dimen-
sional subspace (a contour) of the Siegel upper half plane parametrizing genus two Riemann
surfaces, and the integrand involves inverse of a certain meromorphic modular form of a
subgroup of the Siegel modular group.

It is well known however that for a dyon with a given set of charges the moduli space
of N' = 4 supersymmetric string theory contains subspaces on which the original dyon
becomes marginally unstable against decay into a pair of other dyons [[LT, [J]. In particular
the moduli space contains walls of marginal stability — codimension one subspaces — on
which the mass of the quarter BPS dyon becomes equal to the sum of masses of a pair
of half BPS dyons whose charges add up to that of the original quarter BPS dyon. On
this subspace the original dyon becomes marginally unstable against decay into this pair of
half BPS dyons, and typically the spectrum of the original dyon changes discontinuously
as we move through these marginal stability walls in the moduli space [T, [Z. Thus
an important question is: how does the dyon spectrum computed in [[[-f] change as we
move away from the particular corner of the moduli space in which the degeneracy was
computed?

A glimpse of this issue was already seen in the analysis of [l -] where it was found
that even in the corner of the moduli space where the result was computed, — in a weakly
coupled type IIB string theory compactified on a certain orbifold, — the result for the



degeneracy changes discontinuously as the angle between certain pair of circles of the
compact manifold passes through zero. This change could be attributed to the fact that
precisely at this point the system under consideration became marginally stable against
decay into a pair of half BPS states. However the change was such that the expression
for the degeneracy continues to be given by a similar integral with identical integrand, but
the contour over which the integral is to be performed gets changed. If we try to deform
the new contour into the original contour we encounter a pole of the integrand and hence
the two contributions differ by the residue at the pole. One can also interpret the result
by saying that the dyon partition function formally remains the same as we move through
the marginal stability wall, but the point in the Siegel moduli space around which we
should series expand the partition function to extract the degeneracies changes as we move
through these walls.

In this paper we classify these marginal stability walls in the moduli space of the
theory and explore what happens when we move across these walls. Although the walls
are complicated codimension one surfaces in the moduli space, one gets a simpler picture
by regarding them as curves in the axion-dilaton moduli space for fixed values of the other
moduli. We find that these curves are circles and straight lines, and could intersect on
the real axis or at ¢0co, but have no intersection in the interior of the upper half plane.
Furthermore although the slopes of the lines and the radii and the centres of the circles
depend on the charges and other moduli, the points where they intersect the real axis
and each other are universal. As a result a region bounded by these curves has universal
vertices but boundaries which depend on the other moduli and charges. One such region
has been displayed in figure [l in § . As we move from one of these regions to another, we
cross marginal stability walls and as a result the dyon spectrum could change.

Typically most of these walls lie outside the domain in which the approximation made
in our computation of the degeneracy can be trusted. However using T- and S-duality
invariance of the theory we can extract useful information about these walls. A useful
input in reaching this conclusion is the observation made in [[J] that under an S-duality
transformation the degeneracy formula does not remain invariant, but there is a change in
the integration contour. This can be attributed to the fact that a duality transformation
acts both on the charges as well as the asymptotic values of the moduli fields, whereas the
degeneracy formula is computed for different charges but in the same region of the moduli
space, in a sense that will be made precise in § fl. The apparent lack of duality symmetry of
the degeneracy formula is due to the fact that the region in which the degeneracy formula
is calculated and the region obtained after a duality transformation are typically separated
by walls of marginal stability. Thus the knowledge of how the contour changes under
a duality transformation can be used to extract information about how it changes from
one region of the moduli space to another as we move through these marginal stability
walls. This way the change in the spectrum across any wall of marginal stability can be
encoded as the result of changing the integration contour leaving the integrand unchanged,
or equivalently as shifting the point around which we expand the partition function to
extract the degeneracy.

One can try to find a physical interpretation of these changes in the degeneracy by



explicitly evaluating the residues at the poles picked up by the contour as we move it from
the position associated with one side of a wall of marginal stability to that on the other
side of the wall. We can do this easily in the context of the marginal stability wall found
in the original analysis of [[[]. We find that the change in the degeneracy is proportional to
the total degeneracy of the half-BPS electric and magnetic states into which the original
dyon can decay on this particular marginal stability wall.

Given these results, it is natural to ask what happens in the large charge limit where the
statistical entropy given by the logarithm of the degeneracy can be compared with the black
hole entropy. We find that in this limit the change in the degeneracy as we move across a
wall of marginal stability, — encoded in the residues at the poles which we encounter while
deforming the new contour to the old one, — is exponentially suppressed relative to the
leading contribution to the degeneracy. As a result the change in the statistical entropy as
we move across the wall of marginal stability is exponentially suppressed. This is consistent
with the fact that the entropy of the corresponding black hole is controlled solely by the
charges and is independent of the asymptotic moduli due to attractor mechanism. Thus
as the asymptotic values of the moduli fields move across the wall of marginal stability the
answer for the black hole entropy does not change. Our results indicate however that if we
are able to incorporate non-perturbative (in inverse charges) corrections in the computation
of the black hole entropy then we should see a dependence of the entropy on the asymptotic
values of the moduli fields, possibly along the line of [[I4, [LF].

Since we use duality invariance to find how the contour should be deformed as we move
across various walls of marginal stability, one could ask if there is any non-trivial test of
duality that one could perform. If we could identify duality transformations which leave
a region invariant, — in a sense that will be made precise in § [, — then the expression
for the degeneracy should not change under such a duality transformation. This requires
that under such a duality transformation either the contour should remain unchanged or it
should move to a new position such that in deforming it from the new to the old position
we do not encounter a pole in the integrand. This can then be explicitly tested. There
is also a possibility that a duality transformation maps one region to another such that
the degeneracy in each of these regions can be computed directly. In this case we have an
independent result of how the contour should change as we move from the first region to
the second and this can then be compared with the predictions coming from duality. We
identify some duality transformations of these types and carry out the required consistency
checks.

The rest of the paper is organized as follows. In § | we review the results of [[[-[]
about the degeneracy of quarter BPS dyons in a class of N/ = 4 supersymmetric string
theories. In § | we determine the locations of the walls of marginal stability in ' = 4
supersymmetric string theories. In § fl we determine how the different domains of the
moduli space, bounded by the marginal stability walls, are mapped to each other under
T- and S-duality symmetries of the theory and use this information to determine how the
spectrum should change as we pass through a particular marginal stability wall. In § [ we
show that the change in the statistical entropy as we move across the marginal stability
walls is non-leading compared to the full entropy. In § fj we perform some tests of S-duality



invariance of the theory.

Finally we would like to remind the reader that our analysis will focus on the marginal
stability walls associated with decay of the dyon into a pair of half-BPS states. It will be
worth exploring if there are interesting phenomena associated with decay into a pair of
quarter BPS states.

Some related issues have been discussed in [[J].

2. Dyon spectrum in a class of N = 4 supersymmetric models

In this section we shall review the dyon spectrum in a class of N' = 4 supersymmetric
models analyzed in ([, i, []-[]. Somewhat different approaches leading to similar results
have been developed in [, {|, §, [0, -

These theories are constructed by taking a Zy orbifold of type IIB string theory on
M x St x §1 where M is either K3 or T%. The generator g of the Zy group involves 1/N
unit of shift along the circle S' together with an order N transformation § in M. § is
chosen so that it commutes with an N' = 4 supersymmetry algebra of the parent theory.
Thus the final theory has A/ = 4 supersymmetry.

The description of the theory given above will be referred to as the first description of
the theory. Another useful description is obtained by a series of duality transformations.
We first make an S-duality transformation in the type IIB theory. Next we make an
R — 1/R duality on the circle S! that takes type 1IB string theory on M x S! x St
to type IIA string M x S! x S1 where S! is the circle dual to S'. Finally using six
dimensional string-string duality we relate this to a heterotic string theory on 7% x S x St
for M = K3 and type IIA string theory on 7% x S1 x S1 for M = T4. Under this duality
the transformation g gets mapped to a transformation g that acts only as a shift on the
right-moving degrees of freedom on the world-sheet and as a shift plus rotation on the left-
moving degrees of freedom. In the final theory, obtained by taking the orbifold of heterotic
or type ITA string theory on 7% x ST x St by a 1/N unit of shift along S! together with the
transformation g, all the space-time supersymmetries come from the right-moving sector
of the world-sheet. We shall call this the second description of the theory.

These theories typically have several moduli fields. In the second description one
complex modulus scalar arises from the axion (a) - dilaton (¢) combination, where the
axion by definition is the scalar field obtained by dualizing the NSNS sector 2-form field.
We shall denote by 7 the combination a + iS where S = e~2?. Other moduli fields arise
from the g invariant components of the metric, antisymmetric tensor field and gauge fields
(in case of heterotic string theory) along the six dimensional internal torus and may be
encoded in an r X r matrix valued field M satisfying

MLMT =M, MT =M, (2.1)

where L is a matrix with 6 eigenvalues +1 and (r — 6) eigenvalues —1. Here r is the rank
of the gauge group and depends on the specific model being considered. These U(1) gauge
fields arise from the g invariant ten dimensional gauge fields (in case of heterotic string



theory) as well as g invariant components of the metric and the 2-form field with one leg
along the internal torus and one leg along the non-compact directions.

Following the chain of dualities relating the first description to the second description
one can work out the origin of the various fields in the first description. In particular the
modulus 7 = a + S can be shown to correspond to the complex structure modulus of the
torus spanned by the S' and S! directions.

We shall now give the precise relationship between some of the moduli fields and the
geometric quantities associated with the compactification in the second description and
also give precise expression for some of the charges in terms of physical quantum numbers
carried by a state. To do this we need to fix a normalization convention for the coordinates
along S! and S1. We choose z# and 25 to be the coordinates along ST and S1 respectively
and choose their periods before orbifolding to be 2rva/ and 27wV o/ N respectively. Thus
after orbifolding both can be regarded as having period 27v/a’; however since periodicity
under a 27v/o/ translation action S' also involves an action of the generator § of the
internal Zy symmetry group, the momentum along S' measured in units of 1/v/o/ could
be fractional, — some multiple of 1/N, — if § acts non-trivially on the state. A string
will be said to carry one unit of winding along S' (or 51) if, as we go once around the
string, the z* (z°) coordinate shifts by 27v/a/. Thus an untwisted sector state whose
coordinate along S' changes by multiples of 2rvo/ N will carry winding charge along S*
in multiples of N, but twisted sector states can carry generic integer winding charges. A
single H-monopole associated with S* will correspond to an array of NS 5-branes wrapped
on S! x T* and placed at intervals of 2rv/o along S'. Finally the original Kaluza-Klein
monopole associated with S', represented by a Taub-NUT space with an asymptotic circle
of radius 2mv/o/ N along z*, will develop a Zy singularity at its centre after the orbifolding
and has to be regarded as carrying N units of Kaluza-Klein monopole charge associated
with S'. Thus the Kaluza-Klein monopole charge associated with S* will be quantized in
units of N. Similar definition can be given for the H and Kaluza-Klein monopole charges
associated with §1, but in this case the normalization is straightforward and both the
charges are allowed to take arbitrary integer values.

Let z# (0 < p < 3) denote the coordinates along the non-compact coordinates. For
our analysis it will be useful to study in detail a subsector of the theory in which we include
only those gauge fields which are associated with the 4 and 5u components of the metric
and the anti-symmetric tensor field, only those components of M which encode information
about the components of the metric and the anti-symmetric tensor field along S* x §1, the
axion-dilaton field, and the four dimensional metric. In this subsector there are four gauge
fields Aff) (1 <i<4)and a4 x4 matrix valued field M satisfying

MT = M,
MLMT = L,

LE<2 %). (2.2)

The fields Aff) and M are related to the ten dimensional string metric Gy and 2-form



field By via the relations [[i6, [7]:

@mn = G%g),
EmnEng), m,n=4,5,
~—1 ~—1
v=(_f o scnn)
A9 = (@G,
A1) = %B;;g) —BAUY, 4<mn<5, 0<pr<3.  (23)

A general dyonic state in the theory is characterized by an r dimensional electric
charge vector é and an 7 dimensional magnetic charge vector P. However if we consider
a dyon that is charged only under the gauge fields Aff) (1 < i < 4) introduced in (R.3),
the corresponding charge vectors can be taken to be four dimensional. If we consider a
state with momentum n and winding —w along §1, momentum n’ and winding —w’ along
51, Kaluza-Klein monopole charge N and H-monopole charge — W associated with S and
Kaluza-Klein monopole charge N’ and H-monopole charge —W' associated with S!, then
we define the four dimensional electric charge vector Cj and magnetic charge vector P
characterizing the state to be

—~

n w
n' w’

o= r=|% | (2.4)
w' N’

From our earlier discussion it follows that n' is quantized in units of 1/N, N’ is quantized
in units of N and all other quantum numbers appearing in (R.4) are quantized in integer
units. The precise relation between ), P and the electric and magnetic charges associated
with the gauge fields A,(f) has been derived in [[§ by working in the o/ = 16 unit.

Restricted to this subspace the T-duality transformation of the theory is parametrized
by a 4 x 4 matrix 2 preserving the charge lattice and satisfying

ol'rLo=1r. (2.5)
The action of T-duality takes us from a charge vector (Q, ]3) to another charge vector
(@', P') given by

—

P=@)'P =00, (2.6)
and the moduli field M to M’ given by
M =oMQT, (2.7)

leaving 7 unchanged. From eqs. (R.3), (R.6) it follows that the following inner products are
invariant under T-duality transformation
Q*=QTLQ = 27w + n'v'),
P2 =pPTLP = 2(NW + N'W'),
P-Q=PTLQ = Ni+Wa+Nn' + W', (2.8)



These combinations are independent of the moduli fields M. Using the moduli field we can
construct more general T-duality invariant combinations like QT MQ, PTM P and QT M P.
We shall make use of these quantities in § fJ.

In the full theory @ and P are r dimensional vectors and Q and M are 7 x r matrices,
and L is also an r x r matrix with 6 eigenvalues 1 and (r — 6) eigenvalues —1. However
the form of egs. (R.§)—(R.7) remains the same.

The theories under consideration also have S-duality symmetry which leaves the field
M unchanged, changes the vector (Q, P) to another vector (Q”, P) via the formula

—

(3)=C D) (F) (55 enm, 29)

and transforms 7 = a + 25 to
A at + 3

= 2.10
YT+ (2.10)

where the I'1 (V) group of matrices is defined by the conditions
ad — By =1, o, =1 mod N, v=0mod N, BeZ. (2.11)

We now consider in the first description of this theory a configuration with a single D5-
brane wrapped on M x S, Q1 D1-branes wrapped on S!, a single Kaluza-Klein monopole
associated with the circle 51, momentum —n /N along S' and momentum .J along St [.
Since a D5-brane wrapped on M carries, besides the D5-brane charge, —( units of D1-
brane charge with ¢ given by the Euler character of M divided by 24 [[d], the net D1-brane
charge carried by the system is Q1 — (. By following the chain of dualities described earlier
and a suitable sign convention for the charges in the first description, we can map this
to a configuration in the second description with momentum —n/N along S!, a single
Kaluza-Klein monopole associated with §1, (=Q1 + ¢) NS 5-brane charge wrapped along
T4 x S', J NS 5-brane charge wrapped along 7% x ST and unit fundamental string winding
charge along S' [. In particular the Kaluza-Klein monopole charge associated with S!in
the first description gets mapped to the fundamental string winding number along S! in
the second description and the D5-brane wrapped on M x S! in the first description gets
mapped to Kaluza-Klein monopole charge associated with ST in the second description.
Using (R.4) we see that this corresponds to the charge vectors!

0 Q1—¢
| —n/N B —J
= X ., P= ! , (2.12)
-1
This gives
Q*=2n/N, P>*=2Q,-¢), Q-P=J. (2.13)

The counting of states of this system in the weak coupling region of the first description

was carried out in [l -ff]. We shall now summarize the results of this analysis. We denote

'Recall that an NS 5-brane wrapped on T* x S! represents an H-monopole associated with S' and an
NS 5-brane wrapped on T* x S represents an H-monopole associated with S*.



by d(é, ﬁ) the number of bosonic minus fermionic quarter BPS supermultiplets carrying
a given set of charges (é, ﬁ), a supermultiplet being considered bosonic (fermionic) if it is
obtained by tensoring the basic 64 dimensional quarter BPS supermultiplet, with helicity
ranging from —% to %, with a supersymmetry singlet bosonic (fermionic) state. Our result
for d(Q, P) is
iG, P = ~ / 5 d5 di e R +aP Ny L (2.14)
N Je ®(p,0,0)

where C is a three real dimensional subspace of the three complex dimensional space labelled

by (p = p1 +ipe,0 = &1 + i02,0 = V1 + iv2). C corresponds to the subspace:?
p2 =My, o92=DMs, vy=—DMs,

My, Ms and M3 being large but fixed positive numbers with M3 << My, Ms, and

&(5,5,7) = 2mi@7+0) (2.16)

: boi - —2mis 7,8 ’ .
<] 11 11 (1— exp (2mi(K5 + 17 + jo))) om0 © TN wi).

b=0 r=0 K'er 4+ leF je2r +b
k/,1>0,5<0 for k/ =1=0

The coefficients cl()r’s) (u), a, 7 encode information about the spectrum of two dimensional

superconformal o-model with target space M and are defined as follows. First we define

Frs) (r,2) = %TTRR;? (§5(_1)FL+FR62MTLO6—2m‘%L062m‘FLz) ’ 0<rs<N-—1,

(2.17)
where Trppg- denotes trace over all the Ramond-Ramond (RR) sector states twisted
by g" in the SCFT described above, L,, L, denote the left- and right-moving Virasoro
generators and Fj, and Fr denote the world-sheet fermion numbers associated with left
and right-moving sectors in this SCFT. In defining L and Lg of a state we subtract cy, /24
and cr/24 from the conformal weights of the corresponding operators so that the RR
sector ground state has Lo = Lo = 0. Due to the insertion of (—1)f%® factor in the trace
the contribution to F("%) comes only from the Ly = 0 states. As a result F(™*) does not
depend on 7. Furthermore, using the existence of an SU(2), x SU(2)r R-symmetry current
algebra in this theory one can show that F (") (7,2) have expansions of the form

1
F(T’S)(T, Z) _ Z Z cl()r,s) (4n . j2)627rm7-+27rijz7 (2.18)
b=0 jE2F +bnef /N
An—j2>—b2

2The sign of v2 chosen here differs from the ones used in [ﬂfﬁ] As will be discussed later, this choice
of sign is valid for a specific choice of sign of the axion field; for the other choice the sign of U2 needs
to be reversed. The other difference is that we have put the M3 << Mj, M> condition to make explicit
the fact that while interpreting d((oj7 13) as the coefficients of the Fourier expansion of 1/5(57575) as in
eqs. ), () we need to first carry out the expansion in powers of 2™ and €2™*°/N and then carry
out the expansion in powers of e~2™*. This was implicit in the results of [ﬂ,a} but was not stated explicitly.



for some coefficients cl()r’ )( ). This defines the coefficients C(T s)( ). We now define

Qrs = N (§7(0) +2c("’s)(—1)) , (2.19)
727m's/N
O‘:mQOO__ZQOSTs/N)Q’ (2.20)
- 1
7= g Qoo (2.21)

This defines all the coefficients appearing in (P.14).
As an alternative to (2:14), (B-15) we can express d(@, P

d@,P)=g ( Q?, —P2 Q- P> (2.22)

where g(m,n, p) are the coefficients of Fourier expansion of the function 1/®(p, 5, v):

1 2mi(m p+n G+p7)
= . = g(m,n,p)e : 2.23
FGoD ) (229)

m7n7p

Let us denote by G the group of 4 x 4 matrices generated by:

a 0 b O

<é g>: 2(1)28 , ad—bc=1, c¢=0mod N, a,d=1mod N
0 0 01
0 1 0 0

A BY | -1.0 0 0

(C D>_ 0 0 0 1]’
0 0 -1 0
1 0 0 pu

(é ﬁ): 3 (1) A OA), YA (2.24)
0 0 0

and let G denote the group of 4 x 4 matrices satisfying the requirement that:

geG iff U'gueaq, (2.25)
where?
0 0 0 —1/VN
—vV/N 0 0 0
— 2.2
v 0 VN 0 0 (2.26)
0 0 -1/VN 0

~ A B
3Even though U contains factors of v/N the elements of G are integers due to the fact that for (C’ D) €

G, the elements of C' are multiples of N [ﬂ]



C

A ~
An element < ~ 5) € G induces a transformation on (p,c,v) via the relations:
PO\ s moae s s (5T
7 & = (AQ+ B)(CQ+ D), Q=1(_ _ |, (2.27)

and one can show that ® transforms as a Siegel modular form of weight k£ under this
transformation [f:

®(p,5',7") = det(CQ + D)* &(p,5,7), (2.28)
where
1 N—-1
k=g A"9)(0). (2.29)

S=

This finishes our review of the main results. However two points about the degeneracy
formula given above need special mention. Egs. (.14) and (R.23) are equivalent only if
the sum over m, n, p in (R.23) are convergent on the contour C. For the choice of C given
in (R.19) this requires that &)(,5,5,5)_1 has a power series expansion in positive powers
of e2™? and *™9/N except possibly for a finite number of negative powers, and that the
coefficient of any given term in this double power series expansion has an expansion in

—2mwiv

positive powers of e except possibly for a finite number of negative powers. This in

particular requires that the sum over m and n in (2.23) are bounded from below, and that
for fixed m and n the sum over p is bounded from above. By examining the formula (R.14)
for ® and the result that the coefficients cl(f’s) (u) are non-zero only for u > —b%, we can
verify that with the exception of the contribution from the k' = [ = 0 term in this product,
the other terms, when expanded in a power series expansion in €27, ¢2™0 and 2™ does
have the form of (R.23) with p bounded from above (and below) for fixed m, n. However for
the k' = [ = 0 term, which gives a contribution e =27 /(1 — ¢=27")2_there is an ambiguity
in carrying out the series expansion. We could either use the form given above and expand

—2miv

the denominator in a series expansion in e so that the criterion described above is

satisfied, or express it as €2 /(1 — ¢*™¥)2 and expand it in a series expansion in e*™ in
which case the sum over p will be bounded from below rather than from above. One finds
that depending on the angle between S and S L only one of these expansions produces the
degeneracy correctly via (2.2J)[. The physical spectrum actually changes as this angle
passes through 90° since at this point the system is only marginally stable. On the other
hand our degeneracy formula (P.14), (B.15) implicitly assumes that we have expanded this
factor in powers of e 2™ since only in this case the sum over p in (2.23) is bounded from
above for fixed m, n. Thus as it stands the expression for d(Q, P) given in (2:14), (2-19)
is valid for a specific range of values of the angle between S! and 51, which, in the second
description of the system, corresponds to the sign of the axion field. For the other sign of

the axion we need to carry out the integral over a different contour C defined as

p2 =My, 09 =M, vy= Ms,

,10,



where M7, My and Mj are large positive numbers with M3 << Mj, M. In the convention
that we shall be using in this paper, we need to use the contour C for positive sign of the
axion and the contour C for negative sign of the axion.

It turns out that walls of marginal stability, — codimension one subspaces of the
asymptotic moduli space on which the BPS mass of the system becomes equal to the sum
of masses of two or more other states carrying the same total charge, — are quite generic
for quarter BPS states in N/ = 4 supersymmetric string theories [[[1]], and we expect the
spectrum to change discontinuously as the asymptotic moduli fields pass through any of
the walls of marginal stability.* Thus the expression for the degeneracy given in this section
holds only in a finite region of the moduli space, bounded by the walls of marginal stability.
This will be discussed in more detail in § fJ.

Another point about the formula (R.14)) is that although it was derived for special
charge vectors Cj, P described in (R.12), it has been expressed as a function of the T-
duality invariant combinations P?, @2 and @ - P. Even though we expect T-duality to
be a symmetry of the theory, it is not guaranteed that the formula written in this fashion
hold for all charge vectors. First of all a T-duality transformation acts not only on the
charges but also on the asymptotic moduli. Had the spectrum been independent of the
asymptotic moduli, we could have demanded that the spectrum remains invariant under
T-duality transformation of the charges. However if a T-duality transformation takes the
asymptotic moduli fields across a wall of marginal stability, then all we can say is that the
spectrum remains unchanged under a simultaneous T-duality transformation of the moduli
fields and the charges, but if we are sitting at a fixed point in the moduli space then the
spectrum is not invariant under T-duality transformation on the charges. Second point is
that even if we ignore the issues related to the walls of marginal stability, two charge vectors
carrying the same values of P2, Q2 and Q- P may not necessarily be related by a T-duality
transformation.’? In that case the degeneracy of states for these two charge vectors could
be different. An example of this is that a state that carries fractional momentum along
S1 can never be related to a state carrying integer momentum along S', although they
may carry same values of Q?, P? and Q- P. Both these issues, together with the S-duality
transformation properties of the degeneracy formula, will be discussed in § fi.

3. Walls of marginal stability

As has been briefly mentioned in § fl, the degeneracy formula given in (.14), (B.179) is
expected to be valid within a certain region of the moduli space bounded by codimension
one subspaces on which the BPS state under consideration becomes marginally stable. As
we cross this subspace of the moduli space, the spectrum can change discontinuously. In
this section we shall study in some detail the locations of these walls of marginal stability
so that we can identify the region within which our degeneracy formula will remain valid.

4If a state becomes marginally stable on a surface of codimension > 2, then we can always move around
this subspace in going from one point to another and hence the spectrum cannot change discontinuously.

®Generically they are related by a continuous T-duality transformation but only a discrete subgroup of
this is a genuine symmetry of the theory.
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Let us consider a state carrying electric charge Q and magnetic charge P and examine
under what condition it can decay into a pair of half-BPS states. This happens when its
mass is equal to the sum of the masses of a pair of half BPS states whose electric and
magnetic charges add up to @ and P respectively. Since for half BPS states the electric
and magnetic charges must be parallel, these pair of states must have charge vectors of
the form (aM , eM ) and (bﬁ , dN ) for some constants a, b, ¢, d and a pair of r-dimensional
vectors M , N. We shall normalize M , N such that

ad —be=1. (3.1)
Then the requirement that the charges add up to (Q, ﬁ) gives
M =dQ — bP, N=—cQ+aP. (3.2)
Thus the charges of the decay products are given by
(adQ — abP,cd@ — ¢bP) and (—bcQ + abP,—cdQ + adP) . (3.3)

Note that under the scale transformation

D06

egs. (B.1)) and (B.J) remain unchanged. There is another discrete transformation

a b a b 0 1
(ca)- (o) (5o) @9
which leaves (B.J) unchanged and exchanges the two decay products in (B.3). A pair of

b
matrices <CCL d> related by (B.4) or (B.H) describe identical decay channels.

In order that the charge vectors of the decay products given in (B.J) satisfy the charge
quantization rules we must ensure that aM = ad@ — abP and bN = —bcé + abP belong
to the lattice of electric charges and that cM = cd@ — ¢bP and dN = —cd@ + adP belong
to the lattice of magnetic charges. For the charge vectors é, P given in (R.19) this would
require

ad,ab,bc € Z, cd € NZ. (3.6)
The condition c¢d € NZ comes from the requirement that cd@ —¢bP is an allowed magnetic
charge. In particular for a é of the form (R.13), a magnetic charge cd@ represents a state

with Kaluza-Klein monopole charge —cd associated with S'. Since this charge is quantized
in units of N, c¢d must be a multiple of N. We shall denote by A the set of matrices

b
(a d> subject to the equivalence relations (B4), (B.H) and satisfying (B.1), (B.6).
c

It is instructive to determine the structure of the set A. We shall first show that
using the scale transformation (B.4) we can always choose a, b, ¢ and d to be integers and
furthermore the solution is unique for given ad, ab, bc and cd. Since ad, ab, bc and cd are
all integers, we can express them as products of prime factors:

jab| = [ »f*, led| =[]0, lad =[] P bl = [ p}", (3.7)
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where the product over ¢ runs over the prime numbers p; and r;, s;, u; and v; are non-
negative integers satisfying
ri+s;i=u;+v; Vi. (3.8)

Furthermore since ad and bc differ by 1, they cannot have a common factor. This shows
that either u; or v; must vanish:

Let us now look for integer a, b, ¢ and d satisfying (B.7). For this we use the ansatz:
i b; i d;
|al :pr ) D] :sz‘ , |c] :Hpg, |d| :Hpi , (3.10)

where a;, b;, ¢; and d; are non-negative integers. Eq. (@) now gives
a; +b; = r;, ¢+ d; = s, a; + d; = u;, b, +¢; =v;. (3.11)

Now (B.9) tells us that for any given i either u; or v; (or both) are zero. If u; = 0 then the
only possible solution to (B.11)) is

a; = O, dz‘ = 0, bz‘ =T, C; = S;. (3.12)
On the other hand if v; = 0 then we must have
bi = 0, C; = 0, a; = Tj, dl = S;. (313)

This gives a unique expression for |al, |b], |c| and |d| using prime factorization. Up to an
overall factor of —1 which can be removed with the help of the scale transformation (B.4),
we can determine the signs of a, b, ¢ and d in terms of the signs of ab, cd, ad and bc.

The requirement that cd is a multiple of IV implies that the prime factors of N are
shared by ¢ and d. In case N is prime either ¢ or d must be a multiple of N. Using

the freedom (BF) we can ensure that ¢ is a multiple of N. In this case the matrices

“ J describe elements of ['g(N) modulo multiplication by —1.6 Since T'g(2) = I'1(2),

for N = 2 the set of matrices [ g ) may be identified as the elements of I'; (V') modulo
c
multiplication by —1. On the other hand using the freedom of multiplication by —1 we can
b
convert any I'g(3) matrix to a I';(3) matrix. Thus for N = 3 the matrices (a d> may
c

be chosen to be I'1(3) matrices.

The case N = 1 with M = K3, corresponding to heterotic string theory on 7° in
the second description, is somewhat special. In this case the set A consists of PSL(2,7Z)
matrices subject to the equivalence relation (B.H).

We shall now determine the wall of marginal stability corresponding to the decay
channel given in (BJ). Our starting point will be the formula for the mass m(Q, P) of a

b
To(NV) contains matrices (a d) satisfying ad —bc =1, a,b,d € Z, c € NZ.
c
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BPS state carrying electric charge é and magnetic charge P Ba, 1]

(@ P = (@~ 7ooP) (Mo + 1)(Q = 7cP)
1/2

+2 [(QT(Mu + L)Q)(PT (Mo + L)P) — (PT (M + L)Q)*] /7,
(3.14)

where 7 = a + 4S and the subscript oo denotes asymptotic values of various fields. This
expression is manifestly invariant under the T- and S-duality transformations described in

eqs. (8)-(RA) and (2:9)—(R11). In order that the state (Q, P) is marginally stable against
decay into (ad@ — abP,cdQ — cbﬁ) and (—bc@ + abP, —cdQ + adﬁ), we need

m(Q, P) = m(ad@ — abP, cdQ — cbP) + m(—bcQ + abP, —cdQ + adP). (3.15)

Using (B.14), (B.1§) and some tedious algebra, we arrive at the condition

d+ b\ 2 EN® 1
() (e ) =
where
g = QT (Mo + L)Q) + ab(PT (M + L)P) — (ad + b)(PT (M + L)Q) 51,y

[(QT(Mw + L)Q)(PT (Mo + L) P) — (PT (Mo + L)Q)2)'/?

Note that E depends on M, the constants a, b, ¢,d and the charges Q, ﬁ, but is indepen-
dent of 7. Thus for fixed P, Q) and M., the wall of marginal stability describes a circle

in the (@0, S) plane with radius

R =1+ E?/2|cd|, (3.18)
and center at . .
ad + bc
= —— . 1
¢ ( 2cd 20d> (3:19)

This circle intersects the real 7o, axis at
a/c and b/d. (3.20)

The cases where either ¢ or d vanish require special attention. First consider the case
¢ = 0. In this case the condition ad — bc = 1 implies that a = d = 1. By taking the ¢ — 0
limit of (B.16)), (B.17]) we see that the wall of marginal stability becomes a straight line in
the (@00, Soo) plane for a fixed Myo:
- b(PT (Moo + L)P) = (PT (Mo + 1)Q) S b—0. (1)
(QT (Mo + L)Q)(PT (Mo + L)P) = (PT(Mec + L)Q)?)'*

On the other hand for d = 0 we have bc = —1 and we can choose b = —1, ¢ = 1. In the

d — 0 limit of (B.16), (B.17) we get another straight line

. a(PT(My + L)P) — (PT (M4 + L)Q) a0, (22
QT (Mae + L)Q)(PT(Mac + L)P) — (PT (Moo + D)@ 77770
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We now notice that this has exactly the same form as (B.21) with b replaced by a. Thus
these do not give rise to new walls of marginal stability. In fact the ¢ =0 and d = 0 cases
are related by the equivalence relation (B.5).

In order to get some insight into the geometric structure of the domain bounded by
these marginal stability walls it will be useful to study the possible intersection points of
these walls in the upper half 7, plane. Let us consider a pair of such walls characterized

a; b as b
by the matrices L") and > 72 A convenient procedure for studying their
a d c2 do

intersection is to convert one of them (say the first one) to a straight line by an SL(2,7Z)
transformation. We define

diT — by

_—. 3.23
—C1T+ ay ( )

ro_ .al
Too = Qoo + 155, =

Then it is easy to see that in the (al, S.,) plane the two walls get mapped to the curves

PT(My + L)Q
a4+ ( )Q -

(QT(Ma + D)Q)PT (Ma + L)P) = (PT (Moo + L)Q)?

Sl.=0, (3.24)

and
ad+5e\ 2\’ 1 -
a - L) (s =) = ——a+EY, (3.25)
2cd 2cd 4322
where
é = dlé - blﬁ, ﬁ = —Clé + a113, (3.26)
a b d —b\ [az b
O 2
(E d> (—Cl al )(CQ dg)7 (3 7)
7 = SQT (Mo + L)Q) +@b(PT (Mo + L)P) = @+ b)(PT (Moo + )Q) g o

(@7 (Mee + L)Q)(PT (M + L)P) — (P (M + 1)QP]

If either ¢ or d vanishes 1e. if either ai/c1 = az/ce or ai/c; = by/dy then (B.2H) reduces
to a straight line of the form (B.21)) or (B:23) with P, @, b (or a) replaced by P,Q,b (or
@) respectively, and one finds that the only point of intersection of this line with (B-24) in
the upper half 7/ plane is at ico. In the 7o, plane this corresponds to the point aj/cy. If
neither ¢ nor d vanishes, then by eliminating a’,, from (B.24) and (B.25) we get

QT (My + L)Q PT (M, + L)P
(QT (Moo + L)Q)(PT (Moo + L)P) — (PT (Mo + L)Q)?
QT (My + L)Q + (ab/cd) PT (My, + L)P
(QT (Moo + L)Q)(PT (Mo + L)P) — (PT(Mo + L)Q)?
. (ad+b)? -1 _

42242

(8%)?

!
+S! o

0. (3.29)
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Using the conditions ad — bc = 1 and Zi,fl;, c, d € Z we see that ad and b¢ have same signs
and also that (ad + b¢)? > 1. As a result for S, > 0, each term in the left hand side
of (B.29) is non-negative and the only possible solution is

b=0 or a=0, S =0. (3.30)
Going back to the original variables using (B.29), (B-27) we see that these correspond to

the following two cases:

bo_a bbb

= or =, Too = — -
d1 Co d1 d2 > dl
Collecting all the cases together we see that the pair of circles characterized by the matrices
ap b ag b
( ! 1) and < 2 2) never intersect in the interior of the upper half plane and

C1 d1 (6] d2
intersect on the real axis if and only if the sets

aq b1 a9 b2
-, = —=, = .32
{cl’dl} and {cz,dz} (3.32)

From this analysis we see that the set of marginal stability walls divides the upper half

(3.31)

have an overlap.

Too plane into many domains, with each domain bounded by a set of walls described by a
b

set of matrices { (al ‘
C; dl

have possible vertices on the real axis or at ioc, but never in the interior of the upper half

>} Since the walls meet on the real axis or at ¢co, the regions

Too Plane. We also note that while the shape of the walls in the 7, plane depends on the
charges and the moduli M, their intersetion points are determined only in terms of the
a; b
¢ d;

How do we determine the walls bordering a given domain? We shall illustrate this

associated matrices (

for the domain that includes the large Sy, region and is bounded on the left (right) by
the line (B.2])) for b = 0 (b = 1). Since these lines intersect the real 7., axis at 0 and 1
respectively, the domain is bounded from below by set of circle segments in the upper half
plane described by (B:1G), of which the first one begins at 0 and ends at some point P; on
the positive real axis, the second one begins at P; and ends at some point P» to the right of
Py etc. with the final segment ending at 1. The parameters a, b, ¢, d for each segment must
be chosen such that given the starting point, it travels maximum possible distance to the
right; any other segment that travels less distance will lie beneath the maximal segment and
will not be of relevance for this computation. Thus in order to determine these segments
we first need to study the following general question: given a rational number p/q > 0,
what is the maximum distance a wall can travel given that it starts at p/q?

Let us first consider the case p/q > 0. We choose p, g to be relatively prime and p > 0,
g > 0. Now eq. (B.20) shows that the circle (B.16]) intersects the real axis at a/c and b/d.
Thus either a/c or b/d should be equal to p/q. Without any loss of generality we can
choose a/c = p/q and hence a = p, ¢ = ¢ up to an irrelevant overall sign. The constraint
ad — bc = 1 now gives

b p 1
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Figure 1: A schematic diagram representing the domain R in the upper half 7, plane, bounded by
the walls of marginal stability, for Z,, Zs and Zs orbifolds. The shapes of the circles and the slopes
of the straight lines bordering the domain depend on the charges and other asymptotic moduli, but
the vertices are universal.

We need to choose d so as to maximize the right hand side. Thus d must be chosen to
be the maximum possible negative number subject to the requirement that c¢d = gd is a
multiple of N and b = (pd — 1)/q is an integer.

In the special case where p/q = 0, we have a/c = 0 and hence a = 0. The condition
ad — bc = 1 tells us that we have (up to an overall sign) b = —1, ¢ = 1. The second
intersection point b/d = —1/d is maximized for maximum negative value of d subject to
the requirement that cd is a multiple of N. This gives d = —N and hence

b 1
I=N (3.34)

Following this rule we can now construct the circles which border the domain from
below. For the purpose of illustration we shall carry out the first few steps. Using ()
we see that the first circle segment beginning at 0 ends at 1/N. For N =1 this completes
the story since we have already reached the point 1. For N > 2 we need to proceed further.
Taking p/q = 1/N we see from (B.33) that b = (d — 1)/N. Since ¢ = N, the condition that
qd is a multiple of NV is trivially satisfied. Thus we need to choose d to be the maximum
negative number for which b = (d — 1)/N is integer. This gives d = —(N — 1) and b = —1.
Thus the circle ends at b/d = 1/(N — 1). For N = 2 this completes the story but for
N > 3 we need to proceed further. At the next stage we begin with p/¢g =1/(N — 1) and
get b=—(N—-1),d=—-N(N —2). Thus b/d = (N —1)/((N(N —2)). This does not
complete the story for any N > 3; e.g. for N = 3 this gives b/d = 2/3. By continuing
this process one can show that for NV = 3 we reach the point 1 at the next step via the

b 2 -1
wall corresponding to (a d) = <3 1) but for higher IV the story continues further.
c p—

A schematic diagram representing these domains for NV = 1, 2 and 3 have been shown in
figure . As will be discussed in § ff, for N > 4 the number of such walls is infinite.

This finishes our general analysis of marginal stability walls and domains bounded by
them. Now we focus on one particular domain, — the one in which the degeneracy formula
given in (R.14)), (2.17) is valid. Since the calculation leading to (R.14), (R.15) was performed
in a specific corner of the moduli space, — the weakly coupled type IIB string theory, —
all we need to know is how this region is situated with respect to the various marginal
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stability walls described here. However to address this issue we need to determine the
relation beween the moduli parameters in the first description, — as an orbifold of type
IIB string theory, — and the moduli 7o, My, appearing in the BPS mass formula (B.14).
We have already stated that 7o, = aso + 155 denotes the asymptotic value of the complex
structure of the torus (S x S)/Zy. We have worked in a region of the moduli space
where it is finite, 1.e. Sy is neither too large nor too small. The relation between the other
moduli fields in the first description and the matrix valued moduli field M can be found
by following carefully the duality chain that takes the theory to its second description,
and using the identification of M with the geometric quantities in this description as given
in (2.3). Let us denote, in the first description of the theory, by g the ten dimensional
coupling constant, by (277@ )4V the volume of M measured in the string metric, and by
(27v/a')2A the area of S x S'/Zy measured in the string metric. Let us also set the
anti-symmetric tensor field and all the Ramond-Ramond fields to zero. Then using the
standard duality transformation rules one can show that the relevant 4 x 4 component part
of the matrix M that couples to @ and P are given by

1)V
2 /(42
97/ (A%V)
My = 3.35
y (3.35)
A*V/g?
Using the expression for ) and P given in (B.13) one now gets
2 2 A2V
T _ 9 (n n
@ (Moo + 1)Q = A2V <N) + e T2y
2 2
(Moo + L) 7ty TV 2@ -0),
2
T _ g nd
P (M + L)Q = 12V N +J. (3.36)

The computation of the degeneracy was done in a region where g is small but A and V are
of order 1. Using (B.36)) one can now see that in this region

QT (My + L)Q >> PT(My + L)P, |PT (M + L)Q|. (3.37)

Even when we deform M, away a little from its diagonal form (B.33), eq. (B.37) continues
to hold.

We now study the implication of (B-37) on the location of the walls of marginal stability
in the T4 plane. First consider the case where cd # 0. In this case we see from (B.17), (B.37)
that

E \/QT(M‘X’ +L)Q >>1. (3.38)

ed =\ PT(My + L)P

Hence for the circle in the 7o, plane described by (B.16) we have

V1+ E?

E (3.39)
|2¢d| 2cd ) ’

|Soo| <
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In other words in the (as, Se) plane the uppermost point on the circle (B.16) lies little
above the So, = 0 axis and its center lies deep down in the lower half plane. Since Sy, ~ 1
in the region of the moduli space in which we have worked, we see that this region lies
above all the circles described by (B.16) in the 7 plane.

Next we consider the case ¢ = 0, — as discussed earlier the d = 0 case is equivalent to
this. In this case eq. (B.3d) shows that the coefficient of S in (B.21) is small for finite b
and small g. Thus for fixed My, these lines are almost vertical in the (aso, Soo) plane and
are given by

(oo = b. (3.40)

The b = 0 line corresponds to the wall of marginal stability described at the end of § [,
and as we described in § [, the degeneracy formula actually jumps across this wall.” Since
our degeneracy formula has been derived in the small ay, region, we see that the region of
validity of our formula is bounded by the b = —1 line on the left, b = 1 line on the right
and a set of circle segments below.

To summarize, the region of the moduli space in which we have carried out our analysis

1 0
) line and

b
consists of two domains. One of them, lying between the (a ) = (O 1
c

d

b 11
(a d> =10 1) line extends to the large S region, and is bounded from below by a
c

set of circles. For later reference we shall call this the right domain R and denote by Bg

b
the set of matrices <a d) labelling the boundaries of this domain. The other domain,
c

b 1 -1 b 1
lying between the “ = line and ( ¢ = 0 line also extends
c d 0 1 c d 0 1

to the large So region and is bounded from below by a set of circles. We shall call this the

b
left domain £, and denote by By, the set of matrices (a d) labelling the boundaries of
c
this domain. We shall argue in § f| that the set By, is obtained simply by multiplying the
0 1
One important issue that we would like to address is: how does the degeneracy formula

elements of Br by the matrix B ) from the left.

change as we move across a wall of marginal stability? We already know that as we move
across the wall (B.2])) for b = 0 the degeneracy formula continues to be given by (.14)
except for a change in the location of the integration contour from C to C. We shall argue
in § f that this is a general phenomenon; as we move across any line of marginal stability
the degeneracy formula will be given by the same expression except for a change in the

integration contour.

4. Duality transformation of the degeneracy formula

As noted in § B, the degeneracy formula (R.14), (R.15) has been written in terms of T-

"In the analysis of [] the jump occured exactly across the line ass = 0. This can be traced to the fact
that there the analysis was carried out using weak coupling approximation and did not take into account
the backreaction due to switching on J. Indeed for J = 0 we have PT (M + L)Q = 0, and ) forb=20
reduces to the vertical line as, = 0.
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duality invariant combinations @2, P? and @ - P although we have derived the formula
only for a special class of charge vectors. In this section we shall discuss what information
about the degeneracy formula can be extracted using the T- and S-duality symmetries of
the theory.

We begin by studying the consequences of the T-duality symmetries of the theory. It
follows from (), (.0) that if a T-duality transformation takes a charge vector (@, P) to
(@', P') then

Q?=Q% P?=P?, Q.P=Q-P. (4.1)

However there may be pairs of charge vectors with the same @2, P? and Q- P which are not
related by a T-duality transformation. Clearly T-duality invariance of the theory cannot
give us any relation between the degeneracies associated with such a pair of charge vectors.
In what follows we shall focus on charge vectors (Cj’ , ]3’) which are in the same T-duality
orbit of a charge vector (@, P) for which we have derived (-14).

We have denoted by R the right domain of the region of the moduli space described
in § [ in which the original formula for d(@, ﬁ) is valid. It is bounded by a set of marginal

d
duality map. In this case we expect d(Q’, P') in the region R’ to be equal to d(Q, 13) given

in (E19)

b
stability walls labelled by <a > € Br. Let R’ denote the image of R under the T-
c

| o 1
d /,Pl _ = /d~df0_v dgefwz(NpQ +oP?/N+20Q-P) _ ’
SIS 3(7.5.7)
_ 1 /dﬁd& J5 e~ (NFQ 45PNy Py 1 ’ (4.2)
N C q)(157 57 17)
where C has been defined in (R.1§). In going from the first to the second line of ({.9) we
have used ([.1)).

Let us now determine the region R’. Since under a T-duality transformation M —
QMQOT, and since R’ is the image of R under this map, R’ is bounded by walls of marginal

b
stability described in (B.1G), (B-17) with <a d> € Br and My in (B.I7) replaced by
c

Q1Mo (27)1. Using (B.0) we see that this effectively replaces (@, P) by (@', P') in (B-17).
Thus R’ is the region of the upper half plane bounded by the circles:

ad + be\ 2 E'\? 1 a b
o — Soo+— ) =——=(1+E" B 4.3
(“ 2cd > +< +2cd> et TED, <c d)e Ry (43)
where

, _ ed(Q" (Moo + L)Q') + ab(P'T (Moo + L)P') — (ad + be) (P (Moo + L)Q')
- (QT(Mso + L)Q)(PT (Moo + L)P') — (P'T (M + L)Q")2]

[ED)-(EA) are valid for any charge vector (¢, P') which can be related to the charge
vectors given in (R.19) via a T-duality transformation.

E (4.4)

Next we shall analyze the consequences of S-duality symmetry. An S-duality trans-
formation changes the vector (@, P) to another vector (Q”, P”) and 7 to 7 via the for-

mulee (2.9), (R.10). Thus if R” denotes the image of the region R under the map (2.10),
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then S-duality invariance implies that inside R” the degeneracy d(Q", P") is given by the
same expression (2.14) for d(Q, P):

A" Py = ~ / {5 d dy e Ve +arNvzigp) 1 (4.5)
N Jo ®(p,,v)

We would like to express the right hand side of ([l.) in terms of the vectors Q" and P".

For this we define R B 5 N
a _ ¥
(D)= (5 ) eram, "

and - ~ _
P’ Pl +ip; a B -24p p
"= (ol +ios | = ¥ & 27 a | . (4.7)
v o+ ivh —-ay —B6 (a0 + 39) v

Using (R.9), (.9), (£.4) one can easily verify that

efﬁi(NﬁQ2+5P2/N+2fle-P) efﬁi(Nﬁ”Q//2+5//P//2/N+2§//Q//-P//) (48)

and

dp d5 dv = dp’ d5" dv" . (4.9)

Furthermore, with the help of eq. (R.2§) one can show that [f]

(", 5", 0") = 0(p,5,0). (4.10)
If C” denotes the image of C under the map ([.7) then egs. ([.§)-(f10) allow us to ex-
press ([L.F) as

AT Py = L [ apae av emmNF QR PNy Ly

- N Jen &)(ﬁ//’au’g//)

To find the location of C” we note that under the map ([£.7) the real parts of p, & and ¥ mix
among themselves and the imaginary parts of p, ¢ and ¥ mix among themselves. The initial

contour C corresponded to a unit cell of the cubic lattice in the (p1,01,01) space spanned
by the basis vectors (1,0,0), (0, N,0) and (0,0,1). The unimodular map (f£7) transforms
this into a different unit cell of the same lattice. We can now use the shift symmetries

3(5,5,0) = d(5+1,5,0) = 35,5 + N,7) = 8(5,5,0 + 1), (4.12)

which are manifest from (R.16), to bring the integration region back to the original unit
cell. Thus C” and C differ only in the values of the imaginary parts of p, o and v. Us-
ing (R-19), (.7) we see that for the contour C”,

py = &> My + 3% My + 263 Ms,
54 = 72 My + 6% My + 256 M3,
ol = —aq My — B35 My — (&8 + B7) Ms . (4.13)
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Thus C” is not identical to C, — a fact first noticed in [[LJ]. We could try to deform C”
back to C, but in that process we might pick up contribution from the residues at the
poles of ®(5",5”,7"). Thus we see that the degeneracy formula (1) for d(Q", P") is
not obtained by simply replacing (@, P) by (Q” ., p" ) in the expression for d(@, P). The
integration contour C also gets deformed to a new contour C”.

Let us now analyze the region R” of the asymptotic moduli space in which ([L.11]) is
valid. This is obtained by taking the image of the region R under the transformation (2.1().
To determine this region we need to first study the images of the curves described in (B.16)
in the ao —Sao plane. A straightforward analysis shows that the image of (B.16) is described
by the curve

a'd" + ' 2 1" 2 1 )
(aoo - 20 d" > + <S°° + 201/d1/> = 40'/2d'/2 (1 + E” ) ’ (4'14)

a VN (o B a b
(C” d”) = <,7 5> (C d> ) (4.15)
and

y_ C//d//(Q//T(MOO + L)Q”)—l—a”b”(P”T(MOO —|—L)P”) _ (a”d”—i—b”c”)(P”T(Moo—|—L)Q”)
B [(Q//T(MOO+L)Q1/)(P1/T(MOO+L)P//)_(P//T(MOO+L)Q//)2]1/2 ’

where

E

(4.16)
) satisfy the relations (B.1)), (B.g), and the equivalence

" /!

It can be easily seen that < g
c

" /!

C// d//
) describes same set A as the collection of all the

relations (B.4), (B.H) translate to identical equivalence relations on < > Thus the

" /!

collection of all the matrices ( " g
c

tri a b
matrices .
c d

Now recall that the original region R was bounded by a set of marginal stability walls

b
{<a d>} € Br. Thus the region R” is bounded by the collection of walls described
c

" /!
by (f.14), (B.14) with (CCL// Z//) € <: ?) Br.

At this stage it will be instructive to compare the expressions for the degeneracies
d(Q,P) and d(Q",P"). There are two key differences. First of all although both are
represented by similar looking integrals, the contours of integration are different in the two
cases. Second the region of validity R” of the expression for d(@,ﬁ) is not obtained by
simple replacement of (Q, ]3) —(Q", ]3”) in the expression for d(@, ]3), the original region
of validity of our formula was bounded by a set of marginal stability walls corresponding

a
to a set of matrices < ) € Bpr, whereas the new region of validity of the formula is
c

d

1 b//
bounded by a set of walls corresponding to the matrices ( ” d”> € (a g) Br.
c ¥

Typically the new charge vectors (G”, P”) are not of the type (B-13), but in some cases
it is possible to obtain the charge vectors (Q”, P") by T-duality transformation of another
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charge vector (@, 15) of the form given in (R.19) satisfying
@2 _ QNQ7 ﬁQ _ P”Q, @ . ]3 _ Q// . P’ (4.17)

Then for d(@v ) ﬁ) our original formula for degeneracy holds. Using the results given in (f.3)—
(#4) we can now conclude that in the region R” bounded by the walls (f.16) with

"oy
(C// d//> € Br, (4-18)

the degeneracy d(Q”, P") is given by (E17]) with the contour C” replaced by C.

Thus we now have expressions for d(Q”, P") in two different domains, — R” and R”.
In both regions the degeneracy is given by an integral. The integrand in both cases are
same, but in one case the integration contour is C while in the other case it is C”. This
shows that as we cross the walls of marginal stability to move from the region R” to R”
the expression for d(@” , P") changes by a modification in the location of the contour of
integration.

Even though the result was derived under the assumption that (Q” ,P") can be re-
lated to a charge vector of the type (B.1J) by T-duality, it is natural to assume that this
phenomenon is more general. In particular, a natural postulate will be that as we move

from the domain R corresponding to the set Br to another domain corresponding to the
set (a ?) Br, with (a ?) € T1(N), the expression for d(Q, P) gets modified by a
" gl

replacement of the integration contour C to the contour C" corresponding to
p2 = & My + 3 My + 266 Mj
Gy = 72 My + 6% My + 275 M3,
vy = —aj My — (6 My — (a0 + 57) M3
0<p <1, 0<xH <N, 0<7 <1, (4.19)

My, My and My being large but fixed positive numbers with M3y << My, Ms and o = 9,
B=~/N,7=NB, 5 =a.

Can every domain be related to R or £ via S-duality transformation? If this is so then
we can use duality invariance together with the information about the contours C and C
appropriate for R and £, — as given in (R.1§) and (2.30), — to find out the location of
the integration contour in every other domain. For N = 1,2, 3 we can answer this question

b
in the affirmative as follows. In these cases the matrix (a d) labelling any wall can be
c
10
represented by an element of I'1 (V) and hence can be related to the matrix (O 1) via a
1 0
duality transformation of the form (f.15). Since (0 1) describes the boundary between

b
the domains R and L, the two domains bordering the wall <a d) must be related to the
c

domains R and £ by the same duality transformation. Since this can be done for every
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wall of marginal stability, we see that every domain must be related to either R or L via
a duality transformation.

1 0
For N > 4 not all the walls can be related to the wall (O 1 ) via duality transforma-
tion. Nevertheless it may still be possible to relate all the domains to R and £ via duality

0
transfomation, with the walls not related to 1> being related to some other wall of

1
0
R or L. We shall not attempt to settle this issue here.

Given two contours on two sides of a marginal stability wall, if we try to deform one
to the other then typically we shall encounter poles of the integrand, and the two results
will differ by the sum of the residues at these poles. To get a physical insight into how

much this change is as we move across a given wall, let us consider the wall corresponding

1 0
to the matrix (0 1 ) This is the wall separating the regions R and L, and across this

wall the original dyon becomes unstable against decay into states with charges (@, 0) and
(0, ﬁ) Since across this wall the contour changes from constant negative vy to constant
positive vy, we pick up the residue at the pole v = 0. Now near v = 0 the function ® has
the behaviour [f, i, B,

®(p,5,0) ~ —4n?D? f(Np)g(c/N) + O@?), (4.20)

where f(7) and g(7) are two functions which have the interpretation of inverse of partition
functions associated with electric and magnetic half BPS states of the theory. Performing
the integral over v in (R.14)) around the v = 0 point now gives

~@-n{f e N v Hy [ R TSI SCED

0 0

This formula can be given a simple physical interpretation. The second and the third
factors represent the degeneracies of the electric and magnetic half BPS states into which
the original dyon decays on the marginal stability wall. The @ - P factor on the other hand
is associated with the supersymmetric quantum mechanics describing the relative motion
of the electric and the magnetic system [fl]. In particular it represents the number of states
whose binding energy vanishes as we reach the marginal stability wall [, BJ]. Thus this
is the number of states which disappear from the spectrum as we cross the wall.

5. The large charge limit

In this section we shall argue that even though the complete spectrum changes discontinu-
ously when the asymptotic value of the axion field changes sign, the large charge expansion
is not affected by this change. Our starting point is the result derived in [I]-f] that the
poles in the integrand in the expression for d(@, ]3) come from the second order zeroes of
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;1; at8

n2(5ﬁ—?f2)+]5+n15—m1ﬁ+m2 =0,
.2 1
min —i—mzm—i—J— = -
171 4 47
mi1 € NZ, ni,mo,ng €7, j€e€2Z+1. (5.1)

For large charges the leading contribution to the degeneracy comes from the pole at no =
1 @, P4 B, [-f. Contribution from the poles with ny # 1 are exponentially suppressed
compared to the leading contribution.

Consider now the contours C and C” given in (R.15§) and (f.I9) respectively. Both
contours have the same range of integration over the real parts of p, ¢ and v

0<p1 <1, 0<o1 <N, 0<v<l1. (5.2)

However they differ in the values of po, g2 and v5. We have for

Ctﬁg == Ml,
oy = My,
62 = _M?H

C": pp = &% My + % My + 243 Ms,
Gy = % My + 62 My + 270 Ms,
Ty = —GF My — 36 My — (&6 + 37) M3, (5.3)

where My, My and Mj are fixed numbers with My, My >> 1 and |M3| << Mj, M. Our
goal will be to show that we can deform the contour C to C” without hitting any of the
poles given in (f.])) except those with ny = 0. Since for large charges the contribution to
the degeneracy comes from the poles at ny = 1 up to exponentially suppressed terms, this
will show that the change in the degeneracy due to the change in the contour of integration
is exponentially suppressed compared to the leading contribution.

To proceed we shall choose a specific path along which we deform the contour. We take
this to be along the straight line joining the points (M, My, M3) and (&% M; + 3% My +
2&3 Ms, ’3/2 My —}—52 Mo+ 2’?5 Ms, —ay My —BS My — (5[5—{—3’3/) M3) in the (p2, o9, U2) space.
Points on this line can be parametrized by a real number A lying between 0 and 1, with

o = My + M(a% — 1) My + 3% Mo + 263 M}
Gy = My + A {7% My + (6% — 1) My + 256 M3}
Ty = —Ms + A {—@7 My — 36 My — (&6 + 37 — 1) M3} . (54)

For each \ we take the real parts of p, & and ¥ to be in the range (f.9).

8For M = K3 this result can be found in appendix E of [ﬂ] For the general case the set of all the
zeroes and poles of & were listed in [E], but we did not attempt to separate out the zeroes from the poles.
A careful analysis shows that the only zeroes come from the set (@)

,25,



We want to show that (f.1) and (f.4) have no simultaneous solutions except for ng = 0.
For this we write down separately the real and imaginary parts of eq. (b.1)), as well as the
constraint on m, i, j:

J ny.  mi. Mo

'&252—’65—51]51 +6%——61——0’1+—p1—— =0, (5.5)
no no no no
n2(01p2 + 0201 — 20102) + jU2 + n1o2 —mip2 = 0, (5.6)
)
j 1
== 5.7
miny + meono + 1 1 (5.7)
We now eliminate m; and ms using (5.6), (5.7) to write (5.5) as
(5252—5§)+[(j nﬂA(i)—i—aj—i—bnl—i—c}:O, (5.8)
1
where
1 1 252/52)
A= — — S , 5.9
4n3 <21)2/P2 404/ p2 (5:9)
1 <i72 IS >
a = — =pP1— V1),
n2 \ p2
b=2"2 (ﬁl = fi—%h) :
nap2 02
c =]+ —=p1— 2= | ——. 5.10
ten (2220 - o (510)

Now for our contour p1, o1 and v; are always finite. For M7 and M large and of the same
order with |Mjs| << Mj, Ms, the quantities ps and oo given in (f.4) always remain large
and positive, and the ratios g2/pa, U2/p2, V2/02 etc. are bounded from above by finite
numbers. Thus the quantities a, b and ¢ remain finite. On the other hand in this limit we
have

aGs — 2 = A(1— A) (WQMf + BQMQQ) + <>\2 F (1= A2+ - N (@2 + 52)) M M.
(5.11)
In the range 0 < A < 1 each term in this expression is non-negative, and (5.11) remains
large and positive, — of order My My, — in the limit of large M7, Ms. This also shows that
the matrix A defined in (.9) is nondegenerate in this limit and in fact has finite positive
eigenvalues. As a result the term in the square bracket in (b.§) is bounded from below by
a finite number

c—i(a b) A~ (Z) , (5.12)

and can never cancel the first term in (p.§) for any value of j and n; for sufficiently large
M; and My. Hence (5.§) cannot be satisfied. This shows that it is impossible to find a
similtaneous solution to the eqs. (5.1]) and (5.4) for ny # 0, and hence the contour C can
be deformed to C” along the path (p.4) without encountering the poles of the integrand

given in (B.1]) for ny # 0.
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This establishes that in the limit of large charges the degeneracy remains the same
in different domains in the moduli space up to nonperturbative terms. This result is
consistent with the fact that for a black hole of charge (Q, ]3) in this theory we have
a stable supersymmetric attractor for P? > 0, Q*> > 0, P2Q? > (Q - P)®. Thus the
near horizon geometry of these black holes is always given by this attractor point and is
independent of the asymptotic moduli even if this requires the attractor flow to cross one
or more walls of marginal stability.

6. Test of S-duality invariance

In § [ we used S-duality invariance to determine the locations of the integration contour
in the degeneracy formula in different domains in the moduli space. However this did not
provide a test of S-duality. In this section we shall describe some tests of S-duality that
one could perform.

1. If there is an S-duality transformation that leaves the set By invariant, then under
such a transformation the contour C either should not transform, or should transform
to another contour that is continuously deformable to C without passing through any
poles.

2. Analysis of [fl] has shown that inside the left domain £ corresponding to the set of
matrices By, the degeneracy is given by performing integration over the contour C
described in (R.30). Thus if there is an S-duality transformation that maps the set
Br to the set By, then such a transformation must map the contour C to the contour
C or another contour deformable to C without passing through any pole.

In fact for all values of N there is an S-duality transformation that maps Bgr to Br. It is

a B 1 -1
(7 5> (0 1> oy
. . 10 I 11
To see this we note that it maps the (0 1> € Bg to <0 1 ) € By and (0 1) € Br

10
o

0 1
the action of (B.I]) must map Br to By. Using this transformation we can convert all tests

given by

t € Br. Since two domains sharing two common boundaries must be identical,

of the first type into tests of the second type; all we need to do is to left multiply the
duality transformation preserving Br by (b.1]) to construct a duality transformation that
maps Br to By.

We shall now try to verify that the transformation (p.J) maps C to C or a contour
deformable to C without passing through any poles. Using ([#.6), (B.19) we see that this
transformation maps the contour C given in (R.1§) to

p2 = My, Gy = N2M; + My — 2N Ms, vy = NMy — M3,
0<p <1, 0<& <N, 0<v <1. (6.2)
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This is different from C given in (B:30) for which (p2, 52, 72) = (M, My, M3). Thus we need
to verify that we can deform the contour (f.2) to C without encountering any pole. From
the analysis in § ] we already know that the poles at (f-1) for ny # 0 are not encountered;
thus we need to look for poles with no = 0. They occur at

(jU +n10 —mip+ma) =0, (6.3)

with )
] 1
m1 € NZ, niy,mo €2, j€E2W+1, mlnl—i-jzzz. (6.4)

Taking the imaginary part of eq. (6.d) we get
jUg +niog — mlﬁQ =0. (65)

For fixed j, n1, m; this describes a plane in the (pa, 09, 72) space. Our job is to show that
points in the (p2,72,02) space given in (2.30) and (B.2) lie on the same side of this plane
so that we can deform them to each other without going through this plane. For this we
need to show that the left-hand side of (6.5), evaluated at (2.30) and (.2) have the same

sign:
(ng + niMsy — mlMl) (j(NMl - Mg) + ’I’L1(N2M1 + My — 2NM3) - mlMl) > 0. (66)

We can simplify the analysis by setting M} = My = M. In this case the left hand side
of (B.6) has the form

(’I’Ll — ml){N] + (N2 + 1)711 — ml}M2
+{(Nj + (N? + 1)ng — mq)j — (n1 — ma)(j + 2Nnq)} M Ms
—j(5 +2Nn1) M3 . (6.7)

Using (6.4) the coefficient of the M? term can be brought to the form

. 2
(ﬂ—}—nl—ml) +N2n%—N—2. (6.8)
2 4
If ny # 0 then this is strictly positive. If n; = 0 then from ([.4) we have j = +1. We
shall choose j = 1 by using the freedom of changing the signs of ny, mi, ng, mo and j
simultaneously without changing the location of the pole. Since m; € NZ, in this case (p.§)
is strictly positive if mq # 0, N, and vanishes for m; = 0, N.

Now as long as (f.§) is non-vanishing and positive, we can make the first term of (.7)
dominate over others by taking M to be arbitrarily large, and hence (p.7) is positive as
required. Thus we only need to worry about is the case ny =0, 7 =1, m; = 0, N when
the order M? term vanishes. In both cases (f.7) takes the form:

N M Mz — M3 . (6.9)

Since M is large and positive, and M >> M3 > 0, this is strictly positive. This shows
that (b.6) holds for all j, my, n; and hence we do not encounter any pole while deforming

the contour (.9) to (2.30).
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For the special case of N = 1 one can consider another map that takes us from the set

Br to By,. It is
a B\ (0 1
(7 5>_<—1 0>' (6.10)

Under this map the vertices 0, 1 and ico of the domain R get mapped to the points ico,
—1 and 0 respectively. The latter set is precisely the vertices of the domain L.
Using ({.6), (B.19) we see that this transformation maps the original contour to [[Ld]

p2 = Mz, 9= M, vy= Ms,
0<p1 <1, 0<01 <N, 0<v<1. (6.11)
This exactly coincides with (2.30) up to an exchange of M; and M. Since exchange of M
and Mj does not change the integral (we could take M; = My) we see that this constraint
of S-duality is satisfied trivially.

Returning to the case of general N, one can identify the following additional 'y (V)
transformation that maps the set Br to By:

ED-(4 )

p2 = My + My — 2M3, o9 = Mo, vy = My — M3,
0<m<l, 0<& <N, 0<@ <1. (6.13)

This maps the contour C to

Consistency with duality invariance requires that we must be able to deform this contour
to C without encountering any pole. One can proceed to analyze this exactly in the same
manner as we did for (B.2) and arrive at the condition that in order to be able to deform
this contour to C given in (R.30) we need the following quantity to be positive (analog of

eq. (B.0):
(n1 — ml)(nl —2my —l—j)M2
+{j(n1 —2my + j) + (n1 — m1)(2my — j) } M M3
+3j(2my — j) M3 . (6.14)

Using (.4) the coefficient of the M? term can be brought to the form

: 2
1
<% +ny — m1> +m2 — 1 (6.15)

If my # 0 it is strictly positive. For m; = 0 from (p.4) we have j = 1. Since ny € Z,
in this case (p.17) is strictly positive if ny # 0, —1, and vanishes for ny = 0,—1. As long
as (b.15) is non-vanishing and positive, we can make the first term of (p.14) dominate over
others by taking M to be arbitrarily large, and hence (p.14) is positive as required. Thus
we only need to worry about is the case m; = 0, j = 1, n; = 0, —1 when the order M?

term vanishes. In both cases (p.14)) takes the form:

M M3 — M3 . (6.16)
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Since M is large and positive, and M >> M3 > 0, this is strictly positive. This shows
that (6.14)) is positive for all j, mj, n; and hence we do not encounter any pole while
deforming the contour (6.19) to (B-30).

If we consider the I'; (V) element

GDGD-CR D e
then it clearly leaves the set Br unchanged since it is given by a map from Bg to By, followed
by the inverse of a map from By, to Br. Our results establish that under this transformation
the contour C is mapped to another contour that is continuously deformable to C. This
is turn establishes that any power of gg will also have the same property. We can now
follow this up with the transformation (.1]) to construct a set of duality transformations
that maps the set Br to By, and maps the contour C to another contour deformable to
C. , thereby providing a test of the corresponding duality transformtion. For N = 1 this
includes in particular the element (p.10) considered earlier.

Can every element of I'1 (V) that preserves the set Br be expressed as a positive or
negative power of go? If so then our test of S-duality invariance of the degeneracy formula
would be complete. To address this issue note that a I'1 (V) transformation that maps Bgr
to Br must take adjacent walls to adjacent walls. Furthermore the map must be orientation
preserving. Thus the action of any such transformation on Br must preserve the cyclic
ordering of the walls and vertices. The map gy indeed has this property. It moves the
walls and vertices by two steps clockwise, taking 0 to 1, t00 to 1 — %, 1tol— ﬁ etc.
9o ! causes a shift by two steps in the anti-clockwise direction. Powers of gy will move the
walls clockwise or anti-clockwise by even number of steps. Are there elements of I'; (V)
which shift the walls by odd number of steps? If so then by combining it with appropriate
positive or negative powers of gy we can generate a transformation that shifts every wall of

Br by one step in the clockwise direction. Such a move will map 0 to ico, 400 to 1 and 1

VN -1/VN
VN 0 )

to1l— % The unique SL(2, R) map that implements this is the matrix <
This is clearly not an element of I'y(N) for any N other than N = 1.

This would seem to indicate that all elements of I';(/V) preserving Bg are generated
by go. However there is an additional subtlety arising out of the fact that for N > 4 the
element gy has a pair of fixed points on the real line corresponding to”

Tw:%<1i,/1—%> . (6.18)

These provide accumulation points of the vertices of R; indeed if we begin with any ver-
tex of R and apply go or g, ! transformation successively to generate other vertices they

accumulate at the points given in (6.18). As a result there are infinite number of walls

9For N = 4 there is a single fixed point and hence it does not divide the vertices into two sets. Thus
every pair of vertices separated by even number of steps can still be related by a go transformation.
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bordering R, and a wall or a vertex that is situated within the range

11 1i< <11+1i (6.19)
2 VI "N ) ST 3 N/ ‘

can never be related to a wall or a vertex lying outside this range by a gy transformation.
This opens up the possibility that there may be additional elements of I';(N) which map
the walls and vertices outside the range (b.19) to walls and vertices inside this range and
vice versa, preserving the cyclic ordering.

To examine this issue we need to first identify some vertices lying within the
range (6.19). For this we shall first prove that the point 1/2 must be a vertex. If it is
not a vertex then there must be a wall that goes over 1/2; by symmetry of the problem
the vertices at the two ends of this wall must be situated symmetrically about 1/2. Let us
take them to be

+5= , (6.20)

2q

1 p q*2p
2 q

b
with p, g relatively prime. This wall will correspond to a matrix <a d> with a/c =
c

(¢ — 2p)/2q and b/d = (q + 2p)/2q. Now we see that if ¢ is odd then (¢ £ 2p) are odd
and hence both ¢ and d must be divisible by 2. This of course is incompatible with the
relation ad — be = 1. If on the other hand ¢ is even (say 2m) then p must be odd and we
can express (p.20) as N

m=xzp

S (6.21)
Thus we have a/c = (m — p)/2m and b/d = (m + p)/2m. m must be odd so that (m + p)
are even; otherwise we again run into the problem of both ¢ and d being even. Now since
c and d cannot have a common factor, between m + p and m — p they should be able to
cancel all the factors in 2m. This in particular will mean that their product (m? — p?)
must be divisible by m. Thus p? should be divisible by m. This is in contradiction with
the assumption that p and ¢ (and hence p and m) are relatively prime except for m = 1.
The latter corresponds to the wall connecting 0 and 1 and is not relevant for us.

This shows that 1/2 must be a vertex (or accumulation point of vertices) of R. We can

now begin with % and identify the vertices to the left and right of this using the analysis
described below (B.33). For odd N this gives three points

! L 1+ ! (6.22)
2N’ 27 2 2N’ '

DO =

in ascending order. On the other hand for N = 2M with M odd we get the three points

to be
1 1 1 1 1

2 oM 2 2 A
If N is a multiple of 4 then one can show that there is no wall ending at 1/2 and hence 1/2

(6.23)

must be an accumulation point. We shall not deal with this case here. We can now ask how
go acts on these vertices. For N =5 and N = 6 one can check that it moves the left-most
vertex in the set (p.22) or (b.23) to the right-most vertex. By continuity we can conclude
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that in the range (B.19), go moves every vertex and wall by two steps in the anti-clockwise
direction. There is no contradiction with the fact that outside the range (6.19) go moves
the points in the clockwise direction since the boundaries of this region are fixed points
of go. Thus every wall in the range (f.19) can be related by g action to one of the two
walls connecting the vertices given in (6.22) or (6.23) for N = 5,6. For N > 7 there are
more than two vertices between a given vertex and its gg image and the situation is more
complicated.

Restricting ourselves to the cases N = 5,6 we now ask the following question: is there a
I'; (V) transformation that maps the vertices lying inside the range (6.19) to vertices outside
the range (6.19)? We focus on the possible action of this map on the three vertices given
in (6.29) or (6.29). If such a transformation exists then by left multiplying it with powers of
go we can always bring the three final points to 1, ico, 0 or ico, 0, 1/N. Examining the two
cases separately we find that there is no such I'; (V) transformation mapping (p.29) or (6.29)

to these points (although for odd N there is a I'g(N) transformation N (N -1)/2
which takes the three points given in (6.22) to ico, 0 and 1/N).

This finally establishes that for N < 6, all the elements of I';(/V) which preserve the
set Bgr are obtained by taking positive or negative powers of gg. Since we have checked
that these transformations take the contour C to another contour deformable to C without

encountering any poles, this completes our test of S-duality invariance for N < 6.
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