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We consider N' = 1 supersymmetric U(N), SO(N), and Sp(N) gauge theories, with
two-index tensor matter and added tree-level superpotential, for general breaking patterns
of the gauge group. By considering the string theory realization and geometric transitions,
we clarify when glueball superfields should be included and extremized, or rather set to
zero; this issue arises for unbroken group factors of low rank. The string theory results,
which are equivalent to those of the matrix model, refer to a particular UV completion
of the gauge theory, which could differ from conventional gauge theory results by residual
instanton effects. Often, however, these effects exhibit miraculous cancellations, and the
string theory or matrix model results end up agreeing with standard gauge theory. In par-
ticular, these string theory considerations explain and remove some apparent discrepancies
between gauge theories and matrix models in the literature.
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1. Introduction

Large N topological string duality [[ll] embedded in superstrings [B,f] has led to a new
perspective on N’ = 1 supersymmetric gauge theories: that the exact effective superpoten-
tial can be efficiently computed by including glueball fields. For example, in a theory with
gauge group G, with tree-level superpotential leading to a breaking pattern

G(N) =[] Gi(V), (1.1)

the dynamics is efficiently encoded in a superpotential Weg(S1,...Sk; g5, A) (g; are the
parameters in Wiee and A is the dynamical scale). Further, string theory implies []

Weff(Si; gj, A) = Z (hl 8-22?1) - 27TiTiSi) y (12)
i=1 v

with h; and 7; the fluxes through A; and B, three-cycles in the geometry, as will be
reviewed in sect. 3. The prepotential F(S;) in ([.2) is computable in terms of geometric
period integrals, which yields [f]

OF(Si) A3 )
o5, (log <?) i 1) T 35, 2 ST Sk (1:3)

1,050k 20

with coefficients ¢;, i, depending on the g; (but not on the gauge theory scale A). In [f] it
was shown how planar diagrams of an associated matrix model can also be used to compute
(L.2) and ([.3). Based on the stringy examples, this was generalized in [f] to a more general
principle to gain non-perturbative information about the strong coupling dynamics of gauge
theories, by extremizing the perturbatively computed glueball superpotential.

There are two aspects to the above statements: first that the glueball fields S; are
the ‘right’ variables to describe the IR physics, and second that perturbative gauge theory
techniques suffice to compute the glueball superpotential. The latter statement has now
been proven in two different approaches for low powers of the glueball fields \S; in ([3)
[B.. For powers of the glueball fields S; larger than the dual Coxeter number of the
group, an ambiguity sets in for the glueball computation of the coefficients ¢;, . ;, in both
of these approaches. The matrix model provides a natural prescription for how to resolve
this ambiguity, essentially by continuing from large N;. It was argued in [§] that the
string geometry / matrix model result (since the string geometry and matrix model results
are identical, we refer to them synonymously) has the following meaning: it computes the
F-terms for different supersymmetric gauge theories, which can be expressed in terms of
G(N + k|k) supergroups. The W.g(S;) is independent of k, and the above ambiguity can
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be eliminated by taking k, and hence the dual Coxeter number, arbitrarily large. The
G(N) theory of interest is obtained from the G(N + k|k) theory by Higgsing; but there can
be residual instanton contributions to Weg [[], which can lead to apparent discrepancies
between the matrix model and gauge theory results. We will somewhat clarify here when
such residual instanton effects do, or do not, lead to discrepancies with standard gauge
theory results.

There is another, more non-trivial assumption in [ff]: the statement that the glueball
fields S; are the ‘right” variables in the IR. This assumption was motivated from the string
dualities [[-f], where geometric transition provide the explanation of why the glueball fields
are the natural IR variables: heuristically, (S;) corresponds to confinement. However, this
is not quite correct: it also applies to abelian theories, as had been noted in [B]. So the deep
explanation of why we should choose certain dynamical S variables remains mysterious.

In this paper, we will uncover the precise prescription for the correct choice of IR
variables. This will be done from the string theory perspective, by arguing in which cases
there is a geometric transition in string theory. For the general breaking pattern ([L.1]), our
prescription for treating the glueball field S;, corresponding to the factor G; in (1)), is as
follows: If h(G;) > 0 we include S; and extremize Weg (.S;) with respect to it. On the other
hand, if h(G;) < 0 we do not include or extremize S;, instead we just set S; — 0. Here we
define the generalized dual-Coxeter numbersH

h(U(N)) = N,
h(Sp(N)) = N +1, (1.4)
h(SO(N)) = N — 2,

which are generalized in that ([4) applies for all N > 0. In particular h(U(1)) =
h(Sp(0)) = 1, so when some G; factor in ([L.1]) is U(1) or Sp(0), our prescription is
to include the corresponding S; and extremize with respect to it. On the other hand,
h(U(0)) = 0 and h(SO(2)) = 0, so when some G; factor in ([.]) is U(0) or SO(2), our
prescription is to just set the corresponding S; = 0 from the outset. (Note that U(1) and
SO(2) are treated differently here.)

This investigation was motivated by trying to understand the discrepancies found in
[[Q] for Sp(N) theory with antisymmetric tensor matter, where the superpotentials from
the matrix model and gauge theory were found to differ at order h in perturbation theory
and beyond. The analysis considered the trivial breaking pattern Sp(N) — Sp(N) and a
single glueball was introduced corresponding to the single unbroken gauge group factor.
In [P], various gauge theories including this example were studied, and an explanation
for the discrepancies was proposed in terms of the conjecture, mentioned above, that

L Our convention is such that Sp(N) C SU(2N), and hence Sp(1) = SU(2).
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the string theory / matrix model actually computes the superpotential of the large k
G(N + k|k) supergroup theories, rather than the ordinary G(N) theory. In this context,
the trivial breaking pattern considered in [[IJ] should be understood as Sp(NN) — Sp(N) x
Sp(0), which is completed to Sp(N + k|k) — Sp(N + k1|k1) x Sp(ks|ks). In particular,
Sp(0) factors, while trivial in standard gauge theory, are non-trivial in the string theory
geometry / matrix model context: there can be a residual instanton contribution to the
superpotential when one Higgses Sp(kz2|k2) down to Sp(0|0) = Sp(0), as explicitly seen
in [@] for the case of breaking Sp(0) — Sp(0) with quadratic Wtreeﬂ. Related aspects of
“Sp(0)” being non-trivial in the string / matrix model context were subsequently discussed
in (L2

However, it turns out that one also needs to modify the matrix model side of the
computation to take into account the Sp(0) factors. This was found by Cachazo [L1], who
showed that the loop equations determining T'(z) = Tr(25) and R(z) = — 555 Tx( VZ‘I_VK)
for the Sp(NN) theory with antisymmetric tensor matter [[4[IJ] could be related to those
of a U(2N + 2K) gauge theory with adjoint matter, with Sp(IN) — Sp(N) x Sp(0)K—1
mapped to U(2N +2K) — U(2N +2) x U(2)5~1. Tt was thus shown in [[[]] that vanishing
period of T'(z)dz through a given cut, corresponding to an Sp(0) factor, does not imply

that the cut closes up on shell (aspects of the periods in this theory were also discussed
in [16]). This fits with our above prescription that the Sp(0) glueballs should be included
and extremized in the string theory / matrix model picture, as would be done for U(2),
rather than set to zero, as was originally done in [I(]. We stress that we are not yet even
discussing whether or not the string theory / matrix model result agrees with standard
gauge theory. Irrespective of any comparison with standard gauge theory, the prescription
to obtain the actual string theory / matrix model result is as described above ([.4). Having
obtained that result, we can now discuss comparisons with standard gauge theory results.
As seen in [, by solving the U(2N + 2K) loop equations for the present case, this
corrected matrix model result now agrees perfectly with standard gauge theory! This will
be discussed further here, with all glueball fields S; included.

This agreement, between the matrix model result and standard gauge theory, is in
a sense surprising for this particular theory, in light of the Sp(k|k) description of [ for
the unbroken Sp(0) factors, with the resulting residual instanton contributions to the

2 Tt was suggested in the original version of [f]] that such Sp(0) residual instanton contributions
could also play a role for the case of cubic and higher order Wiy (where they had not yet
been fully computed) and could explain the apparent matrix model vs. standard gauge theory
discrepancies found in [[[(]. As we will discuss, we now know that this last speculation was not
correct. The corrected proposal of [H] is still that the matrix model computes the superpotential of
the G(N + k|k) theory, but where the matrix model side of the computation should be corrected,
as we discuss in this paper, to include glueball fields for the Sp(0) factors.
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superpotential. As we will explain later in this paper, the agreement here between matrix
models and standard gauge theory is thanks to a remarkable cancellation of the residual
instanton effect terms, which could have spoiled the agreement. The cancellation occurs
upon summing over the i in ([.2) fromi=1...K.

There are similar remarkable cancellations of the “residual instanton contributions”
to the superpotential in many other examples, which we will also discuss. In fact, in all
cases that we know of, the only cases where the residual instantons do not cancel is when
the gauge theory clearly has some ambiguity, requiring a choice of how to define the theory
in the UV; string theory / matrix model gives a particular such choice. Examples of such
cases is when the LHS of ([.1) is itself U(1) or Sp(0) super Yang-Mills, as discussed in
[]. Other examples where the residual instanton contributions do not cancel, is when
the superpotential is of high enough order such that not all operators appearing in it are
independent, e.g. terms like Tr @™, for a U (V) adjoint ®, when n > N. In standard gauge
theory, there are then potential ambiguities involved in reducing such composite opera-
tors to the independent operators, since classical operator identities can receive quantum
corrections. The residual instanton contributions, which do not cancel generally in these
cases, imply specific quantum relations for these operators, corresponding to the specific
UV completion. See [[7,L§] for related issues.

The organization of this paper is as follows: In section 2 we summarize the gauge
theories under consideration. In section 3 we review the type IIB string theory construction
of these gauge theories. We also discuss maps of the exact superpotentials of Sp and SO
theories to those of U theories, generalizing observations of [[9,20,RT],[1],[3]. In section 4 we
explain, from the string theory perspective in which cases we have a geometric transition.
In section 5 we consider examples, where the glueball fields S; of all group factors are
correctly accounted for on the matrix model side. The results thereby obtained via matrix
models are found to agree with those of standard gauge theory. In many of these examples,
this agreement relies on a remarkable interplay of different residual instanton contributions,
which sometimes fully cancel. Residual instantons are discussed further in sect. 6, with
examples illustrating cases where they do, or do not, cancel. In appendix A, a proof of a
general relation between the S? and RP? contributions to the matrix model free energy is
given, and also the matrix model computation of superpotential is presented. In appendix
B the gauge theory computation of the superpotential is discussed.

2. The gauge theory examples

The specific examples of N' = 1 supersymmetric gauge theories which we consider,
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with breaking patterns as in ([.]), are as follows:

U(N) with adjoint @ UN) = [T, UV,
SO(N) with adjoint ® : SO(N) — SO(No) x .2, U(N),
Sp(N) with adjoint ® : Sp(N) — Sp(No) x [T, U(NV,),
SO(N) with symmetric S : SO(N) — HZK:1 SO(N;),
Sp(N) with antisymmetric A : Sp(N) — HZK:1 Sp(N;),
U(N) with ® +5 + 5 : U(N) = SO(No) x [T, U(N;),
U(N) with & + A+ A : U(N) — Sp(No) x [T, U(N). o
2.1
For U(N) with adjoint ®, the tree-level superpotential is taken to be
K+1
Wiree = Te[W ()],  W(z) = %xj : (2.2)

1

<.
Il

with K potential wells. In the classical vacua, with breaking pattern as in (1), ® has N;
eigenvalues equal to the root a; of

K+1 ‘ K
W’(:L‘) = Z gjfL']_l = 9K+1 H(CE - a‘i)? (23>
Jj=1 i=1

with ZzK:1 N; = N. For SO(N) with symmetric tensor or Sp(N) with antisymmetric
tensor we take
Wiree = 3 TtW(S), or  Wiee = s TIW(A), (2.4)

respectively, where W (z) is as in (E3), the factor of 3 is for convenience, because the
eigenvalues of S or A appear in pairs, and the indices are contracted with d; for SO(N) or
J¢ for Sp(N). For SO(N) and Sp(IN) with adjoint matter, the tree-level superpotential is

K+1
925 2,
Wiree = sTr[W(®)],  W(z) =) 2—7332], (2.5)
=1
since all Casimirs of the adjoint ® are even, and the % is again for convenience because
the eigenvalues appear in pairs. ®’s eigenvalues sit at the zeros of

K+1 ' K
W'(x) = Z 92,77 = oo 1_[(1'2 —a?). (2.6)
j=1

=1

The breaking pattern in (R.1]) has Ny eigenvalues of ® equal to zero, and N; pairs at +aj,
so N = Ng+ S8 2N, for SO(N) = SO(No) x [T, U(N;), and N = Ny + .5 | N; for
Sp(N) — Sp(Ny) x HZK:1 U(N;) (with the convention Sp(1) = SU(2)).
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The next to last example in (B1]) is the N’ = 2 U(N) theory with a matter hypermul-
tiplet in the two-index symmetric tensor representation, breaking N' =2 to N =1 by a
superpotential as in (B.2):

K+1
w=Y ETel 1 V21r5S. (2.7)
=1 7
In addition to the possibility of ®’s eigenvalues sitting in any of the K critical points W' (x)
analogous to (B-J), there is a vacuum where Ny eigenvalues sits at ¢ = 0, with (SS) # 0,
breaking U(Ng) — SO(Ny). The last example in (R.T) is the similar theory where the
N = 2 hypermultiplet is instead in the antisymmetric tensor representation A, rather than
the symmetric tensor S. These last two classes of examples were considered in [P323,27].
In all of these theories, the low energy superpotential is of the general form

I/Vlow(gjv A) = Wcl(Qj) + WgC(A1> + WH(Qj? A) (28>

Wei(g;) is the classical contribution (evaluating Wyee in the appropriate minima). Wy (A;)
is the gaugino condensation contribution in the unbroken gauge groups of ([1]),

K
Wgc(A]) == Z hi@Qﬂini/hiAf, (29)
i=1

where h; = Co(G;) is the dual Coxeter number of the group G; in ([L.1), with the phase
factors associated with the Zsgp, — Zgy chiral symmetry breaking of the low-energy G,
gaugino condensation. The scales A; are related to A by threshold matching for the fields
which got a mass from Wi,ee and the breaking ([[1)); some examples, with breaking patterns
as in (2.0)), are as follows. For U(N) with adjoint ®:

AN = A2V @)V [ [ = g AN [ [ (a5 — an) N2 (2.10)
J#1 J#1

For SO(N) with adjoint, breaking SO(N) — SO(Ny) x Hfil U(N),

K
AS(NQ—Q) _ géVI%;%AZ(N—Q) Ha?(NO—Z)—4Ni
i=1
(2.11)
K
3Ni _ 9—N;i N 2(N-2) —2(No—2) 2 _2\N;—2N;
A7 =27 g5k oA a; H(ai a;) .
J#i
For Sp(N) with adjoint
K
AS(NOH) _ gé\flgileQ(N—l—l) Ha?(No—i—l)—ZNi
i=1
(2.12)
K
; —N; N; —4(No+1 _aN.
AN =2 ngévé+2A4(N+l)ai (No+ )H(azz — a2)Nim2Ns;

J#i



the U(N;) has index of embedding 2, which is why the U (1V;) one-instanton factor is related
to the Sp(IN) two-instanton factor in (B-12). For SO(N) with symmetric tensor,

A?(Ni—z) _ gK:lezN 8 H aj)Nz-Jr?—?Nj‘ (2.13)
J#i=1

For Sp(N) with antisymmetric A:

NS _ Nt 2 T g — gy %12 (2.14)
J#Fi

Finally, the term Wx(g;,A) in (B.§) are additional non-perturbative contributions,
which can be regarded as coming from the massive, broken parts of the gauge group.

In the description with the glueballs S; integrated in, as in ([.2), the gaugino conden-
sation contribution comes from the first term in ([[.3):

Wie(Si, A) = Zh S, <log (A ) ) (2.15)

and Wy (gi, A) comes from the last terms in ([.3), upon integrating out the S;. When the
minima a; of the superpotential are widely separated, the contributions Wy from these last
terms are subleading as compared with Wy.. As in ([.2), the full glueball superpotential
(L:3) can be computed via the string theory geometric transition, in terms of certain period
integrals [Af], as will be reviewed in the next section, or via the matrix models. In that
context, the term Wg.(S;, A;) comes from the integration measure (as is also natural in
field theory, since it incorporates the U(1)r anomaly) and W (S;, g;) can be computed
perturbatively [f]5]. The perturbative computation of W (S;, g;) can also be understood
directly in the gauge theory [fj], up to ambiguities in terms S™ with n > h = C3(G).
The string theory/ matrix model constructions yield a specific way of resolving these
ambiguities, which correspond to a particular UV completion of the gauge theory [BH].

As discussed in the introduction, our present interest will be in analyzing this circle
of ideas when some of the gauge group factors in ([[.1]) are of low rank, or would naively
appear to be trivial, e.g. U(1), U(0), SO(2), SO(0), and Sp(0).

3. Geometric transition of U(N) and SO/Sp(N) theories

In this section we briefly review the type IIB geometric engineering of relevant U (V)
and SO/Sp(N) theories, and their geometric transition.
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3.1. U(N) with adjoint and Wiyee = Tr ZJK:JT %(I)j

The Calabi-Yau geometry relevant to this theory [B] is the non-compact A; fibration
W'(x)? +y* +u® +0v* =0. (3.1)

This fibration has K conifold singularities at the critical points of W (z), i.e. at W'(z) =
0. Near each of the singularities, the geometry (B.I)) is the same as the usual conifold
z'? + y? +u? + v? = 0, which is topologically a cone with base S? x S3.

The singularities can be resolved by blowing up a 2-sphere S? = P! at each singularity.
We can realize the U(N) gauge theory with adjoint matter and superpotential (B.9) in type
IIB superstring theory compactified on this resolved geometry, with N D5-branes partially
wrapping the K P'’s. The gauge theory degrees of freedom correspond to the open strings
living on these D5-branes. The classical supersymmetric vacuum is obtained by distribut-
ing the N; D5-branes over the i-th 2-sphere P} with i = 1,---, K. The corresponding
breaking pattern of the gauge group is as in (21)): U(N) — H2K:1 U(N;).

At low energy, the gauge theory confines (when N; > 1), each U(N;) factor developing
nonzero vev of the glueball superfield S;. In string theory this is described by the geometric
transition [I,B,f] in which the resolved conifold geometry with P’s wrapped by D5-branes
is replaced by a deformed conifold geometry

W' (x)* + fx_1(z) +y* +u* +0° =0, (3.2)

where fx_1(x) is a polynomial of degree K — 1 in x and parametrizes the deformation.
After the geometric transition, each 2-sphere P} wrapped by N; D5-branes is replaced by
a 3-sphere A; with 3-form RR flux through it:

72 H=N, (3.3)

where H = Hrr + THys and 7 = C© + je=® is the complexified coupling constant of
type IIB theory. We define the periods of the Calabi-Yau geometry (B.9) by

1 Ae
Si=— ¢ 0, II; = / Q, (3.4)
271 A B;

i

where () is the holomorphic 3-form, B; is the noncompact 3-cycle dual to the 3-cycle A;,
and Ay is a cutoff needed to regulate the divergent B; integrals. The IR cutoff A, is to be
identified with the UV cutoff of the 4d gauge theory. The set of variables S; measure the
size of the blown up 3-spheres, and can be used to parametrize the deformation in place
of the K coefficients of the polynomial fx_1(z).
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The dual theory after the geometric transition is described by a 4d, N' = 1 U(1)X
gauge theory, with K U(1) vector superfields V; and K chiral superfields S;. If not for the
fluxes, this theory would be ' = 2 supersymmetric U(1)%, with (V;,S;) the N = 2 vector
super-multiplets, S; being the Coulomb branch moduli. This low-energy U(1)¥ theory has
a non-trivial prepotential F(S;) and the dual periods II; in (B-4) can be written as

_OF
08

I1;(S) (3.5)

Without the fluxes, this prepotential can be understood as coming from integrating out
D3 branes which wrap the A; cycles, and are charged under the low-energy U(1)’s [27].

The effect of the added fluxes is to break N' = 2 supersymmetry to N' = 1 by the
added superpotential [26,27]

W= fin0=3 (0 M- [uf 9) 36)

In the present U(N) case, (B.J) and (B.4) gives

K
Wﬁux = Z(NZHZ — 27TiOéSi), (37)
=1
where
Ay
H =« (3.8)
B;

is the 3-form NS flux through the 3-cycle B; and identified with the bare coupling constant

of the gauge theory by
2

8
omic = —— = V. (3.9)
v

where V is the complexified volume of the P'’s. The N' = 1 U(1)¥ vector multiplets V;
remain massless, but the S; now have a superpotential, which fixes them to sit at discrete
vacuum expectation values, where they are massive. The fields S; are identified with the
glueballs on the gauge theory side.

The superpotential Wy, (S;) is the full, exact, effective superpotential in ([.2). As
can be verified by explicit calculations [B,f], the leading contribution to (B.1) is always of
the form

K
Waux ~ > _[NiSi(1 = In(S;/AY)) — 2miaSy), (3.10)
i=1
where A; is related to the scale A, via precisely the relation (B.I0). This leading term
(B-I0) is the gaugino condensation part of the superpotential, as in ([.3).
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3.2. SO and Sp theories

The string theory construction of SO/Sp(NN) theories can be obtained from the above
U(N) construction, by orientifolding the geometry before and after the geometric transition
by a certain Zs action. The geometric construction of SO/Sp(IN) theory with adjoint was
discussed in [2§,29,R0B0], and in that case the invariance of the geometry (B.J) under
the Zs action requires that the polynomial W (z) be even. The geometric construction of
SO/Sp(N) theory with symmetric/antisymmetric tensor was studied in [B1,B23,[3].

In the classical vacuum of the “parent” U(2N) theory, the gauge group is broken into
a product of U(N;) groups. When a U(N;) factor is identified with another U(XV;) by the
Z, orientifold action, they lead to a single U(XV;) factor. When a U(N;) factor is mapped
to itself by the Zj orientifold action, it becomes an SO(N;) or Sp(3N;), depending on the
charge of the orientifold hyperplane. As a result, the classical vacuum of the “daughter”
SO/Sp(N) theory has gauge group broken as in (B.1I]), depending on whether the theory
is SO or Sp with adjoint, or SO with symmetric tensor, or Sp with antisymmetric tensor:

SO/Sp(N) = [[ Gi(N:),  Gi=U, SO, or Sp. (3.11)

The 3-form RR fluxes from orientifold hyperplanes makes an additional contribution
to the superpotential (B-f]), and the flux superpotential can be written as

Wﬁux = E [Nsz(Sz) — 271'27710451], (312)
where
- N; G; = U(Ny), { 1 G =U,
Uver G lsoWysam. "= 6 _soisp. @19

N; is the net 3-form RR flux through the A; cycle. For U(Nﬁ and Sp(N;), N; in (B13)
is the dual Coxeter number ([.4]), while for SO(N;) it is half the dual Coxeter number
(L4). The 1/2 in (B.13) is because the integration over the A; cycles should be halved due
to the Zs identification.

3.3. Relations between SO /Sp theories and U(N) theories

The result (B.12), with (B.13), gives the exact superpotential of the SO/Sp theories
in terms of the same periods S; and II(.S;) as an auxiliary U theory. This was first noted

3 So we get h replaced with h/2 for SO groups in (R.9). While one could absorb the overall
factor of 2 into the definition of A, the number of vacua should be h whereas here we apparently
get h/2 for SO groups. This is because the we don’t see spinors or the Zz part of the center which

acts on them; it’s analogous to U(2N) being restricted to vacua with confinement index 2.
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in [[I]] at the level of the Konishi anomaly equation as a map between the resolvents of
Sp theory with antisymmetric matter and U theory with adjoint matter. In [[J], it was
generalized to the map between the resolvents of SO/Sp theories with two-index tensor
matter and U theory with adjoint matter, and string theory interpretation was discussed.
In this subsection we will derive this map from the string theory perspective using the flux
superpotential (B-13). Furthermore, we will clarify the relation of the superpotential and
the scale of the SO/Sp theories to those of the U theory. The map between resolvents can
be derived from these results. For Sp(IN) theory with an antisymmetric tensor, the scale
relation was obtained in a different way in [[[I].

As a first example, consider SO(N) with an adjoint, with the breaking pattern as in
(B)). The geometric transition result (B.13) and (B.13) implies that the exact superpoten-
tial is the same as for the U(N — 2) theory with adjoint, with breaking pattern map

SO(N) = SO(No) x [[U(N:) <=  UN-2) > U(N,-2) x [[UWN:)?. (3.14)

i=1 i=1
The map between the superpotential is

WSOWN) _

exact

U(N—2)
lw, : (3.15)

exact

The SO(N) scale matching relation (P-I1]) is compatible with the map (B-14)), since (2-10)
for the theory (B.14) reproduces (R.11)).
Likewise, Sp(NN) with adjoint has the same exact superpotential as for the U(2N + 2)
theory with adjoint, with
K K
Sp(N) = Sp(No) x [[U(V:) < U@N+2) - U@2Ny +2) x [JUWV:)?,
i=1 =1
PSP _ 13 URN+2)

exact 3 Wexact
(3.16)
The Sp(N) scale matching relations (R.13) follow from the U(N) matching relations (2.10)
with the replacement (B.16]), with the understanding that the U(2N + 2) and U(2Ny + 2)
one-instanton factors correspond to the Sp(N) and Sp(Ny) two-instanton factors; this is
related to the index of the imbedding mentioned after (R.13), and is accounted for by
dividing the U (2N + 2) superpotential by two, as above.
Next consider Sp(IN) with antisymmetric tensor A and breaking pattern as in (P.J]).
The geometric transition result (B.13) and (B.13) implies that the exact superpotential is

the same as for the U(2N + 2K) theory with adjoint and breaking pattern

K K
Sp(N) = [[Sp(Vi) < UQ@N+2K)— [[U@N; +2). (3.17)

=1
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In the present case, comparing the matching relations (.14) for Sp(N) with symmetric
tensor with the matching relations (B-I0) for U(2N + 2K) with adjoint, for the mapping
as in (B.I7) requires that the scales of the original Sp(NN) on the LHS of (B.17) and the
U(2N + 2K) on the RHS of (B.17) be related as

2(N+K) -2 A2N+4
Avantar) = Ik Nepn)- (3.18)

Then the A; of the unbroken groups on both sides of (B.17) coincide, with the understanding
that the U(2N; 4 2) one-instanton factors correspond to the Sp(N;) two-instanton factors,
as above. The map between the superpotential is

K
Wg{g(c]t\[) = %[We[{(;zciv—i_zK) - AWcl]a AVVC] =2 Z W<ai)7
i=1 (3.19)
L. writing Wexace = Wer + Wouant: ~ Wenmt) =3 Wt .

Note that, in order for the superpotentials on the two sides of (B.I7) to fully coincide,
one must compensate the classical mismatch AW,,, since each well is occupied by two
additional eigenvalues in the theory on the RHS of (B.17). In the string theory geometric
transition realization, this constant shift, which is independent of N, A, and the glueball
fields \5;, is most naturally interpreted as an additive shift of the superpotential on the Sp
side, which can be regarded as coming from the orientifold planes both before and after
the transitions. The classical shift of AW, leads to slightly different operator expectation
values (as computed via Weg(gp, A) as the generating function) between the Sp and U
theory, as was seen in the example of [[I]]. Also, writing the map as in (B.I7), we want the
vacuum with confinement index 2 [[L1]]. We could equivalently replace the RHS of (B.17)
with UN + K) — Hfil U(N; + 1), in which case we would not have to divide by 2 in
(ET9).

Likewise, SO(N) with symmetric tensor S has exact superpotential related to that of
a U(N — 2K) theory with adjoint as

K K
SO(N) = [[S0(N:) <<= UN-2K)—[JUWN: -2),
= O (3.20)
Woalt) = JwEiN0 1 AWa),  AWa =2 W(a).

i=1

Comparing the matching relations (R.13) for SO(N) with symmetric tensor with those of
(R.10) for U(N — 2K) with adjoint requires that the scales of the original SO(N) on the
LHS of (B.-20) and those of the U(N — 2K) theory on the RHS be related as

2(N-2K) _ 4 2N—8
AU(N—2K) = gK—i—lAso(N)- (3.21)
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Then the A; of the unbroken groups on both sides of (B:20) coincide. Again, in order for
the superpotentials on the two sides of (8:20) to fully coincide, one must correct for the
classical mismatch AW, coming from the fact that the U(IN — 2K) theory has two fewer
eigenvalues in each well.

In appendix A we will discuss these relations from the matrix model viewpoint. In
this context, the relation relevant for (B.I4) and (B.If]) was conjectured in [I9,20] based
on explicit diagrammatic calculations, and it was proven for the case of unbroken gauge
group Ny = N in [RI]. This will be generalized in Appendix A to all breaking patterns.
Likewise, the matrix model relation relevant for (B.I7) and (B.2Q) will be proven in the
appendix; this is a generalization of the connection found in [[[1]] for the theories in (B.I7)
and (B.20).

4. String theory prescription for low rank

The discussion of the previous section applies for all N; > 0. We now discuss under
which circumstances one expects a transition in string theory, where S3’s grows, and
therefore an effective glueball field S; should be included in the superpotential. Whether
or not there is a geometric transition in string theory is a local question, so each S? can
be studied independently. Near any S the local physics is just a conifold singularity, so
we only need to consider the case of a conifold singularity.

4.1. Physics near a conifold singularity

As we saw, U(N), SO/Sp(N) gauge theory can be realized in type IIB theory as
the open string theory living on the D5-branes partially wrapped on the exceptional P?
of a resolved conifold geometry. There is a P! associated to each critical point of the
polynomial W (z). By the geometric transition duality [B,J], this gauge theory is dual to
the closed string theory in the deformed conifold geometry where the P!’s have been blown
down and S%’s are blown up instead.

Let us focus on one P! with N > 0 D5-branes wrapping it. This corresponds to
focusing on one critical point on the gauge theory side. We allow N = 0, which corresponds
to an unoccupied critical point. In the neighborhood, the geometry after the geometric
transition is approximately a deformed conifold z? + y? + 22 + w? = p with a blown up
S3. The low energy degrees of freedom in the four-dimensional theory are the N' =1 U(1)
photon vector superfield V' and the N = 1 chiral superfield S. The bosonic component of
S is proportional to p and measures the size of the S3.

First, consider the case without fluxes. Then the closed string theory has N’ = 2 and
there is one N' = 2 U(1) vector multiplet (V, S). It is known that as the size of the S goes
to zero there appears an extra massless degree of freedom [BJ], which corresponds to the
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D3-brane wrapping the S2. The mass of the wrapped BPS D3-brane is proportional to the
area, S, of the S2, so the mass becomes zero as the S3 shrinks to zero, i.e. as S — 0. This
extra degree of freedom is described as an N' = 2 hypermultiplet charged under the U(1)
(of V). Let us write this hypermultiplet in A" = 1 language as (Q,Q), where @ and Q
are both A/ = 1 chiral superfields with opposite U(1) charges. The N' = 2 supersymmetry
requires the superpotential

Wo =V2QQS, (4.1)

which indeed incorporates the above situation that the @, Q become massless as S — 0.
The D-flatness is

Q> — Q> =0, (4.2)
and the F-flatness is
QS=0QS=QQ =0. (4.3)
The only solution to these is
Q=0Q=0, S : any, (4.4)

which just means that S ~ p is a modulus.

Now let us come back to the case with the fluxes. As reviewed in the last section,
the fluxes give rise to a superpotential (B.6) which breaks N' =2 to N =1 [RGRT]. As in
(B.19), the local flux superpotential contribution is

Wi (S) ~ NS[1 — In(S/A%)] — 2minas, (4.5)

where we just keep the leading order term in (B.13), as in (B.I(), with

- (N U(N), 1 UMD,
N :{N/zq:l SO(N)/Sp(2N), ”:{1/2 SO(N)/Sp(LN). (4.6)

The scale A is written in terms of the bare coupling A, and the coupling constants in the
problem, as before, and 27i« is related to the bare gauge coupling by (B.9).
In the following, we discuss the cases with N =0,N >0and N <0 in order.

e N=0 case
In this case, the total superpotential is simply the sum of (1)) and (f.3):

W =v2QQS — 2minas. (4.7)

The only solution to the equation of motion is

2mina

2 _ 1712 5
RF=lQ5 Q= 7

S =0. (4.8)
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This is consistent with the fact that « is proportional to the volume of the P!, and the
D3-brane condensation <QQ) corresponds to the size of the P!. Furthermore, since
(S) = 0, the superpotential vanishes: W = 0. Therefore, for N = 0, i.e. for U(0) and
SO(2), geometric transition does not take place and we should set the corresponding

glueball field S — 0 from the beginning.

e N>0 case
In this case, there is a net RR flux through the A-cycle: ¢ L H = N. This means
that the D3-brane hypermultiplet (Q, Q) is infinitely massive, because the RR flux
will induce N units of fundamental charge on the D3-brane. Since the D3-brane is
wrapping a compact space S2, the fundamental charge on it should be canceled by N
fundamental strings attached to it. Those fundamental strings extend to infinity and
thus cost infinite energyﬂ. Therefore, we can forget about @, Q in this case, and the
full superpotential is given just by the flux contribution (f.§). The equation of motion
gives
SN ~ AgNe_Qmm, (4.9)
which corresponds to the confining vacua of the gauge theory. Note that this case
includes U(1) and Sp(0); these theories have a dual confining description. This may
sound a little paradoxical, but is related to the fact that the string theory computes
not for the standard G(N) gauge theory but the associated G(N + k|k) higher rank
gauge theory, which is confining and differs from standard U(1) and Sp(0) due to
residual instanton effects [g].

e N<O0 case
In this case, the same argument as the N > 0 case tells us that we should not include
the D3-brane fields @, Q. Hence the superpotential is just the flux part (EF), which
again leads to
SN ~ AN g—2mina, (4.10)

However, now ([.10) is physically unacceptable, since S diverges in the weak coupling
limit where the bare volume of P! becomes V = 2mia — oo (g, — 0) — i.e. taking
P! large would lead to S2 also being large, which does not make sense geometrically.
The resolution is that S cannot be a good variable: the S does not actually blow up,
and S should be set to zero, S — 0, also for this case. Though S is set to zero, the
non-zero flux can lead to a non-zero superpotential contribution Wyyux = N I(S — 0).

Note that the above result concerning the sign of N does not mean the gauge theory
prefers D5-branes to anti-D5-branes; it just means that one should choose the sign of the

4 This phenomenon is the same as that observed in the context of AdS/CFT [B3,B4,8.
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NS flux (i.e. the sign of 27mia) appropriately. If one wraps the P! with anti-D5-branes, one
should flip the sign of the NS flux in order to have a blown up S% (which can be viewed
as a generalization of Seiberg duality to Ny = 0).

4.2. General prescription

Although we focused on the physics around just one P! in the above, the result is
applicable to general cases where we have multiple P! wrapped with D5-branes, because the
geometry near each P! is identical to the conifold geometry considered above. Therefore,
if we replace N with Ni, all of the above conclusions carry over.

Once we have understood the physics, we can forget about the D3-brane hypermulti-
plet (Q, Q) and state the result as a general prescription for how string theory treats U(0),
S0O(0), SO(2), and Sp(0),U(1) groups in the geometric dual description:

e U(0), SO(0), SO(2):
There are no glueball variables associated to these gauge groups, so we should take
the corresponding S — 0.

e All other groups, including Sp(0), and U(1):
We should consider and extremize the corresponding glueball field S.

This prescription should also be applied when using the matrix model [{,BGH] to
compute the glueball superpotentials.

5. Examples

Let us scan over all of the examples of (2.1]), considering the vacuum where the gauge
group is unbroken, and ask when glueball fields S; for the apparently trivial groups in
(B.J) should be set to zero, or included and extremized. For the first three cases in (R.1)),
U(N), SO(N), and Sp(IN) with adjoint, the breaking (E-]) is G — G x U(0)%~!, and the
glueball fields S; for the U(0) factors are to be set to zero. This justifies the analysis of
these theories in the unbroken vacua in [Bq2I]. The next case is SO(N) with a symmetric
tensor S, where the vacuum with unbroken gauge group is to be understood as SO(N) —
SO(N) x SO(0)5~1, and again the glueball fields S; for the SO(0) factors are set to zero.
This eliminates the Veneziano-Yankielowicz part of the superpotential for SO(0), but the
—1 unit of flux associated with each SO(0) does contribute to flux terms NiHi = —1II; in
(B:I3), even though this does not contain SO(0) glueballs any more.

The next case is Sp(IN) with an antisymmetric tensor, where the vacuum with unbro-
ken gauge group is to be understood as Sp(N) — Sp(N) x Sp(0)X~1. Unlike the above
cases, here we must keep and extremize the S; for the Sp(0) factors, as will be further
discussed shortly.
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For the next to last example in (), U(N) with ®+S+S, the vacuum with unbroken
gauge group is to be understood as U(N) — SO(0) x U(N) x U(0)K~1, and the glueball
fields S; for SO(0) and U(0) are to be set to zero. Finally, for the last example in (B.1),
U(N) with & + A 4+ ;L the vacuum with unbroken gauge group is to be understood as
U(N) — Sp(0) x U(N) x U(0)X~1. Though the string engineering of these examples
differs somewhat from those discussed in sect. 4 (it was obtained in [B(]), the general
prescription of sect. 4 is expected to carry over in general: the glueball field Sy for the
Sp(0) factor should be included and extremized, rather than set to zero. On the other
hand, the S; for the U(0) factors are set to zero. These latter two theories in (B.I) were
considered in [P4] and it was noted there that for the case with antisymmetric one expands
on the matrix model side around a different vacuum than would be naively expected; this
indeed corresponds to keeping and extremizing the glueball field Sy for the Sp(0) factor,
as we have discussed.

We now illustrate some other breaking patterns in the examples of (2.)), from the
matrix model perspective, for the case of K = 2. We also compare with standard gauge
theory results and generally find agreement, even in cases where there was room for dis-
agreement because of the possibility of residual instanton effects along the lines of [{].
As will be discussed in more detail in the following section, the agreement is thanks to a
remarkable interplay of different residual instanton contributions.

5.1. SO/Sp(N) theory with adjoint

Consider N =2 SO(2N)/Sp(N) theory broken to N' = 1 by a tree level superpotential
for the adjoint chiral superfield ®:

Wiree = 2TE[W(D)],  W(x) = %aﬁ + %x‘*. (5.1)

In the SO case, we can skew-diagonalize ® as
® ~ diag[Ai, -, Anv] ®io?. (5.2)

The superpotential (5-1]) has critical points at A = 0 and A = ++/m/g. The classical
supersymmetric vacuum of the theory is given by distributing 2Ny of the 2N “eigenvalues”
A; at the critical point A = 0 and N7 “eigenvalue” pairs at A = :EW, with Ng+N; = N.
In this vacuum, the gauge group breaks as SO(2N) — SO(2Ny) x U(Ny) or Sp(N) —
Sp(Ng) x U(Ny).

In the matrix model prescription, the effective superpotential in these vacua is calcu-
lated by matrix model as

Wov (So, No; S1,N1) = (No F 1) So[1 — In(So/AJ)] + N1.S1[1 — In(S1/A)] + Woet,

0Fg2 0Fg2
S NI L AF ppe.

Weert = 2o 95, 95,

(5.3)
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where Fg2 and Frp2 are the S? and RP? contributions, respectively, to the free energy of
the associated SO/Sp(NN) matrix model, as defined in Appendix A. The scales Ay, A; in
(B.3) are the energy scales of the low energy SO(2Ny)/Sp(Ny), U(N1) theories with the
® field integrated out, respectively. They are related to the high energy scale A by the
matching conditions as in (P.11]) and (2.13), which yields

(A0>3(N0:Fl) — mNO—Nl:FlgNlA2(N:F1),

(5.4)

(A1>3N1 — 2—N1m—2N0i2 2N0—|—N1:F2A4(N:Fl).

9

The matrix model free energy is computed in Appendix A, and the result is

Whert = (No F 1) [(3

553 — 85051 + 2512) o+ (—%SS’ +42555; — 365057 + 45%) a?

45 932 608 40

+ N, {(—253 +25051) a+ (7S5 — 185551 + 65057) o

233 024 80
+ (—ng + 7ks*g’sl — 1528257 + gsosf) a?’] + O(a),
(5.5)
where o = g/m?. The result (B.5) agrees with the one obtained in [Bg], where the glueball

superpotential was calculated by evaluating the periods (B.6). The full result, (f.3)) and
(B4), has the expected general form (B-I2):

Weg = (NO F 1)1_[0(50, Sl> + N1H1(SQ, Sl) - 271'2.04(%50 + Sl> (56)
The general prescription in section 3 reads in the present case as follows:
e SO(2N)/Sp(N) —SO(2N)/Sp(N)xU(0) (unbroken SO/Sp):
Set N1y =0, S; = 0. Then the superpotential is

0Fg2

Weg (So, No) = (Nog F1) So[1 —In(So/A)] + 2 (Ng F 1) )
950 |g,—o

(5.7)

This superpotential coincides with that of U (2N F2) with adjoint and breaking pattern
U2N +2) — U2N F2) xU(0) x U(0), as expected from the map (B-I4) or (B-10).
As shown in [21] for SO(2N), this matrix model result agrees with that of standard
gauge theory, via using the corresponding Seiberg-Witten curve.

e SO(2N) —SO(0)xU(N):
Set Ng = 0 and take Sy — 0, which eliminates the Veneziano—Yankielowicz part for
the SO(0). Then the superpotential is

Wer (S1) = NSi[1 —In(S1/A})] + 4 Frpz|g,—q -
= —Ho(So, Sl)‘sozo + NHl(So, Sl)|So:0 — 27Ti0451.

(5.8)
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855512 o0 0 because Fg2 does not contain terms with S7 only (all terms
0=0

are of the form S7'S7* with n > 0). And though the Veneziano-Yankielowicz part of the
superpotential for SO(0) is eliminated via Sy — 0, the —1 units of flux associated with
SO(0) does make a contribution in (.§), with the non-zero terms in —IIy(So, S1)|s,=0
in the second line of (p-§) coming from the term 4Fgp2|s,—o-

Note that

e SO(2N) - SO(2)xU(N-1):
Set Ny =1, Sy = 0 and remove the Veneziano—Yankielowicz part for the SO(2). Then
the superpotential is

Wov (S1) = (N —1)81[1 — In(S1/A7)], (5.9)

0F g2
0851

where we used = 0 again. Integrating out S; gives

So=0
Wiow = (N = 1)Af = 5(N —1)gA* (5.10)

e Sp(N) — Sp(0)xU(N):
Set Ny = 0 in the equation and keep both Sy and S;. Then the superpotential is

Wpv (So, No, S1, N1) = So[1 — In(So/A3)] + NSi[1 — In(S1/A3)] + Wpers,
OF g2 OF g2 N 26]-"52 (5.11)

er:N 4 ZIN
Woert = Mg = +4Frp2 = M50 =+ 2750

For various breaking patterns, we integrated out the glueball superfield(s) from the
glueball superpotential (5.7)—(b.11]), and calculated the low energy superpotential Wiay,
as a function of coupling constants m, g, and the scale A. Having obtained the actual
matrix model results, we can compare to the superpotential as computed via standard
gauge theory methods, such as via factorizing of the Seiberg—Witten curve. This method
is reviewed in Appendix B, and the results are found to agree with the matrix model results
completely. The resulting W,y is shown in Table 1.

The SO(2N +1) theory with adjoint in the SO(2N +1) — U(1)" vacuum was studied
diagrammatically in [B9].

5.2. Sp(N) theory with antisymmetric tensor

Consider Sp(N) theory with an antisymmetric tensor chiral superfield A = —A7T.
Take cubic tree level superpotential

Wiree = A0 [W(®)],  W(z) = %xQ + gﬁ, (5.12)
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breaking pattern Wi
SO(4) - S0(4) x U(0) mA? + 28

SO(4) = SO(2) x U(1) LAt

SO®) = SO(0) x U(2) mA? — LgA®
SO(6) — SO(6) x U(0) 2mA? + 3gA?

SO(6) = SO(4) x U(1) gAt

SO(6) = SO2) x U(2) gAt

SO(6) — SO(0) x U(3) | 3(m2gA®)L/3 — L(g5A10 /m?)1/3 — g3AB /6m? + - -
SO(8) — SO(8) x U(0) 3mA? + SgA*

50(8) — S0(6) x U(1) 2(mg)/2A% + g2A% /m — (g7 /mP)Y/2A° +
S0(8) = SO(4) xU(2) 29°A°/m — 4g°A? /m* + 32g°A'S [mT + - -
SO(8) - 50(2) x U() e

SO(8) = SO(0) x U(4) | 2(mg)'/?A3 — g>A%/2m + L(g7 /m®)'/2A° +

Sp(2) = Sp(2) x U(0) 2mA? + 3gA*

Sp(2) = Sp(0) x U(1) g

Sp(4) = Sp(4) x U(0) 3mA? + SgA*

Sp(d) 5 Sp(2) x U(1) | 2(mg)/?A% + ?A% fm — (g7 fm?)/2A% +

Sp(4) — Sp(0) x U(2) 292N /m — 4g°A"? /m* + 32g5A18 /m7 + - -

Table 1: The low energy superpotential calculated from the factorization of the
Seiberg-Witten curve and from matrix model. In the above, the classical contribu-
tion has been subtracted: Wiow = —N1m2/4g + Wi

where ® = AJ, and J is the invariant antisymmetric tensor J = 1y ® ic?. We do not
require A to be traceless, i.e. Tr[®] = Tr[AJ] # 0. By a complexified Sp(IN) gauge rotation,
® can be diagonalized as [|{]

<I>%diag[)\1,~-~,)\N] ® 1o, A € C. (513)

The superpotential (5.13) has critical points at A = 0, —m/g. The classical supersymmetric
vacuum of the theory is given by distributing N7 and Ny “eigenvalues” \; at the critical
point A = 0 and A = —m/g, respectively, with N7 + Ny = N, breaking Sp(N) — Sp(N7) X
Sp(Nz).

The glueball superpotential is calculated from the associated Sp(NN) matrix model as

Wpv (S1, Ni; S2, Na) =(N1 4 1)S1[1 — In(S1/A})]

+ (N + 1)S2[1 — In(Sy/A3)] + Wert, (5.14)
(9.7:52 8-F32
Woert = 2N1 ——— 95, + 2Ny 5, + 4Fgp2.
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The scales Aj, As in (B.3) respectively are the energy scales of the low energy Sp(Ny),
Sp(N3) theories with the ® field integrated out. They are related to the high energy scale
A by the matching conditions as in (B.14), which yields

<A1)3(N1+1) — mN1—2N2—1 2N2A2N—|—4

9
(A2>3(N2+1) — (—1)N2_1m_2N1+N2_1g2N1A2N+4.

Y

(5.15)

The matrix model free energy is computed in Appendix A, and the result is

16
3

91

Wpert:2(N1+1)|:<—512+55152—235)01+ ( S%'ﬁ‘?

1
528, — 595182 + %SS) o?

140, 1742 2636 871
" <_Tsil + TSfSQ — 13185253 + 75155’ - 753) 0‘3}

-I-Q(Ng +1) |:Sl — Sy, a0 — —(l/:|,

(5.16)
where a = g?/m?. This is as expected from the map (B.17) and [[].

In particular, let us concentrate on the unbroken case, N = 0. Unlike [[(,[F], we do
not set Sy = 0, but rather keep S5 non-zero and extremize with respect to it, according to
our general prescription, to obtain the actual matrix model result. After integrating out
S1 and S from (p.16), we obtain the superpotential as a power series in A; and Ay as

Wiow = (N + 1)A} + A3 + (higher order terms in Aj o). (5.17)
The matching relation (p.19) gives
A3 = —(AH)N 1, (5.18)

so the terms containing Ao in (p-I7) starts to contribute to the superpotential at order
(AHN+L e like Sp(IN) instantons. If we use the relation (5.1§) and write out all the
terms in (p.17), we obtain

N=0: Wygy=0(a"),

N =1: Wiy =2A} + O(a?),

N=2: Wy =3A% — Ala —2A7a* — lzi:A%Qa?’ + 0(a?), (5.19)
N =3: Wy =4A} —3A%a — %A?OP — %A%Qoﬁ + O(at),

N =4: Wiy =5A% —5A%a — 13Aa? — 65A1%0° + O(a?).

Thus properly accounting for S, it turns out that these matrix model results agree per-
fectly, up to the order presented, with the standard gauge theory results (Eq. (4.13) of
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[Ld]). (The discrepancies found in [[[0] set in at order Ai’(NH), and are cancelled e.g.

by (b.1§).) In (b.19), for N = 0,1, there were rather remarkable cancellations between
the instanton contributions from Sp(/N1) and Sp(NN2). This will be further discussed and
generalized in the next section.

The matrix model prediction for the superpotential of the SO(2N) theory with sym-
metric tensor can similarly be obtained by simply changing the N; + 1 in (5.16) to V; — 1.
It should be possible to compute the superpotential from gauge theory using the duality
for this theory [[f]]. The result is expected to be compatible with the map (B-20) to the
superpotential computed for the U(N — 2K) theory with adjoint.

6. Residual Instantons: String theory (matrix model) versus gauge theory

A remarkable aspect of the string theory (matrix model) computation of the effective
superpotential is that ([.J) can be obtained purely in terms of the dynamics of the low-
energy Hfil G(N;) theory on the RHS of ([.])). The only information needed about the
high-energy G(NN) gauge theory is the perturbative contribution of the G(N)/ [, Gi(IV;)
ghosts to the glueball superpotential ([[.3), as discussed in [£3], along with the matching
relations connecting the scales A; of the low-energy G;(N;) factors to the scale A of the high-
energy G(N) theory. This is very different from the conventional description of standard
gauge theory, where there can be non-perturbative contributions to W), which are not
readily seen in terms of the low-energy theory on the RHS of ([L1]). An example of such
an effect is instantons in the broken part of the group when 73(G(N)/[[; Gi(N;)) # 0 (see
e.g. [[J). Nevertheless, the string theory/ matrix model does properly reproduce such
effects, via a low-energy description.

A gauge theory interpretation for the string theory/ matrix model results was given in
[B.P): the string theory / matrix model results actually refer to a particularly natural UV
completion of the original G(NN) theory, where it is embedded in the supergroup G(N +k|k)
with k large. This latter theory has a Higgs branch, where k can be reduced successively,
eventually Higgsing the theory down to the original G(N) theory. More generally, the
theory with breaking pattern ([[.1) is replaced with

K
G(N +klk) = [[ Gi(N; + ks k:), (6.1)

i=1

which has a Higgs branch flat direction connecting it to ([[.1]). Consideration of the par-
ticular matter content of the G(N + k|k) theories along the Higgs branch, which often has
extended supersymmetry, suggests that no dynamically generated superpotential ever lifts

this Higgs branch moduli space, i.e. that the superpotentials of these particular theories
are always independent of the location of the theory on this Higgs branch [f]. Moving along
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the Higgs branch has the effect of reducing k, and this expected independence of the super-
potential of the position on the Higgs branch fits with the fact that the G(N + k|k) matrix
model results are k independent, because all k& dependence cancels in the supertraces.

Because of the expected independence of the superpotential on the Higgs branch, and
because we Higgs back to the original G(N) theory, in most cases, this “F-completion”
of the original G(N) theory into the G(NN + k|k) theory is of no consequence. There are,
however, a few rare exceptions, where the superpotential of the Higgsed G(N + k|k) the-
ory differs from that of the standard G(N) theory. This difference comes from residual
instantons in G(N + k|k)/G(N), which need not decouple even if G(N + k|k) is Higgsed
to G(IV) far in the UV. As verified in [, these residual instanton contributions precisely
account for the few differences between the string theory (matrix model) results and stan-
dard gauge theory, for example the glueball superpotentials, with coefficient h = 1, for
U(1) and Sp(0), e.g. with an adjoint and quadratic superpotential.

In many cases, however, these residual instanton contributions sum up to yield pre-
cisely the result expected from standard gauge theory, including superpotential contribu-
tions which in standard gauge theory would not have had a known low-energy description.
In particular, residual instanton contributions which could have lead to potential discrep-
ancies with standard gauge theory often completely cancel. The cancellation occurs once
one sums over the different terms ¢ in ([[.3), upon using the precise matching relation
between the low-energy scales A;, and the original high-energy scale A.

As an example, consider U(K) with adjoint matter and breaking pattern U(K) —
U(1)X. For K = 1 the string theory (matrix model) description includes a residual instan-
ton effect, yielding Wioy, = A3 rather than the standard gauge theory answer Wy = 0 [g].
But for all K > 1 the string theory/ matrix model result is W), = 0, in agreement with
the standard gauge theory expectation for U(K) — U(1)X. The result Wiy, = 0 looks
like a remarkable cancellation because the glueball superpotential Weg(S1, ... Sk) is quite
non-trivial. Nevertheless, upon solving for the (S;) and plugging back in, the exact result
for Wiow = Wes ((Si)) is zero, as was proven in [f].

To illustrate this cancellation, consider the leading order gaugino condensation contri-
bution to Weg(.S;) in the string theory (matrix model) constructions, where the unbroken
U(1) factors in U(K) — U(1)¥ contribute as in (B-15), with h; = 1, unlike in standard
gauge theory:

(2

k 3
W) =35 (los(gh) +1). (6.2

with A3 = gr 1 A%Y [1,2i(a; —a;)~! by using (BI0) with all N; = 1. Though this is a
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non-trivial superpotential, it vanishes upon integrating out the .5;:

K K
_ de 1
Wee((Si)) = ZAf’ = 9K+1A2N Z H(aj —a;) t= 91%+1A2N ]{ i W () =0. (6.3)
i=1 i=1 j#i

The contour in (p.3) encloses all the zeros of W'(x), and we get zero for all K > 1 by
pulling the contour off to infinity. We see here why K = 1 is different: we then get a
residue at infinity, leading to the low energy superpotential Wy (1) = A2 as in (239), with
huay =1 asin ([L4).

To give another example of such a cancellation of residual instanton effects, consider
the string theory (matrix model) result for Sp(N) with an antisymmetric tensor A, with
Wiree having K critical points, for the case N = 0. For the case of K = 1, the superpo-
tential is just a mass term for A and the low-energy superpotential is the Sp(0) gaugino
condensation superpotential, with h(Sp(0)) = 1: W = A3, unlike standard gauge theory.
Again, this can be understood as a residual instanton effect in the F-completion of Sp(N)
to Sp(N + k|k), which is present precisely for the case N = 0 [{]. For a higher order
superpotential, K > 1, we would write the breaking pattern as Sp(0) — Sp(0)¥X. For all
K > 1, the residual instanton effects all cancel, precisely as in the U(K) — U(1)X exam-
ple discussed above; in fact, the two theories have the same effective superpotential Weg
(aside from the classical difference), as discussed in [[I] and sect. 3.3. Thus, for example,
(6-3) can also be interpreted as the leading gaugino condensation contributions from the
Sp(0)X factors, and where we now use the matching relation (R-14) to relate the A3 to
g1 N ET] jpilag — a;)~1. Again, there is complete cancellation in Weg here, except for
the case K = 1.

More generally, for Sp(/N) with antisymmetric, breaking as Sp(N) — ]_[ZK:1 Sp(N;),
the results obtained via the string theory / matrix model glueball potential Weg (S1, . .. Sk),
upon integrating out the S;, appears to always agree with standard gauge theory results
for the superpotential (], as seen in the examples of [[I] and (5.19). This agreement
comes about via a remarkable interplay between the different terms i in (B.13). If we
treated the scales A; of the Sp(NV;) factors as if they were initially independent, each term
NII((S;)) —2min;(S;) in (B:13) would be a complicated function of A;, which does not have
a known, conventional, interpretation in terms of standard gauge theory for the low-energy
Sp(N;) factor. But upon adding the different ¢ terms and using the matching relations
relating A; to A, e.g. (2.I4), one nevertheless obtains the standard gauge theory results,
thanks to an intricate interplay between the different terms 1.

By the map of (B.17) [L1], the agreement between string theory / matrix models and
standard gauge theory for Sp(IN) with antisymmetric can be phrased as such an agreement
for U(N + K) with adjoint and breaking pattern U(N + K) — H1K:1 U(N; +1).
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As another example, consider U(N) with adjoint ® and superpotential having K =
N — 1, in the vacuum where U(N) — U(2) x U(1)N~2. Factorizing the Seiberg-Witten
curve yields for the exact superpotential [fd]

Wexact - WCI(Q) + 2gNAN' (64>

The map of [[[1] and sect. 3.3 relates this to Sp(1) — Sp(1) x Sp(0)¥ =2, where the exact
gauge theory result agrees with (F.4), up to the classical shift, upon using the relation
(BI§). A priori, one might expect the string theory / matrix model result to disagree
with (f.4), due to residual instanton contributions from the U(1)V~=2 or the Sp(0)N 2
in U(N) — U(2) x U(1)V=2 and Sp(1) — Sp(1) x Sp(0)V~2 respectively. But the string
theory / matrix model result nevertheless agrees with (b.4), thanks to the interplay between
the different terms. Consider, in particular, the case U(3) — U(2) x U(1). The fact that
(6-4) will only hold if remarkable cancellations occur upon integrating out S; and Ss from
the non-trivial W (S, S2), was discussed in [J], where the cancellations were verified to
indeed occur, up to order o3. This is checked to one higher order in (F.19), since it is
related to Sp(1) — Sp(1) x Sp(0) by the map of [[T] and sect. 3.3. The leading order
cancellation, say in terms of U(3) — U(2) x U(1), is between U(1) gaugino condensation,
A3, and a higher order term coming from integrating out Sy from Wert (S;).

The residual instanton contributions associated with the UV completion (B.J]), as
opposed to the standard gauge theory results for ([J) do not always cancel, however.
The cases where we find non-cancellations are when the degree of the superpotential is
sufficiently large, so that it contains terms which are not independent moduli. As an
example, consider U (1) with Wiyee as in (.2) having K minima, breaking U(1) — U(1) x
U(0)X~1. The gaugino condensation contribution to the superpotential, according to the
string theory (matrix model) construction, is given by (B.15) with h; = 1 and all other
h; = 0 and their S; set to zero. Upon integrating out S7, we thus obtain the superpotential

Weye = AY = W (a1) = g1 A° H(aj —ay), (6.5)
i#1
where we used the matching relation (R.10) with Ny =1 and all other N; = 0.
The full low-energy effective superpotential Wi,y (g;, A) can be regarded as the gener-
ating function for the operator expectation values:
o 8W10w(giv A) 1

w;) = —WIv w; = =Trd7. 6.6
(ug) 99, J (6.6)

1

In the U(1) theory, we have classical relations u; = Eu{ But the quantum contribution

(6-3) (along with additional, higher order contributions) imply quantum deformation of
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these classical relations, due to the residual instanton effects in the U(1 + k|k) — U(1 +
ki|k1) x U(ks|ks)...U(kk|kk) F-completion. For the simplest such example, consider
U(1) with Wipee = %mqﬂ + A®. The low-energy superpotential is

Wigw = —5- + mA?2, (6.7)

with the first term the classical contribution and the second the residual instanton. Using
(6-9) we then get

A A2 .
(uy) = 0 ,(ug) = o2 + A? ie. (ug) = %(u%) + A2, (6.8)

which can be regarded as an instanton correction to the composite operator us.

As another such example, consider U(2) with an adjoint and Wi,ee having K minima,
in the vacuum where the gauge group is broken as U(2) — U(1) x U(1) x U(0)X~2. The
gaugino condensation contribution to Wyg, is

K K
i—glaj —ay) — _ol i — Q
Wi 3= gt (Il = 0 2Tl 20,

(6.9)

Qs — ax

For example, for U(2) with Wi, having K = 3 critical points, we break U(2) — U(1) x
U(1) x U(0) and (B.9) leads to
Wgc = 94-/\4- (610)

Computing expectation values as in (p.g) this leads to
(ug) = (ua)e + A%, (6.11)

which can be interpreted as an instanton contribution to the composite operator u, = Tr®*
in U(2) gauge theory. More generally, for U(N) gauge theory, the independent basis of
operators u; = %Tr@j are only those with j < N, those with 5 > NN can be expressed as
products of these basis operators via classical relations. But these relations can be affected
by instantons. In particular, for U(NN) with an adjoint, the instanton factor is A%V, so
operators u; with j > 2N can be affected. The above residual instanton contributions
of the U(N + k|k) UV completion can be interpreted as implying specific such instanton
corrections to the higher Casimirs u;.

A similar situation arises in the NV = 1* U(N) theory, where the effective super-
potential of the matrix model and conventional gauge theory differ by a contribution
N2m3Ey(NT) [[7]; this was interpreted in [[7 as differing operator definitions of Tr®?
between gauge theory and the matrix model at the level of instantons. Related issues for
multi-trace operators were seen in [I§].
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7. Conclusions

To compute the correct string theory / matrix model results, we should include or not
include the glueball fields S; according to the prescription of this paper. Upon doing so, in
all examples that we know of, the string theory / matrix model results agree with the results
of standard gauge theory, at least in those cases where the relevant gauge theory does not
suffer from UV ambiguities. In the case where such ambiguities are present, for example in
defining composite operators appearing in Wi,ce, the string theory / matrix model results
correspond to a particular UV definition of the theory. The agreement with standard gauge
theory results is often due to a remarkable interplay between the different low-energy terms,
found upon integrating out the glueball fields S;, and connecting their scales A; via the
appropriate matching relation to the scale A of the original theory. In some cases, this
interplay leads to complete cancellations of the residual instanton contributions to Wiy
coming from the G(NN + k|k) completion [§d]. Perhaps there is some additional structure
governing the glueball superpotentials, which would make these remarkable cancellations
more manifest.
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Appendix A. Matrix model calculation of superpotential

In this appendix, after giving a proof for a general relation that relates S? and RP?
contributions to the SO/Sp matrix model free energy, we compute explicitly the free
energy of the matrix models associated with SO/Sp gauge theory with adjoint and Sp
gauge theory with antisymmetric tensor. These matrix model results are used in section 5
to evaluate the glueball superpotential of the corresponding gauge theories.
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A.1. Proof for relation between Fg2 and Fgp2

Here we prove a general relation between the S? and RP? contributions to the
SO(2N)/Sp(N) matrix model free energy:

jFl 07s: SO(2N)/Sp(N) with adjoint,
2 05
FrREE=4 1 E o7
]Fﬁ B SS SO(2N)/Sp(N) with symmetric/antisymmetric tensor.
i=1 @

(A.1)
The first equation was conjectured in [[9,20] based on explicit diagrammatic calculations,
and proven in [21]] for the case of unbroken vacua. Here we will give a general matrix model
proof for arbitrary breaking pattern. These relations are equivalent to the maps (B.14),
(B16), (B-I1), and (B.20), which we obtained in sect. 3.3 immediately from the string
theory geometric transition construction, accounting for the orientifold contributions to
the fluxes.

Consider U(N) and SO(2N)/Sp(N) matrix models which correspond to U(NN) and
SO(2N)/Sp(N) gauge theories with a two-index tensor matter field. The partition function
1s

Z=c @75 - /d@ e~ Wiree(®), (A.2)

We denote matrix model quantities by boldface letters, following the notation of [[f]. ® is
an N xN (for U(N) theory) or 2N x 2N (for SO(2N)/Sp(IN) theory) matrix corresponding
to the @ field in gauge theory, and the “action” Wiee is defined in (£.2), (B-4) and (B.3).
The matrix integral (A22) is evaluated perturbatively around the general broken vacua of
(B1), with N; replaced by N;. We take the double scaling limit N; — oo, g — 0 with
gN, = S, (for U(N;) factors) or 2gN; = S; (for SO(2N;)/Sp(N;) factors) kept finite.
The dependence of the free energy F(S;) on N; are eliminated in favor of S;, and F(S;) is
expanded in the 't Hooft expansion as

F(Si) =Y g XMFu(S:) = Foo +&Frp2 + - (A.3)
M

where the sum is over all compact topologies M of the matrix model diagrams written in
the 't Hooft double-line notation, and x(M) is the Euler number of M.

The matrix model resolvent is defined as follows:

1 q,} > — Res(2) + gRppa(z) . (A1)

z —

R(z) = g<Tr [

28



For U(N) theory with adjoint, the expansion parameter is g2 instead of g, and in particular,
Rpip2(2) = 0. The resolvent and the free energy are related as

S 1LOFpm | 20Fm | 3 0Fm
Ruml2) = 202+ 357+ 35, + 7170,

+ e (A.5)
where S = Zfil S;. The resolvents can be determined uniquely by solving the matrix
model loop equations (the loop equations for the relevant matrix models are summarized
in [IJ]), under the condition

]{ & p () =S, ]f L R e (z) = 0. (A.6)
A

2

A; is the contour around the i-th critical point of W(z). In general, R(z) develops a
cut around each critical point in the large IN; limit, and A; is taken to encircle the i-th
cut. Note that the expression ([A.) should be understood as a Laurent expansion around
z = oo, and converges only if |z| is larger than r such that all the singularities (cuts) of
the resolvent are inside the circle C': |z| = 7.

On the other hand, gauge theory resolvents R(z), T(z) (see e.g. [[]) are determined
uniquely by solving the Konishi anomaly equations (the Konishi anomaly equations for
the relevant gauge theories are summarized in [[[§]), under the condition

dz _ dz [N, UV
ﬁi%R(z)—Szﬁ A%T(z)—{m SO(2N:)/Sp(Ni) (A7)

As was shown in [[J], the matrix model resolvents Rg2(z), Rrp2(2) are related to the
gauge theory resolvents R(z), T'(z) as

R(z) = Rg2(2), =Y Ni—— a 3 —Rg2(2)+ Y 2Nim e Rsz 2) + AR gp2(2) (A5)
Vo i

with S; and S; identiﬁedﬁ.

First, consider SO(2N)/Sp(N) theory with adjoint. The general breaking pattern is
SO(2N) — SO(2Ny) x U(Ny) x ---xU(Ng) or Sp(N) — Sp(No) x U(N1) x ---x U(Nk)

® The relation ([A.§) is an obvious generalization of the formula in [[[f], which was for unbroken
vacua, to an arbitrary breaking pattern. The gauge theory resolvents R(z), T'(z) given in ([A.§)
clearly satisfy the condition ([A.7) provided that the matrix model resolvents Rg2(z), Ryzp2(2)
satisfy the condition (A.6).
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(Eq. (BJ])), where N = Ny + Zfil N;. Note that the eigenvalues are distributed in a
symmetric manner under z <» —z, and hence (A7) is

d d d
7{ 92 pi2) = o, 942 by :f 42 piy = s,
Ao 271 A 271 A 271
dz Z dz Z dz (A-9)
Ao 271 A; 271 A_,; 271
where ¢ = 1,..., K. The contours A; and A_; encircle counterclockwise the cuts around

z = a; and z = —a,, respectively. The relation ([A-§) holds as it is, with the summation
understood as over SO(2Ny)/Sp(No) and U(N;),i=1,..., K.

It was shown in [[[J] that the resolvents of this SO(2N)/Sp(N) theory are related to
the resolvents R(z) and T(z) of U(N=2N F 2) theory with adjoint as follows:

R(z) = R(z), T(z)=T()+ g (A.10)

The tree level superpotential of the U(N) theory is related to the one for the SO(2N)/Sp(N)
theory as WU (z) = W99/5P(2) (see (B3) and (BF)), and the breaking pattern is

U(N)—)U(N_K>><XU(N_1>XU(2N0:{:2>XU(N1>XXU(NK> 'Wlth]\[_Z:]\[Z

1 <i < K. Note that since there is no z <+ —z symmetry in the U(N) theory, the U(N_;)
factors that are “images” for SO(2N)/Sp(N) are “real” for U(N). In addition, the glue-
ball S of the U(N) theory is related to the glueball S of the SO(2N)/Sp(N) theory as
So =S, 8, =8_; = Siy 1 < i < K. Therefore, e.g. the first equation in (JA7I() is more
precisely

R(z,8)) = R(2:5))|3, _s, 3.5 ,—s. (A.11)

Differentiating ([A.11) with respect to S}, we obtain

OR  OR 3R_<6R+6R)
950 9Sg|%=s0. ' 0S;  \0S; 05_;/)|50=s0. (A.12)
S5;=8_;= e —s.

e A 1P =i P4

where 1 < j < K.
Now, using ([A.§), let us translate the relation ([A.1() among gauge theory resolvents
into a relation among matrix model resolvents:

Rs2 - Rs2,

K 5 K 5 5

2

2N, Rs2 | ZNi—(?;{?z + 4Rppe = (2No F 2)6R52 +3 N <6R52 + af}s?) + -
=1

1

9Sy  “ S; 95 dS; 9S_;

=1

(A.13)
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Here Rg» is the matrix model resolvent associated with the U(N) theory. Using (.19)

and the relations Rg2 = R, Rg2 = R (Eq. (A7§)), we obtain

1 0 1
RRP2(Z) =F-—Rg2 (Z) + 2

A14
208y ( )

By expanding the resolvents around z = oo using ([A.§) and comparing the coefficients, we
obtain a relation between matrix model free energies:

99, 205

j@prz 1 0 ( ,(9.7-"52) 1

J

where j =0,2,---,2(K +1). The j = 0 case is trivially satisfied since S = Sy + 2 ZZK:1 S;
here, while the j = 2,4,...,2(K + 1) cases lead to the first equation of ([A]), which we
wanted to prove.

Next, consider SO(2N)/Sp(N) theory with symmetric/antisymmetric tensor. The
breaking pattern is SO(2N) — [, SO(2N;) or Sp(N) — [, Sp(N;) (Eq. (E1),
where N = Zfil N;. It was shown in [LI] that the resolvents of this SO/Sp theory is
related to the resolvents R(z) and T(z) of U(N=2N F2K) theory with adjoint as follows:

RE)=RE), T =TE) £ W) + frea(2)] (A16)

The tree level superpotential of the U(N) theory is related to the one for the SO(2N)/Sp(N)
theory as WU (z) = W99/5P(2) (see (B3) and (EZ4)), and the breaking pattern is
U(N) — Hfil U(2N; F2). The glueball S; of the U(N) theory is taken to be the same as
the glueball of the SO(2N)/Sp(N) theory. In (A1G), fx—1(2) is a polynomial of degree
K — 1. Using (A7), we can translate the relation ([A7If]) among gauge theory resolvents

into a relation among matrix model resolvents:

0 1d

K
Ripa(2) = F5 3 5o Resn(2) & - V(2 + frea (2) (A.17)

In order to extract the relation between matrix model free energies, let us multiply (AI7)
by 27 (0 < j < K + 1) and integrate over z along the contour C, introduced under ((A.6),
which encloses all the cuts around the critical points of W (z). Taking

K
W'(2)* + fx-1(2) = 9% 11 H(Z —af)(z—a;), (A.18)
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the branching points of the cuts are at z = a . The second term on the right hand side in
(AZI7) does not contribute to the contour integral unless j = 0:

74 27”22] ( z—la;)

1 1 K
T — x5,
7{2mzw3+1<1_a w+1—a w) T30

where w = 1/z, because all the poles w = l/aii are outside of the contour C' (on the

(A.19)

w-plane). On the contour C, we can use the Laurent expansion ([A.§) to evaluate the
contribution from the other terms, and the final result is

OFppe OFg2 K
j = +- Z 35 (Sajw %5, ) F - 0jo- (A.20)

The j = 0 case is trivially satisfied, while the 1 < 57 < K + 1 cases lead to the second
equation of ([A1]), which we wanted to prove.

A.2. Computation of matriz model free energy: SO(2N)/Sp(N) theory with adjoint

Let us consider SO(2N) matrix model which corresponds to SO(2N) gauge theory
with adjoint. The tree level superpotential is taken to be quartic (p-1]). The matrix variable
® in (A7) is a real antisymmetric matrix and can be skew-diagonalized as

® = diag[\(, - - -, AN ® 02, (A.21)

By changing the integration variables from ® to \;, we obtain
/H dn [ 02 = A2)2 e e D (3NN, (A.22)
1<j

where Hl < J( /\§)2 is the Jacobian for this change of variables [I720]. The polynomial
—%)\2 + g)\4 has critical points at A = 0,4+,/m/g, around which we would like to do
perturbative expansion. For this purpose, we separate \’s into two groups as

(0) :
1,...,N
A = {A 0= N0 (A.23)

vm +)\()z’1—1 Ny,

with Ng + N1 = N, corresponding to the classical supersymmetric vacuum with breaking
pattern SO(2N) — SO(2Ny) x U(Ny). We would like to evaluate the matrix integral
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(A23) perturbatively around A% = 0. If we expand the matrix model free energy in the
coupling constant g as

F = gf1(No,N1) + g% f2(No, Ny) + -+, (A.24)

the loop expansion tells us that f,(Np,N7) is a polynomial of degree n 4+ 2. Therefore,
by performing the matrix integral by computer for small values of Ny and N7, one can
determine the polynomial f,,. If we rewrite No; in favor of Sy = 2gNgy and S; = gINy,
the expansion ([A.24) arranges itself into the 't Hooft expansion ([A-3), from which one can
read off Fg2, Frp2, etc.

Following the procedure sketched above, we computed the matrix model free energy
as

Fgo = ng — 2825 + Sosf) o+ (—%S{i + 78581 — 95257 + 250553) o?
(A.25)

2 262 152 2

4 ng _ %sgsl 4 %SS’S% _ %S@Sf 4 3050511) o + 0(a%),

where we defined a = g/m?. We also checked explicitly that the relation (A.]) holds.
Substituting ([A.25) into the DV relation (b.3), we obtain the superpotential (f.5).
The Sp(N) result is obtained similarly, with the result as in ([A]).

A.3. Computation of matriz model free energy: Sp(N) theory with antisymmetric tensor

Consider the Sp(N) matrix model which corresponds to Sp(N) gauge theory with
an antisymmetric tensor. The superpotential is taken to be quartic (p:14). The matrix
variable @ satisfies ® = AJ, AT = —A. The “action” Wi,ee is given in (5.1F). By a
complexified Sp(N) gauge rotation, the matrix ® can be brought to the form [AQ]

¢ = diag[)\l, RN /\N] ® 1o, N € C. (A26>

By changing the integration variables from ® to \;, we obtain

N N
N m
Z ~ /Hd)\iH()\i —)t e i (BTSN, (A.27)
=1 1<J

where Hi\i j (Ai —A;)* comes from the Jacobian for this change of variables. The polynomial
%/\24-%)\3 has two critical points z = 0, —%, around which we would like to do perturbative

expansion. For this purpose, we separate A’s into two groups as

AL i =1,...,N
>\i — 20 @ 7t1 ’ s +N1, (A28)
—m/g+N;" d2=1,...,Ny,
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with N7 + Ny = N. This corresponds to the classical supersymmetric vacuum with
breaking pattern Sp(N) — Sp(Ny) x Sp(Naz).

The matrix integral can be performed just the same way as for the SO/Sp(N) theory
with adjoint, as described in the last subsection. After substitution S; 2 = 2gNj 2, we
obtain

S3 83 5 5
fsz = (—?1 + ?2 + 551252 — 55155) [0

4 91 59 91 4
+C§%+F$$—5$£+E&$—§$)f

1318
3

1318

28 . 871
+C§£%— Si8, — —

871 28
- 5353 + SfSS———6—5153%—?;5§)<13%—Cxa4%
(A.29)
where a = g2/m3. We also checked explicitly that the relation (/1)) holds. Substituting

(A=29) into (p.I4), we obtain the glueball superpotential (p.17).

Appendix B. Gauge theory calculation of superpotential

In this appendix, we compute the exact superpotential of the N'=1 SO(2N)/Sp(N)
theory with adjoint in various vacua by considering factorization of the N' = 2 curve.
This factorization method was developed in [{] for U(NNV), and generalized in [i§] to the
case with unoccupied critical points (in other words, the n < K case below). Inclusion
of fundamentals was considered in [[I9]. The generalization to SO/Sp gauge group, which
discuss below, was given in [E9,88,p0,61,p3,[7.

First consider N = 2 SO(2N) theory broken to A/ = 1 by the following polynomial
tree level superpotential for the adjoint chiral superfield ®:

Wiree = 3 Tr[W(®)],

LSS K (B.1)
W(z) = Z 2—;x23, W' (z) = ggK+2xH(a:2 —a?).
j=1 i=1

The classical supersymmetric vacua are obtained by putting 2Ny eigenvalues of ® at x =0
and N; pairs of eigenvalues at * = +a;, wheret =1,---, K and NO"‘Z;‘I; N; = N. In this
vacuum the gauge group breaks as SO(2N) — SO(2Ny) x Hfil U(N;). We allow some of
N; to vanish, i.e. we allow “unoccupied” critical points. Let the number of nonzero N;>;
be n. Then, the N' = 2 curve governing this SO(2N) theory factorizes as [29,88,60]:

_ Hon_on_2(x)]?F: (x) No>0
2 _ P2 () — AptAAN—4 { [36 2N—2n—2 2(2n+1) 0 ) B.2
Yy 2N( ) H2N—2n (x)2F4n(33) NO =0. ( )

34



Here P, H and F are polynomials in x of the subscripted degree, which are invariant under
x — —x, i.e. they are actually polynomials in 22. This factorization is required to have the
appropriate number of independent, massless, monopoles and dyons, which must condense
to eliminate some of the low-energy photons. The polynomial F' is related to the tree level
superpotential as

Fyony1)(z) = ﬁWéK—i—l(l’)Q + far (@) n=K, (B3)
Foont1) (@) Qar—2n(2)? = ﬁWZIK—H(l’V + fox(z) n< K '

with some polynomial Q2x 2, (), for (x) of the subscripted degrees, and Wy, () is as
in (R.6). Equation (B.3) is for Ny > 0, and for Ny = 0 one must use the second equation

with Q2x 2, Teplaced by Q2 —2n+2-
For Ny > 0 we can write the solution of (B.J) in terms of that of the corresponding

U(2N — 2) breaking pattern, via:
SO(2N U2N-—
P (@) = a? Py (). (B.4)

The low energy superpotential is given by

K+1
Wiow = 3 Z g2 (u2;), (B.5)
=1

where the (ug;) are constrained to satisfy (B.Z). Implementing this leads to the result that

B1):

<Trx 1 <p> - % In {PQN(@ +\/ Pan(2)? — dztAtN—4 | (B.6)

Plugging back into (B) gives Wiow. Note that the superpotential takes this simple form
(B.8) only after one integrates out the monopoles and dyons, whose equation of motion

led to the factorization constraint (B.2) [53,6421].
The Sp(N) theory can be solved similarly. The N/ = 2 curve factorizes in the vacuum

with breaking pattern Sp(IN) — Sp(Ny) x Hfil U(N;) as [E9,B850]

2 _ yA\AN+4

y2 = B2N+2<.’13) = 372H2N—2n<37)2F2(2n+1)<x)7

B.7
B2N+2($> = I’QPQN (l’) + 2A2NT2, ( )

The polynomial Fy(o,11)(x) is related to W’(z) by (B.3). The mapping of the Sp(N)
theory to a U(2N + 2) theory, as in (B.16), can be written as a solution of (B.7) in terms
of solutions of the corresponding U (2N + 2) factorization problem:

_ 2pSp(N U(2N+2
Bapta(z) = 372P21€( /() +242N+2 = P21\§+2 (). (B.8)
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The A?N*2 ghift in (B.§) is an Sp(IV) residual instanton effect, associated with the index
of the embedding of the U(N;) factors in Sp(NN) [B5,E]]

Again, the superpotential is given as in (B.5), subject to the constraint that (u;)
satisfy (B.7). Implementing this, the (u;) can be obtained from Bani2(x) by [B]]

1 d

We now consider the exact Weg for a few SO/Sp(N) cases, to illustrate and clarify
the general featuresﬂ. We take quartic tree level superpotential

Wiree = sTEW (@),  W(z) = %xz n %334, (B.10)

which corresponds to K = 1.

B.1. SO(2N) unbroken

By the map (B:14), this maps to U(2N — 2) unbroken, for which PYCN=2)(z) =
2NN 2Ty _o(x/2A), with Ty (z = 3(t+t71)) = (" +t™) a Chebyshev polynomial
[B6]. Thus, using (B4), PS9CN) (z) = 2A2N~222Ty_o(2/2A), as found in [21]. This then
leads to [BT]

1 2N -2 (2p
= —(Thd?) = = A?P. B.11
(i) = 5 (Tr0?r) = 2522 (%) (B11)
In particular,
(up) = (2N —2)A?,  (ug) = 3(N — 1)A%, (B.12)

and the low-energy superpotential is Wigw = 7 (m{uz) + g(ua)):
2 3 44
Wiow = (N — 1) [ mA= + §gA . (B.13)

B.2. SO(2N) — SO(2) x U(N — 1)

By the map (B-14), this maps to U(2N—2) — U(0)xU(N—1)xU(N—1). Using (B-19),
the multiplication map of [B] for the U(2N — 2) theory leads to a similar multiplication
map for the SO(2N) theory, which was discussed in [fI]. Using this, we can construct
the solution to the factorization problem for general N in terms of that of say N = 2, i.e.

SO(4) — SO(2) x U(1). In this case, equation (B.J) is

y? = P — 42*A* = 2 Fg. (B.14)

6 More SO/Sp examples can be found in [F1].
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The solution to this factorization problem is
Py = 2%(2? —a?), Fs=a?[(2? —a?)? —4A?], (B.15)

from which we can see the breaking pattern SO(4) — SO(2) x U(1). Using (B.6) gives

4
Uy = CL2, Uy = % + A4. (B16)
Further, the condition (B23)
1
leads to ) m 5 o

The solution for general SO(2N) — SO(2) x U(N — 1), the multiplication map gives the
solution to the factorization problem as Poy(7) = 202A2N 2T _1((2? — a?)/2A?), with
T'n—1 the Chebyshev polynomial defined above. The effect is to rescale us, u4, and hence
Wiow by an overall factor of N — 1:

m2

Wiew = (N — 1) (—@ + %9A4) . (B.19)

This agrees with the result (5.10).

B.3. SO(4) — U(2)

More generally, we could consider the breaking pattern SO(2N) — U(N). The map
of (B.14) is less useful here, when Ny = 0, since it suggests mapping to U(2N — 2) —
U(—2) x U(N) x U(N) and the U(—2) needs to be interpreted. In general, this breaking
pattern leads to a complicated Wioy(A). We will here illustrate the case SO(4) — U(2),
corresponding to N =2, Ny =0, n =1, K = 1. Equation (B3) is

y? = P} — 42*A* = H2F,. (B.20)
The solution to this factorization problem is
Py = (2? —a®)? + 202, Hy =2 —d®, Fy= (22 —a®)? +4A%22 (B.21)

In the classical A — 0 limit, this shows P; — (22 — a?)?, implying the breaking pattern

SO(4) — U(2). (B.G) gives
uy = 2(a® — A?), wuy = (a* —2A%)% — A% (B.22)
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Further, the condition (B.J)

1
Fu2? = ? éz + fo (B.23)
leads to m m
a2 = —; +2A2, f2 :4A21’2<—; +A2) (B24)
Therefore the exact superpotential is
m’ 2, 1 4y
Wiow = —— + mA® + —gA~. (B.25)
2g 2

B.4. Sp(2) = U(2), Sp(1) x U(1)
This corresponds to N =2, n =1, K = 1. Equations (B.7) and (B.3) are

1
y?> = B2 —4A'? = 2’ H2F;,  Fg = ?Wf + fa. (B.26)
This factorization problem is solved by [B]]]:
4A6 m 4A6
(2 2)2 2 2 _ 2
From (B.9), we obtain
4A° 8A12
uy = 2a* — — ug = a* + T (B.28)
a a

This solution continuously connects two classically different vacua with breaking pattern
Sp(2) — U(2) and Sp(2) — Sp(1) x U(1). Correspondingly there are two ways to take

the classical limit: i) A — 0 with a fixed, and ii) A,a — 0 with w = 2A3/a? fixed. In

2 —42)? and ii) 22(2? + w?), showing the aforementioned

these limits, Py(x) goes to i) (x
breaking pattern.
In the Sp(2) — U(2) case, we solve the second equation of (B.27) with the condition

a? — —m/g as A — 0. The solution is

4g°A5  32¢°A12 448¢3A18
2=-T o o (T (B.29)
g m m m

From (B.2§) and (B.F), one obtains the exact superpotential:
— _m_2 - 2g2A® - 4gPA12 - 3245 A18 .
2g m m* m”
In the Sp(2) — Sp(1) x U(1) case, we solve the second equation of (B.27) with the
condition w? — m/g as A — 0. It is
ml/2  gA3  3g5/2A6  4g4A9
g1/2 m 2m5/2 mA
From (B.28) and (B.f), one obtains the exact superpotential:

2 26 7/2 \9
W1owz—m—+2m1/291/2A3+g 9
4q m mb/2

(B.30)

w = 4 (B.31)

4o (B.32)
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