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ABSTRACT: We study 6d E-string theory with defects on a circle. Our basic strategy is to
apply the geometric transition to the supersymmetric gauge theories. First, we calculate
the partition functions of the 5d SU(3)o gauge theory with 10 flavors, which is UV-dual to
the 5d Sp(2) gauge theory with 10 flavors, based on two different 5-brane web diagrams, and
check that two partition functions agree with each other. Then, by utilizing the geometric
transition, we find the surface defect partition function for E-string on R* x T2. We also
discuss that our result is consistent with the elliptic genus. Based on the result, we show
how the global symmetry is broken by the defects, and discuss that the breaking pattern
depends on where/how we insert the defects.
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1 Introduction

Study of surface defects [1, 2] provides us with a tool for uncovering novel structure of
non-perturbative aspects as well as enriching interplay between theories of codimension
2 [3-9]. A way to see how the defects affect physical systems is to calculate the partition
functions. It is known that partition functions for some class of 5d N = 1 supersymmet-
ric gauge theories compactified on a circle are equivalent to topological string amplitudes
on corresponding non-compact toric Calabi-Yau manifolds under suitable parameter cor-
respondence, which is known as geometric engineering [10-13]. Based on the equivalence



between toric Calabi-Yau manifold and 5-brane web [14], we can translate the geometry
into brane set up and vice versa.

In the presence of the defects, the partition function can be computed by implementing
5d system with the defects on a Type IIB 5-brane web, where the defects are realized
as (perpendicular) D3-branes inserted on the (p,q)-web plane for supersymmetric gauge
theories. Such defect insertion is captured as a particular choice of Kéhler parameters in
topological string amplitudes, which corresponds to open topological string amplitudes [15,
16], which is known as geometric transition [17, 18].

The procedure of obtaining the defect partition functions can be viewed as a gener-
alization of Higgsing procedure from 5-brane webs. Depending how to choose or tune the
Kahler parameters, one sees usual Higgsing or a system with defect. More precisely, to
obtain the defect partition function, we need to tune Kéahler parameters in a way that not
only it reduces the rank of gauge group but also yields the open topological string partition
function up to Coulomb branch independent overall factors such as MacMahon function
or the extra factors. Geometric transition when the number of inserted D3 defects is zero,
reduces to usual Higgsing. In this regard, it is a generalization of Higgsing procedure,
and we refer to it as defect Higgsings. Using the defect Higgsing, the 5d defect partition
functions have been computed in a straightforward manner.

Many 6d theories on a circle are also realized on 5-brane webs, one can hence also
apply the defect Higgsing to such KK theories. One example is M-string theory with
surface defects inserted [19], where M-string is realized as a periodic (p,q) 5-brane webs
where the NS5-branes are identified. This gives rise to a web on a cylinder where the
circular direction corresponds to the compactification direction of 6d theories. [20, 21].

As another example of defect Higgsing, in this paper, we study 6d E-string theory
with surface defects. E-string theory on a circle of radius R is realized as SU(2) gauge
theory with 8 hypermultiplets in the fundamental representation (flavors). There are two
different 5-brane webs for the SU(2) gauge theory. One is of a spirally periodic shape
whose period is identified as R™!, which is called Tao diagram [22]. The other is of two
O5-planes with their distance R~!. Since an orientifold plane is used to realize Sp or SO
gauge group in general, we refer to the former 5-brane web as web diagram for SU(2) gauge
theory, while the latter as web diagram for Sp(1) gauge theory in this paper even though
SU(2) and Sp(1) are identical. Partition function can be computed based on 5-brane webs
via topological vertex [23]. In particular, topological vertex formalism in the presence of
Ob5-planes is also developed in [24] and both topological string partition functions agree
with the elliptic genus of 6d E-string theory.

Our strategy of computing the E-string partition function with defects is to first con-
sider 5d SU(3)¢ gauge theory with 10 flavors and then apply the defect Higgsing. The 5d
SU(3)p gauge theory with 10 flavors is UV-dual to the 5d Sp(2) theory with 10 flavors,
in the sense that their UV completion is the same [25, 26]. The corresponding 6d the-
ory description is given by 6d Sp(1) gauge theory with 10 flavors and a tensor multiplet.
Together with the brane configurations, these dual descriptions allow one to compute the
partition function in several different ways. For instance, the ADHM-like method [27], the
elliptic genus [28], and the topological vertex method [29]. We compute the defect partition



function by using the topological vertex method and compare it with the elliptic genus for
E-string with defects which is obtained from 6d Sp(1) gauge theory with 10 flavors.

Analogous to the case with the 5d SU(2) gauge theory, the 5d SU(3)( gauge theory with
10 flavors has two different 5-brane configurations: one is without O5-plane and the other is
with two O5-planes. The 5-brane configuration without O5-plane is Tao diagram [22]. This
Tao diagram can be obtained from the 5-brane web diagram with two O7-planes, which
is T-dual of the type ITA brane setup with an O8~-plane [30, 31] for 6d Sp(1) gauge theory
with 10 flavors and a tensor multiplet. By resolving both O7~-planes into two different
7-branes [32], respectively, we obtain the diagram for the 5d SU(3)y gauge theory, which
can be deformed to be a Tao diagram. On the other hand, if we resolve only one O7~-
plane, we obtain the diagram for the 5d Sp(2) gauge theory, which explains the UV-duality
between the SU(3) gauge theory and the Sp(2) gauge theory [25, 26, 29]. The 5-brane
configuration with two O5-planes is again the T-dual of the type ITA brane setup but with
O6-plane instead of O8-plane. As abuse of notation, we refer to the former web diagram
without O5-planes as the web diagram for SU(3) gauge theory, while the latter diagram
with two O5-planes as the web diagram for Sp(2) gauge theory in this paper, based on the
knowledge that orientifold planes are used to realize Sp or SO gauge group in general.

The organization of the paper is as follows. In section 2, we review the partition
function for 5d SU(3)g gauge theory with 10 flavors from two different 5-branes setups: one
with a 5-brane web without O5-planes and the other with two O5-planes. In section 3, using
5d 5-brane configurations for the SU(3)y gauge theory with 10 flavors, we perform defect
Higgsing to yields 5d SU(2) gauge theory with 8 flavors. For comparison, we implement the
defect Higgsing to the elliptic genus partition function of E-string theory to the agreement.
In section 4, we discuss some issues of global symmetry in the presence of defects. We then
conclude and discuss unbroken global symmetry and possible generalizations. In appendix,
we discuss our conventions, decoupling limit to get 5d theories from KK theories, and
defects on pure SU(2) theories with different discrete theta angles.

2 5d SU(3) gauge theories, 5-brane webs, and UV duality

In this section, we consider the 5d N' = 1 SU(3), gauge theories from the perspective of
5-brane webs in Type IIB string theory. In particular, we discuss how to obtain the BPS
partition function of the SU(3)y gauge theory with 10 flavors of the Chern-Simons level
k = 0. The computation is performed based on two different 5-brane web diagrams. One
is a 5-brane web diagram without O5-planes, which is Tao diagram introduced in [22].
Though it is spirally periodic, one can apply the topological vertex method to compute the
unrefined Nekrasov partition function. The other is a 5-brane web with two O5-planes. It
is also possible to implement the topological vertex method to the 5-brane configurations

1Rigorously speaking, it would be more proper to understand that we obtain 5d SU(3) gauge theory
or 5d Sp(2) gauge theory depending on the parameter region of the Wilson lines introduced to the 6d
superconformal theory realized at the UV fixed point as well as the compactification radius. It indicates
that both gauge theories can be realized in either of the two 5-brane web configurations. However, we use
this notation just for simplicity.



with Ob5-plane(s) with special deformation of web diagrams and careful Young diagram
assignments near O5-planes [24].

The partition function for 5d SU(2) with 8 flavors has been already computed ex-
plicitly [22, 24, 33]. The resulting partition functions based on a Tao diagram [22] and a
5-brane with two O5-planes [24] look quite different, however, they agree up to unphysical
factors, called extra factor, which do not depend on the Coulomb branch parameters. As
for the 5d N' = 1 SU(3)g gauge theory with 10 flavors, the topological string partition
function based on a Tao diagram has been already computed [29], but it has not been
computed explicitly based on a 5-brane web with two Ob5-planes yet. In section 2.1, we
first review the computation with the topological vertex based on the Tao diagram. Then,
in section 2.2, we compute the partition function based on the 5-brane web with two O5-
planes. We refer to the former partition function as the partition function for 5d AN/ = 1
SU(3)p gauge theory with 10 flavors, while the latter one as the partition function for 5d
N =1 Sp(2) gauge theory with 10 flavors. We will see agreement between them by ex-
pressing the latter partition function in terms of the parameters of the SU(3) gauge theory.
The detailed computations and some notations are summarized in appendix A.

2.1 Partition function from Tao diagram

We first briefly review the computation of the partition function for 5d N' = 1 SU(3), gauge
theory with 10 flavors based on a 5-brane web [29]. A 5-brane configuration for such 5d
marginal theories is called Tao web diagram [22], which is of a spiral shape with a periodic
structure whose periodicity is given by the instanton factor squared. A Tao web diagram
for 5d /' =1 SU(3) gauge theory with 10 flavors is depicted in figure 1(a). Though this
5-brane configuration, in principle, has infinitely many Kéhler parameters, they are not
independent due to the periodic structure of the web diagram, and only 13 parameters
corresponding to the two Coulomb moduli parameters, ten mass parameters, and one
instanton factor are independent. For computations, only half of the diagram suffices due
to the symmetry of the web diagram. For instance, in order to compute figure 1(a), we
only need to consider figure 1(b). This diagram in figure 1(b) can be further untangled
with basic building blocks painted in different colors: middle strips, spiral strip 1, and
spiral strip 2 as in figure 2. The assignment of the independent Kéhler parameters (Q;)
and Young diagrams (uy) are depicted in figure 2. The (unrefined) partition function is
then obtained by gluing these building blocks with suitable edge factors.
The partition function for the 5d SU(3)y gauge theory with 10 flavors then reads

ZSUB)+10F _ Z Zotue(Qby > 1) Zglue (Qby s 142) Zglue (Qbs s 143) Zhalf 1 Znalf 2- (2.1)
©1,2,3
Here, Zgue are the three edge factors for gluing, given by
| Ll 1
a4 ﬂi+#§_i_j+1)2’

Zge(Q, 1) = (—=Q)* (2.2)

(3,7)Ep (1 —q

where ¢ = e ¢ is the parameter associated with the string coupling, defined with the
selfdual 2-deformation parameter € = €; = —e2. Zpair1 and Zpaieo are the contributions of
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Figure 1. (a) The Tao diagram corresponding to the 5d /' =1 SU(3) gauge theory with 10 flavors
whose spiral structure continues infinitely. (b) Its building block.
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Figure 2. The three kinds of building blocks of figure 1 (b). Here we call them (a) middle strip,
(b) spiral strip 1, and (c) spiral strip 2. Greek letters v; (i = 1,2,3) denote the Young diagrams.



the half diagram in figure 1(b) and the other half, which are composed of three building
blocks in figure 2,

Zhalflz Z Zmidd]e(l/l,l/Q,V3,¢,M1,M2,M3,V4,{Q},{Q})

3,4
X H Zspirall({Q(l)}ayl) X ZspiralQ({Q(4)}7V4)7 (23)
=1
where
{Q} = {QlaQQ’Q37Q4}7 {Q} = {Q13Q2a@3} (24&)
QWy={Q", " Q",..}  (h=1,2,34) (2.4b)
Each of which takes the form?
Zmiddle(,uh M2, U3, 14, V1, V2, V3, V4, {Q Q}) (25&)
j—1
Il Ruv, (Qg 11 Qka) Il Ry (Qz 11 Qk@k)
C1<i<i<d 1<i<j<4 k=i+1
II Ruw (H Qk@k) I R, (H QkJrle)
1<i<j<4 k=1 1<i<j<4
16 (Q2) Ryt (Q
splrall({Q} Vl Ugu Zglue Qlyl/l) ;1(/,022@(;@2:) 3)

Roy,0(Qak—1) Ryt | (@)

H glue QBk 25 Uk) ngaz+1 (ng_ngk) (25b)
Ry,6(@5) Ryt (Qs)
Splra12({Q agu Zglue Q4’V4) 21/40:(@(:@36) :
0 ng _1)R ot
X |1 Zetue(Q3r—2,0%) Al Hl(Q%). (2.5¢)

Pt orot,, (Qsk-1Qsk)

Here we define some quantities: v; are the Young diagrams along the horizontal lines.
R, (Q) is a function giving the contributions coming from the string wrapping on the
internal line characterized by Kéhler moduli Q with Young diagrams p and v,

[e.9]

Ru(Q) = ] (1 - Qa7 (2:6)
ij=1
Zhalf2 can be obtained by suitable parameter replacement as the lower half (halfl) and
upper half (half2) of the diagram are symmetric.
After removing the extra factor, and using the proper flop transition (A.12) for the
perturbative part, one finds that

Z8VTOF — PE Ry ({A}, {M}, ) + Fi({A} {M}. q)a + F2({A}, {M},0)a> + O(a°)|
(2.7)

2(2.5a) is slightly different from eq. (3.8) of [29], which has a typo in it. This typo in version 2 of [29]
is corrected in (2.5a).



where {A} = {A1, Ay, As} and {M} = {M;, My, ..., My} are Coulomb branch moduli
and mass parameters, respectively. We just provide the explicit map between Kahler
parameters and physical parameters in appendix B. A detailed derivation is given in [29].
We also define Fy 1 2(A, M;) as

oA g 3 _10£ 3 A
o({ },{JV—’},Q)—(]L_q)2 Iz_:l ;Mi+J_1AJ : (2.8a)

A(AL M) = 5

XOA%H}&(l_Al_lMi) .
1 2.8b
((1—A11A2>2<1—A11A3>2+(Cyc fc) (2.85)

- 2 1, 4-1 A
—X1 (A1 + A2+ A3) —X9<A1 +A5 + A3 ) +X2+Xs

Y

Fy({A}{M},0)) = Ga({ A} {M},q) ~ L F2({A} (M}.q) +  Fi({A%}, {M*),¢?), (280

where
qz 10 10
Go({A}, {M},q) = 1 Z Z<_1)m+n>~Cm>~(n
(1 Q) m=0n=0
y Alﬁ—mAQG—n
(A1 — A3)?(Agy — A3)2(A; — Aq1)2(A1 — Agq)?
N q8—nA112—m—n
(14 q)?(A; — A2)%(A; — A3)% (A2 — A1q)? (A3 — A1q)?
N q—6+nA112—m—n
(1+q)2(A1 — A9)2(Ar — A3)* (A2 — A1q71)? (A3 — Ag1)?
+ (cyclic), (2.9)
and
0
Xn = Xo > M, My -+ M;,  (n=1,2,---10),  Xo=][M; ?. (2.10)
1<41 <ip<-<in<10 i=1

A letter “(cyclic)” means two more terms that are obtained by taking a cyclic permutation
of A; (I =1,2,3) on the first term. {A2} and {M?} denote the squares of A; and M;,

{AQ} = {A%A%?Ag}’ {M2} = {M12’M22’ s 7M120}' (2'11)

2.2 5-brane web with two O5-planes

We now compute the partition function based on a 5-brane web with two O5-planes. The
corresponding web describes 5d Sp(2) gauge theory with 10 flavors. As it is UV-dual to
6d Sp(1) gauge theory with 10 flavors and a tensor multiplet, a brane configuration for 5d
Sp(2) gauge theory with 10 flavors can be obtained as a T-dual version of a Type IIA brane
configuration for the 6d theory, which is made out of D6-branes, an O6-plane, and NS5
brane as given in figure 3(a) [30, 31]. The corresponding Type IIB 5-brane configuration for



Figure 3. (a): A Type ITA brane configuration for 6d Sp(1) gauge theory with 10 flavors and a
tensor. (b): A Type IIB brane configuration which is T-dual of (a).
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Figure 4. A 5-brane web diagram description of 5d A/ = 1 Sp(2) gauge theory with 10 flavors.
The dashed lines and the solid lines denote the O5-planes and (p, q) 5-branes, respectively. The
variables #} (I =1,2,3) and y; (1 = 1,2,...,10) denote the position of the horizontal legs measured
from the middle of the dashed line, and g denotes the instanton factor.

5d Sp(2) gauge theory with 10 flavors is a 5-brane configuration with two O5-planes as given
by figure 3(b). As discussed in [34], a 5-brane web diagram in figure 3(b) can be deformed
into a 5-brane web diagram given in figure 4(a). Such deformed diagram gives rise to a
strip-like diagram when the fundamental configuration is chosen to combine a half from the
original diagram and the other from its reflected image due to the O5-plane, as depicted
in figure 4(b), where the top of (1,1)-brane is gluing to the bottom of (—1, —1)-brane by
flipping the sign of the charges, i.e. the web diagram is compactified with the period ¢ 2
This is a crucial 5-configuration which enables one to implement the topological vertex



method to a 5-brane web with O5-plane(s) [24]. The computation in fact can be done in a
straightforward way. With the fundamental configuration as a strip-like diagram given in
figure 4(b), one performs the topological vertex computation with the following additional
procedures: (i) the framing factor associated with a 5-brane crossing an O5-plane needs to
be shifted by 1. (ii) internal edges of the web diagram associated with color D5-branes are
glued in the following way: as the configuration on the right hand side of figure 4(b) are
reflected, one takes the transpose for the Young diagrams assigned to the internal edges,
and then one glues these internal edges together. See appendix C.1 for more details.

Based on the 5-brane configuration in figure 4(b), the partition function for 5d Sp(2)
gauge theory with 10 flavors is expressed in terms of a Young diagram sum over p1, o, i3, as

20 0\ lmal 10 s\ lp2l 10 g\ lwsl
Z,sp(2)+10F_ Z q ToZs [liz1 v [li=1 v f—5 —5¢-5
- 4 /6 1o 16 w1 Jp2 I pg

fiias x'7 x5k x'1rya’3

1@( /y/z_l) > S I J(x/x/)
XH ( pre\ Ly H@#H I/Jl))’ (2'12)

i=1 @}L]Q(J;Iyz) J=1 ,u[,u (meJ

where f, is the framing factor defined in (A.5). The positions #; and y; correspond to the
fugacities associated with the color D5-branes and those for 10 flavor masses, respectively.

For convenience, we have used 0, (Q) defined as

o

H /2n Z+J Nz_’/]_l)(l _ Q_quQ(n+1)qi+j7'LL§7V;il), (213)

We note that ©,,,(Q) can be expressed as the Jacobi theta functions (A.7) by using the an-
alytic continuation formula [20], and hence it is of periodic structure. Notice that there are
three Young diagram sums associated with color D5-branes in (2.12). As discussed earlier,
the 5d N =1 Sp(N) gauge theory with Ny flavors is dual to the 5d N' =1 SU(N + 1),
gauge theory with Ny flavors and the Chern-Simons level Kk = N +3 — N¢ /2, through some
kind of geometric transition [25, 29, 35, 36]. This enables us to relate the parameters of
the Sp(N) theory and those of the SU(N + 1) theory. In this case, with a shifting factor
qt/ QASU(;),) for the Coulomb branch where Agy(s) = 2, Mi_l/ 4, the parameter map be-
tween the Sp(2) gauge theory with 10 flavors (2, y;) and the SU(3)o gauge theory with 10
flavors (Ag, M;) is given by [29]

op = q'P Ay (I=1,2,3), (2.14a)
yz, = ql/QMiASU(3) (Z = 17 e a10)> (214b)

where the SU(3) Coulomb branch moduli Ay satisfy A;A2A43 = 1. We note that the in-
stanton factors for these two dual theories are same ' = q, as they are associated with the
compactification radius.



With the SU(3) gauge theory parametrization, we find the partition function of SU(3)¢
gauge theory with 10 flavors in a symmetric form,

Sp(2)+10F _ extr 12 9 12| 9 |23 5,5
z =220 57 (ahsbipAT®) T (1080 42°) " (00600 45°) " i fid f
H1,2,3
T (1T g 2ethatt, ) gy Q) o1
i=1 @ﬂ1¢(qAIMA ()) J=1 @lu,hu’f](AIAJ ) ’
where Z®%2 is an Coulomb branch moduli independent part which is given by
o - ] [ L s @w(qM‘MHSA%U(s)) ] (2.16)
ij=1 (¢ =1q; )19 H1§i<j§5 Gm(MiM )ew( z+5Mj_+15) .

where (a; )00 = [1720(1 — aq”) is so-called Pochhammer symbol. There are in fact more
Coulomb branch independent part in (2.15), as a whole we call them the extra factor. When
obtaining the partition function, we mod out such an extra factor from the topological
string partition function. From here on, we neglect the extra factor.

By expressing the partition function (2.15) as an expansion of the instanton factor g,
we can write the partition function for SU(3)( gauge theory with 10 flavors as the Plethystic
exponential, it takes the following form

7@ pE [Ry({A}, {M}) + Fi({A}, {M})q + F({A}, {M})g* + O(q")]
(2.17)
where F,({A},{M}) are exactly the same as those obtained from Tao dia-
gram (2.8a), (2.8b), and (2.8c) since they are the dual to each other, although the partition
functions ZSUGHLOF anq z/SPAHIF o6 derived from completely different diagrams.® Due
to computational complication, we only presented terms of quadratic order in q, but can
be checked the equivalence to higher orders.

3 Defect partition function of E-strings

In this section, we consider defect insertions to the E-string theory, from the 5-brane
perspective. Through the geometric transitions, we can introduce a codimension 2 defect
which is a topological brane wrapping on the Lagrange submanifold in the topological string
theory [15]. We consider the partition function of the topological string in the presence of
the topological brane, which we call, for short, the defect partition function.

To obtain the defect partition function? for the E-string theory, we utilize geometric
transition [17]. The procedure is to set the Kéhler parameters associated with Higgsing @
to the M-th power of the exponential of the string coupling constant, @ = ¢™, where M
is the number of the topological branes. In the context of the gauge theory, when M = 0,
it becomes the usual Higgsing, as () = 1 reduces the number of Coulomb branch moduli.

3As we have already mentioned, these partition functions are the same up to extra factor.
4We note that one can also introduce the holonomy matrix for the 5-brane in the topological vertex
formalism as has been done e.g., in [23].
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Figure 5. Higgsing in a Tao diagram for SU(3) theory with 10 flavors. Since the framing denoted
by the red lines decouples from the remaining web diagram, the part of the summation of the Young
diagram is decoupled from other summations.

When M > 0, it corresponds to the defects in the E-strings. We call such a procedure
for introducing the defects a defect Higgsing. More concretely, when we consider the 5d
N =1 Sp(N) gauge theory with 2N + 6 flavors for N > 2, the defect Higgsing means

Sp(N) + (2N +6) flavors — Sp(N — 1) + (2N + 4) flavors + defects. (3.1)

Or, from the dual theory point of view, SU(N + 1) gauge theory with the same number of
the flavors, it is

SU(N 4+ 1)+ (2N +6) flavors — SU(N) + (2N + 4) flavors + defects. (3.2)

In the following, we choose N = 2 but M > 0 arbitrary, which is relevant for M defects in
the E-strings. We explicitly compute the defect partition function for the E-string based
on 5-brane webs by implementing the defect Higgsings.

3.1 Usual Higgsing on 5-brane webs

Before we consider the defect Higgsing, we first review the usual Higgsing procedure in
5-brane configurations with or without O5-planes. As done in the previous section, we
consider 5d N' = 1 SU(3) gauge theory with 10 flavors and then consider N’ = 1 Sp(2)
gauge theory with 10 flavors. We will show that one obtains SU(2) gauge theory with 8
flavors, as a result of the Higgsing on both theories. As discussed earlier, the 5-brane web
for SU(3) gauge theory with 10 flavors is a Tao diagram given in figure 1(a). To apply
a Higgsing to the SU(2) theory with 8 flavors, we consider a strip consisting of a color
D5-brane and two flavor branes that are connected. Unlike the typical 5-brane web, for a
Tao diagram, such a strip is a spiral strip as painted in red in figure 5(a). A usual Higgsing
is then realized by assigning the relevant K&ahler parameters to 1, so that such a spiral
string can be Higgsed away, reducing the dimension of the Coulomb branch by one and the
number of flavors by two. A diagrammatic procedure is depicted in figure 5.

For implementing the Higgsing in the topological vertex calculation, as before, we can
consider half of the diagram in figure 1(b). More specifically, in figure 2(a), say Qo is the
Kahler parameter associated with the Higgsing, then we set Qo = 1. We expect that the

- 11 -



part involving the summation over the Young diagram puo associated with the edges that
are Higgsed is factorized in the partition function. In particular, the contribution involving
the Young diagram pg in the building block Zidqle in (2.5a) becomes

Ry, s (Q1Q1Q2) Ruspus (Q2) Ry (Q3) Ry (Q3Q3Qu) Ryssry (1) Ry (Q3Q3)
RV1V3 (Q1Q1Q2)Rl/21/3 (Q2)RV3I/3 (1)RV3¢(Q3Q3)RH2/L3 (Qg)R[,LQV4 (Q3Q3Q4) ,

which vanishes unless p2 = v3 due to the factor Ry, (1),

RM2V3(1) = 5#27V3R,U2H2(1)7 (3'4)

so that (3.3) becomes 1 under the Higgsing. By combining another half building blocks,

(3.3)

the summation of us is decoupled from other summations, as we expected,

ZSU(3)+10F N Zgrzommg ZSU(2)+8F’ (35)
where ZSU)+8F js the partition function of SU(2) gauge theory with 8 flavors [22],
SU(2)+8F ,,SU(2)+8F
ZSU(2)+8F = Z Zglue(le s Ml)Zglue(Qb37 /-//3)Zhalf( 1)+ Zhalf(2)+ ’ (36)
p1,3,{vi}
with
SU(2)+8F __ ~
half(l) Z Zmlddle Vi, V2,0, i, 13, v, {Q}, {Q})
V1,24
X H Zspirall({Q(l)}7Vl) X Zspiral?({Q(4)}7V4)a (373)
1=1,2

ernlijéjf:SF(Mb#sym, V1, V2,4, {Q} {Q}})

j—1
II Ruw, (Q]HQICQIC II Ry (Qz 1T Qk@k)
k=i+1

1<2<]<4 1<i<j<4
o j—1 } i—1 B ! ’
H R/Li,LLj H Qka‘ H Rl/l'l/j H Qk"‘rl Qk}
1<i<j<4 k=1 1<i<j<4 =i
(1,5#2) (2,5#3)
SU(2)+8F SU(2)+8F
Zhalf(2) = Zhalf(l) (M; 7,+5’ A1 < A D, (3.7¢)

and Z%’;‘;nmg can be interpreted as the contribution coming from the framing denoted by

the red-colored strips in figure 5, which is given by

er-%iaommg Z Zglue(sz ) :u2>ZSpira1 1 ({Q(g) }a MQ)R;L2/12 (1) : (3'8)
2

Now we consider the Higgsing from the 5-brane web in figure 6 for the 5d N' =1 Sp(2)
gauge theory with 10 flavors.® The Higgsing procedure is almost the same as that on the
Tao diagram. We align a color brane and two flavor branes, for instance,

Ay = My = Ms. (3.9)

®See also [37] for refined case.
5This Higgsing is also considered in [38] in the context of the elliptic genus.
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L 1:~7/K
R

A 4

Figure 6. A web diagram description of a usual Higgsing. By setting the Kéahler parameters to
1, one can equate the Coulomb branch parameter and the fundamental masses. The D5-brane in
red then can be taken to the Higgs branch directions. The resulting web diagram gives 5d A/ =1
Sp(1) gauge theory with 8 flavors.

It is also straightforward to see that the partition function (2.12) vanishes unless the
associated Young diagram is ps = ¢, and hence it yields that the partition function (2.12)

reduces to

Z/SPIHE -y 700 g2 P (3.10)

Here Z/5PMW*8F g the partition function for the 5d A/ = 1 Sp(1) gauge theory with 8
flavors, given by
Sp(1)+8F [p1] _ _a\Imsl gy Sp(1)+8F
Z7Sp(1) =Y (qASU(Q)A ) (qASS(Q)A?) 4) fu14f#34zb§i(ld) ; (3.11)
H1,3

where

F ArM;! Opurps (AT ATAGy ()
bulld+ H (H ) MIQ)( ) H da @) (312)
I=1 icT T HI?

(GATMAZ () =13 Oum (ArA7Y

with Agu(a) = [lier M; /" and 7 = {1,2,4,5,6,7,9,10}. The factor ZQ3 .. is an extra
factor which comes from the contribution of the framing denoted by the red line in figure 6,

o0

ZFrammg = H (1 - qi+j_1)‘ (313)
,j=1

By rescaling the Coulomb moduli parameters and the mass parameters as,

A1 — M51/2A1, A3 — M3_1/2A3, Mi — Mgl/zMi (Z 75 3, 8), (3.14)

we see that (3.11) agrees with the partition function directly calculated from the web
diagram of 5d N/ =1 SU(2) with 8 flavors discussed in [24].

3.2 Defect Higgsing on 5-brane webs

From here on, we consider a 5-brane system with defect D3-branes, which can be introduced
in a similar way as for usual Higgsings. As discussed, the defect Higgsing is the Higgsing by

~13 -
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Figure 7. The 5-branes with the defect introduced by defect Higgsing. The blue dashed lines
denote the defects.

)
)

setting the associated Kihler parameter not 1 but ¢ [4, 15, 39]. Here, M is the number
of defect D3-branes, and hence the defect Higgsing becomes a usual Higgsing when M = 0.
For instance, in figure 7(a), 5-brane web for the 5d Sp(2) theory with 10 flavors can be used
to describe the 5d Sp(1) theory with 8 flavors and defects, where the 5-branes painted in red
are defect Higgsed. The associated Kéhler parameter is set to be ¢™, while the other Kéhler
parameter is just treated as a usual Higgsing. After having defect Higgsed, we denote the
defect Higgsed part as a (blue) dotted line, representing M D3-branes. Likewise, such defect
Higgsing can be performed in a Tao diagram in the same way, as depicted in figure 7(b).

Implementing the defect Higgsings to the partition function is straightforward. For the
partition functions that we obtained from topological vertex based on the web diagrams
either with O5-planes or with the Tao diagram, in the previous section, we first set one of
the Coulomb branch moduli Ay to

A2 = qMZ = Mg, (315)

where we defined z = M3 as a defect moduli. When M = 0, it reduces to (3.9), as expected.
As the computation is similar to the usual Higgsing, we summarize the results for both
cases.

Defect Higgsing on SU(3) 5-brane web. Let us first consider the defect Higgsing on
5-brane web for N' = 1 SU(3) gauge theory with 10 flavors, given in figure 7(b). For the
partition function (3.5) obtained from the Tao web diagram, the defect Higgsing on SU(3)



gauge theory with 10 flavors yields

SU(2)+8F ,SU(2)+8F
ZSU(3)+10F — Z Zglue(leaﬂl)Zglue(nga N3)Zha1f( 1) Zhalf(Q)
n,3.{vi}

X Zglue(Qb27 VS)Zspiral 1({Q(3)}7 VS)Zdefect Tao
— ZSU(2)+8F,defeCt, (316)

where

1/11/5(@1@1@2) V21/3(Q2) 1/31/3( M)RVJMJ(Qg)
1/11/3( MQlQlQQ) 1/21/3( MQZ) 1/31/3( ) ~
Ry, (Q3@3Q4) Ruyo (¢ Q3Q3) Ryvy s (M Q1Q2)

Z defect Tao —

= - . , (3.17)
V3M3( MQS) V3Vy (qMQ3Q3Q4)RV3®(Q3Q3)RM1V3 (QIQQ)
and we have rescaled some variables as follows,
Ap — ¢ MP27124; (1=1,3), (3.18)

to obtain the traceless condition of SU(2), A; A3 = 1. This then naturally shifts other mass
parameters

M; — ¢ MP2712 0 (i £ 3,8). (3.19)

Defect Higgsing on Sp(2) 5-brane web. Next, we consider the defect Higgsing on
5-brane web for N' = 1 Sp(2) gauge theory with 10 flavors, given in figure 7(a). For
the partition function (2.15) obtained from the 5-brane web with O5-planes, the defect
Higgsing on the Sp(2) gauge theory with 10 flavors yields

ZSPR)HIOF 1 Ooo(qM2M; ) O0u0 (a2 Miyalgyy(y)
i=1 @w(ZMz‘_l)@m(qquMiHA%U@))

o . |
XMZ (0220520 A7) " (002252 45 ) " 1t g
1,3

x Z' 5P (Aguie) = ¢/ *Asuq)

_. Z/Sp( )+8F,defect’ (320)

) Zdefect 05

where Z’EP(IdHBF is defined in (3.12) with the replacement Agy(a) — qM/4ASU(2), and

Zdefect05 (321)
. @ul¢(q_M/QZ_B/QAl)@u3¢(q_M/23_3/2A3)®u1¢(quZB/QAlAéU 2))®u3¢(qu23/2A3A%U(2))
By (@ T Z A8, (a2 328, (4732 A1 A Dy 1)@ e (4772 A5 A2y )

We note that though two defect partition functions (3.16) and (3.20) look different, it is
straightforward to see that they are equivalent when we expand as q and A;.

When expanding the partition function as a series of the instanton factor and the
defect moduli, the partition function is decomposed into two parts: one is the defect moduli
independent part which hence depends only on the Coulomb moduli and mass parameters.
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We denote it by Fd¢fct(A4). The other is the part that explicitly depends on the defect
moduli, which we denote by Ddefect(z A), up to an extra factor,

Z/Sp(1)+8F,defect — PE [Z qn (FTcLiefect(A) + Dgefect(sz))‘| \ (322)
n=0

where A = A;. Up to 2-instanton orders, Fd¢fct(A4) and Ddefect(z, A) take the following
forms. In terms of the U(8) characters,

Xn = X0 > My M, ...M;,, n=12...8, (3.23a)
1<11<12<...<i, <10
im €L
—1/2
xo = [ M; 2, (3.23b)
€L

they are given by, at q" order,

Fgefeet(4) = (1:%)2 (—A (x1xs + x0x7) + 2142) ; (3.24a)
pefect (, A) — Q(qM(/f_— ;1)‘2]”/ oy (4572 — ), (3.24b)
and, at q' order,
FPE () = = o (M7 Gatxs) #0772 (s ) A+O(4%), (3.252)
Dgefect (. 4)— q(q]\i/f_—;l);M/z) [(ng/zzsa/zXO_q—gM/2z—9/2X8) _ <q3MZ3X1 _q—SMZ—3X7>

(P2 M) +@(215/2)] A+O(A?), (3.25b)
and at g2 order,
Fdefect(A) — _ﬁ [QM (XOX5 + XoXx7 + XlXS) + q*M (X3X8 + XoXs + XlXS)

—2(g+q " +5) (xox7 + x1x8) — (x1X6 + X2x7 — 7 (X0X7 + X1Xs))} A

+0(4?%), (3.26a)
Dgefect () — Q(q]\/[(/f_—;l)QM/Q) [quX2215/2 g EM 2,15/
— "M 2 0x12% + a3 M x5z 70 + M xoxe2”? — M xexsz 2
= (a™x0xs + ®x0x7) 2 + (67 x5xs + M P xaxs ) 27
+ (M (=14 xoxa) + ¢ (20 + 2071 + 2+ xoxs + x1x7) ) 2*/2
— (@M (~14 xsxa) + 6" (2042071 + 2+ xaxs + x1x7) ) 272
+ 02 21/2)} A+ O(42). (3.26D)
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Here we note that the global symmetry is seemingly broken through the defect Higgsing, as
the defect partition function is expressed in terms of the U(8) characters. However, recall
that the usual Higgsing from the SU(3) gauge theory with 10 flavors to the SU(2) gauge
theory with 8 flavors preserves an Eg symmetry, and such enhanced global symmetry can
be seen suitably combining flavors masses and instanton fugacity such that they form the
characters of the enhanced global symmetry. To make the global symmetry of the theory
in the presence of the defects manifest, we consider the elliptic genus.

3.3 Defect Higgsing in elliptic genus and global symmetry

We compute the elliptic genus of E-strings with defect by utilizing the defect Higgsing. To
this end, we use the result of [28], where the 6d Sp(1) gauge theory with 10 flavors and a
tensor is computed. The elliptic genus for one-string Z(l) and that for two strings 2(2) are
given by [28, 29, 38|,

(3.27a)

1 4 ] n ] 11—0[ 01(5.9Y )01 (514 /?)
20%(q)07 (%) = 03 (Aq/2)03(Aq=1/2) i) n?
(

—1)%1p07(1) 11—0[ 0.5 (91)0k (41)
03(A)0%(A) = ot

3.27b

(I,J,K)eS 07() ( )
where in the last line, S = {(2,2,1),(3,3,1),(4,4,1),(2,3,4),(3,4,2),(4,2,3)} and 07,7 is
the Kronecker delta. The g; (i=1,--- ,10), A, ¢, and § denote the fugacities for an SO(20)
flavor symmetry, Sp(1) gauge symmetry, counting the number of the self-dual strings, and
instanton factor, respectively. The explicit forms of the Jacobi’s theta functions 0;(x) are
given in appendix A. The partition function of the 6d Sp(1) gauge theory then takes the
form

7z64sp(1) — PR [F(O) + F(l)d) + F(Q)d)z + O(qﬁS)} , (328)

where

- - 1 -~ -
Foy=2Z4y,  Foy=2Z49 - §Z(21) — = Zy(x = 7). (3.29)

DO | =

The overall factor F(O) comes from “zero string” contribution explained in [29],

Flo) = ﬁ (2 (A24+42) - (A+47) i (5 “751)) (1 ﬁa + ;) . (3.30)

i=1

We summarize the duality map between two theories among the 6d Sp(1) gauge theory
with 10 flavors and a tensor (6d Sp(1)+10F + 1T), 5d Sp(2) gauge theory with 10 flavors
(5d Sp(2)+10F), and 5d SU(3)o gauge theory with 10 flavors (5d SU(3)o + 10F):
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e The duality map between 6d Sp(1)+10F + 1T and 5d Sp(2)+10F:

gi=yi (i=1,...,5), Ji=y (i=6,...,9,  §10=9"ylo,
¢ = q/y/101 A= A/27 q= q/27
(3.31)
where y, (i =1,---,10), A;- (j = 1,2), ¢’ are the flavor fugacities, the Coulomb branch

moduli, and instanton factor, respectively.

e The duality map between 6d Sp(1) +10F + 1T and 5d SU(3)¢ + 10F, which comes
from (3.31) and (2.14) with ¢’ = q:

gi :Cl 1/2 Asé(g) 71 (Z: 17--"5)a gl :ql/QASU(fi) Mz (7’:6759)7
0 = q~*?Agy(z) Mo, ¢ ="My Ay, (3.32)
A =g Agus) Az, q=q.

Using the duality map above, one can readily check that two partition functions do agree
with each other by a double expanding in terms of the 5d Coulomb parameter A; and the
instanton fugacity q [29].

Some comments are in order. First, this transformation is slightly different from the
one given in [29], however, the difference is just the convention, and our convention is more
useful to consider the flavor decoupling limit that we will discuss in appendix D, so that
we adopt them. Second, we check the agreement of the partition function and the elliptic
genus by the double expansion as a power series of A1 and q up to second order through
the duality map (3.32).

The usual Higgsing from 6d Sp(1) gauge theory with 10 flavors and a tensor, to 6d
E-string theory, is achieved by setting the Coulomb branch parameter A and two mass
parameters 43, s as

A=g3" = s, (3.33)

which is equivalent to (3.9) through the map (3.31). Then the elliptic genera of one and

two strings become

24: el(gl)7 (3343)

Z -
729 i(a) I=1iezr "
. 1 Cag— yzq1/2)91(yzq 1/2)
Loy — —
@) 207 (Q) ,Zug n?
1 7t 02(1) v 0.(51) 0K (G1)
+ = > ] , (3.34b)
10100 1 7 R)es U100 ez 7

which agree with those for the E-string theory up to redefinitions of the parameters. For the
elliptic genus of one string, the summation of the product of the theta functions can be ex-
pressed as Fg theta function which is defined as the summation over the Eg root lattice I'g,

0;(
Z H 1) =2 Z exp [miTd + 2wifi - W] , (3.35)
I=11leT WeTs
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where @ = (wy, -+ ,ws), = (u1, - ,pus), and p; = %logyi, T = 5logq. One can also
express the elliptic genus of two strings as combinations of the Fg theta functions, hence
the E-strings enjoy Fs Weyl symmetry.

Now we implement the defect Higgsing. In a similar fashion, we set
A=q Myt =73, (3.36)

which is consistent with (3.15) with the duality map (3.32). The resulting elliptic genera
of the E-strings with the defect are given by

P B R 0 (3 0;(3
= (H z;ym) (1), (3:7a)
~defect __ 1 774 : ef(glq1/2)01(y~lq_1/2) 01(2q1/2)01(2q_1/2)
g —ze@emz(n % )(91(6]1‘4“/25)91((1]‘4”25))
1 07(1) v 02() 0k (1) 05(2)0k (%)
YIRSl () @™

where Z = g3 is the position of the defect insertion.

We note here that unlike the usual Higgsing, Zg';fe“ and Z(%’fe“ now are not invariant

under Eg Weyl symmetry, rather they are invariant under the SO(16) Weyl symmetry,
Ji 4 i Gi > §; (3.38)

This implies that the Eg global symmetry of the elliptic genus for the E-string is broken
SO(16) due to the presence of the defects.

To see the symmetry breaking more explicitly, let us consider the defect Higgsing of
the elliptic genus expressed by the characters given in [38]. A part of the contributions to
the elliptic genus of one string Z(l) can be expressed as the character,

- 1 gl/2
Z q

W) - A0 - A7)

~S0,SU | 5 .
(28957 + Z3) + 0@?), (3.39)

where we decompose Z(l) into two parts: the contributions involving SO(20) characters
and those not depending on SO(20) characters,

5 SO SU 1 SO SO SU bt SO SU 1
Z(Sl())’SU = _X5T2(20)X1/2(2) (A) + 2X512(20) + 2X20 (20)X3/2(2) (A) - 4X20 (20)X1/2(2) (A)
~ X190 3 P (A) + 3x390 s (3.40a)
> SU(2 SU(2), 7y SU(2 SU12), SU2), 5
78 = 6x3137 (@) — 23 P (A)xg P (0) - 53D (A) - 33U (), (3.40D)
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where relevant the SO(20) characters are given by

10 10

sooy 1 1/2  —1/2 1/2 —1/2

X513 )—2<H(y/ + 3, )+ [1@"” - 4 /)>, (3.41a)

i=1 i=1

soo) 1 o 1/2 | —1/2 - /2 —1/2

Xgi2 9 1:[1(% + Y )—1:[1(112- -4 7)), (3.41b)

SO N [~ -

X19(§20) = Z (yi +9; 1) (yj +9; 1) + 10, (3.41c)
1<i<j<10

SO(20) S

xao = () (3.41d)
=1

as well as the SU(2) character,

:L,Qn—i—l _ x—Zn—l
X' (z) = : (3.42)

x—x !

By the defect Higgsing (3.36), the part of the elliptic genus of one string (3.40a) reduces

to
7z — SO(16
Z(SIC))SU N <_ (qM ~M 3 1) ( M/2 M/2 1) X12é )
M e _ SO(16 - _M=~—1\2 s0(16
—(q M 1)<M/2 M/2>Xﬁ8( )_(qu_qM 1) X12(§ )
- _ SO
i (q 5 g Mz 1) ( M/25 _ (=M/2 1) (qM/z —q M/2> X16(16)>’ (3.43)
where we further introduce the SO(16) characters,

soae) 1 1/2 —1/2 1/2 -—1/2

Xiog )—2<H(y/ + 3.+ 1@ -4 /)>, (3.44a)

i€l i€l

soae) 1 1/2 -—1/2 1/2 —1/2

Xﬁs( )= B} (H(y/ +4, ) - T1@"* -5 )) ) (3.44Db)

i€l i€l

SO(16 1\ [~

e = > (G at) (m+57), (3.44c)

i,J€T,i<j

SO _

Xie =3 (G +5") (3.44d)

€L

When we set M = 0 corresponding to the Higgsing, we can combine Xigs(w) and X?%m)

into Eg character,

~ =-1\2/_S0(16 16 s -1\’ E
- (Z —Z ) (X128( )+X12(§ )) == (Z z ) X248 (3.45)
which is nothing but the symmetry of E-string, Weyl symmetry of Eg. In order to enhance
the symmetry, the coefficients of Xi(z)s(m) nd XE%M) n (3.43) have to be the same, whereas

those of X%Os(m) and X§2(16)

trivial cases, M = 0. Therefore, we conclude that the symmetry of E-string is broken to
SO(16) by introducing the defect.

have to vanish, however, there is no such solution except for
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N = < <

(a) (b) (c)

Figure 8. Different unHiggsed 5-brane configurations for SU(2) gauge theory with 4 fla-
vors and defects, associated with different global symmetries: (a) SU(4)xSU(2)xSU(2), (b)
SU(4)xU(1)xSU(2), and (c) SU(5)xU(1). The red lines are D5-branes where the defect Higgs-
ing is applied. A white dot is 7-brane.

4 Global symmetry

In this section, we comment on global symmetry in the presence of codimension 2 defects. In
computing the defect partition function, we used geometric transitions, where we construct
“unHiggsed” 5-brane configuration and perform the defect Higgsing. As unHiggsed theory
does not have any defect attached, the defects are introduced through defect Higgsing.
Theories with defects that can be geometrically engineered hence captures some subalgebra
of global symmetry of the unHiggsed theory. For instance, the partition function for the
E-string theory with defects that we have computed in the previous section show manifest
SO(16) global symmetry. We obtained it through the defect Higgsing of 6d Sp(1) gauge
theory with 10 flavors which has SO(20) global symmetry. The defect of the E-string that
we considered thus naturally has an SO(16) which can be understood as SO(20) global
symmetry of the unHiggsed theory is broken to SO(16) along with the defect Higgsing.
In M-theory perspective, Eg global symmetry of E-string is the symmetry that arises
as E-string probes M9 brane. Defects on E-string are expected not to disturb M9 brane,
and hence one may expect to still see an Eg symmetry for E-string theory with defects.
Global symmetry of defect partition function, however, may depend on how we compute
the defects. For instance, we can introduce different codimension 2 defects via geometric
transitions for a given 5d theory by considering defect Higgsings on different unHiggsed
5-brane webs. These different defect Higgsings may capture different global symmetry,
which could be the perturbative symmetry or more than the perturbative symmetry. As
an instructive example, let us consider SU(2) theory with 4 flavors, whose perturbative
symmetry is SO(8)xU(1). In figure 8, three different unHiggsed 5-brane configurations are
considered and each gives rise to different manifest global symmetries as depicted. The
red lines in figure 8 are D5-branes which we perform the defect Higgsing. The 5-brane
configurations (a) and (b) are, in particular, instructive. Both unHiggsed 5-brane webs
are the same as SU(3)p gauge theory with 6 flavors, their resulting global symmetries
however are different. Global symmetry for (a) is SU(4)xSU(2)xSU(2), while that for (b)
is SU(4)xU(1)xSU(2). Here SU(4) is the symmetry coming from the interchange of four
flavor masses, and SU(2) arises from two parallel (2, 1) 5-branes in figure 8 (a) and (b),
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which is associated with instanton. Now the difference can be explained as follows. In
(a), the defect Higgsing is applied to the internal D5-brane, which leaves two parallel (0,1)
5-branes on the bottom symmetric, accounting for the SU(2) part of its global symmetry.
In (b), on the other hand, the defect Higgsings is applied to an outer D5-brane which
makes two parallel (0,1) 5-branes on the bottom distinguishable, hence breaking SU(2)
into U(1). The unHiggsed 5-brane configuration (c) is also noticeable. The resulting global
symmetry is SU(5)xU(1), which is obtained from an SU(4) _ 1 gauge theory with 7 flavors,
with usual Higgsing in the upper part and also with a defect Higgsing in the lower part.
From these three examples, it is clear that global symmetry of defect Higgsings comes
from the global symmetry structure of unHiggsed 5-brane web, which could be simply
perturbative symmetry or one of the maximal compact subgroup of the enhanced global
symmetry, SO(10) in this particular example.

As there could be many more unHiggsed 5-brane configurations that one can geometri-
cally engineer, we expect different global symmetry depending on unHiggsed 5-brane that
we used for the computations.

5 Conclusion

In this paper, we computed the defect partition function of E-string theory on a circle, from
5-brane webs by applying the defect Higgsing, based on two 5-brane configurations: one
with two O5-planes and the other without O5-planes. Though two 5-brane configurations
look different, both parameter phases actually describe 5d SU(3) gauge theory with 10
flavors, as the 5-brane web with two O5-planes is deformed to describe SU(3) gauge theory
phases. We however referred to the one with O5-planes as Sp(2) gauge theory with 10
flavors just to distinguish natural 5-brane web, without orientifolds, for SU(3) gauge theory
with 10 flavors. As 6d E-string theory on a circle is realized as 5d Sp(1) gauge theory with
8 flavors, we applied a suitable defect Higgsing on these 5-brane webs to obtain the surface
defect partition function for 5d Sp(1) gauge theory with 8 flavors. The resulting partition
function has the defect modulus which corresponds to the position on 5-brane where the
defect is inserted. With the defect modulus, the partition function can be understood as
the open topological string partition function. We compared our defect partition function
with 6d elliptic genus result where the same defect Higgsing is implemented. We carried
out our computation of the defect partition function up to 2-instantons and confirmed that
the results agree up to that order.

For the 5-brane configurations that we considered in the paper, the insertion of the
defect breaks global symmetry from Eg to SO(16). This can be explicitly seen from the
defect partition function obtained from the elliptic genus where the theta function at a
given instanton order is invariant under the SO(16) Weyl transformation rather than the
Eg transformation. From the partition function of 5d Sp(1) gauge theory with 8 flavors,
the SO(16) corresponds to the perturbative SO(16) flavor symmetry. The corresponding
5-brane web suggests that flavors are not affected by the defect and hence 8 flavor branes
can be put closer to one of O5-planes so that they enjoy an SO(16) symmetry. In this way,
one can see that regardless of the number of the defects, SO(16) global symmetry remains.
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Together with U(1) coming from the KK modes, the defect partition function hence has
SO(16) x U(1)xx symmetry.

We note that there are different ways of realizing 5d brane system with defects, as
discussed in section 4. Depending on how we implement the defect Higgsing, we may see
different global symmetry structures. It is however that such apparent global symmetries
are in fact a subgroup of the enhanced global symmetry, as one can readily restore the
enhanced global symmetry when setting the number of defects to zero. Even for the case
of the E-string theory with defects, global symmetry may restore to be Ejg if there is a
nontrivial unHiggsed 5-brane configuration or nontrivial reparameterization involving the
defect modulus such that it respects Eg Weyl transformation. It is hence interesting to
further study how the global symmetry structure is broken or hidden in the presence of
defects. For instance, quantization of SW curve or associated integrable system [9, 40-42].

Some defects can be taken away by taking the defect insertion to infinity. In our
setup, however, as we inserted the defect in between two NS5 branes, it is not possible
to decouple the defects. Instead, one can set the number of the defects to zero, then one
naturally recovers the E-string partition on a circle which restores Fg global symmetry.

It is straightforward to generalize our computation to higher rank gauge theories. For
instance, 6d N' =1 Sp(N) gauge theory with 2N + 8 flavors with a tensor compactified on
a circle can be realized as a 5-brane web with two O5-planes describing 5d N =1 Sp(N +1)
gauge theory with 2V + 8 flavors. As we can apply the defect Higgsing to it, we expect to
obtain 5d Sp(N) gauge theory with 2N + 6 flavors and defects. Global symmetry for the
theory with defects would be an SO(4N + 12) x U(1)kk, as the corresponding 5-brane
configuration suggests that there are O5-planes with 2V + 6 flavor D7-branes, and the
instanton gives a U(1).

We can also consider the defect Higgsing for the system with fewer flavors. Starting
from a 5d KK theory with defects, say 5d N/ = 1 Sp(N + 1) gauge theory with 2N + 8
flavors and defects, one can decouple flavors one by one to get 5d N’ =1 Sp(N + 1) gauge
theory with Ny < 2N + 8 flavors and defects. For example, we worked out explicitly the
partition function for 5d Sp(2) gauge theory with 9 and 8 flavors in appendix D.
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Figure 9. The Young diagram and its parameters.

A Conventions and notations

A.1 Topological vertex

Here we provide some definition and notation we use in this paper. We first define the
Young diagram as in figure 9. The variables p;, /A;, (1) denote the number of boxes in
the i-th row, the number of boxes in the j-th column, and the number of the columns. We
also define the following quantities,

(W) , U(w) , ) U(w) )
t t
= i P =Dm, WP =D 6 (A1)
Based on the notation of the Young diagram, we define the topological vertex C),, [23],
Ll 2 —11uf 112 “p —v—p —p—it
Cnw =40 2 5,(@?)D_ sxeyn(a" " )spmla™"), (A.2)
n

where \, 1, v and 7 are the Young diagrams, and ¢ relates to the string coupling, ¢ = el%s.
The function s, (x) is Schur function defined by,

wi+N—i
su(T1,...,aN) = %a (A.3)
det ¢

and s,,/,(z) is skew Schur function defined by the summation of the Schur function with
the weight N}, called as Littlewood-Richardson coefficients,

Spu/m(T) = Z Np s (). (A.4)

We also define the framing factor f,,

el —11et?
2 .

fu=(=1)*q (A.5)
From these ingredients, the gluing rule for two vertices is given by (see also figure 11),
Z C)\ll/luc/\gug,ut(_Q)m'f;}: n= (plv QI) A (p27 QQ> (Aﬁ)
o

By gluing some vertices, we can calculate a partition function of topological strings on
non-compact toric Calabi-Yau manifolds. One can find more detailed computations and
some examples in [23].
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Figure 10. The pictorial description of the topological vertex.

vy

=
>

A2
(P2, q2)

Figure 11. The gluing rule of two vertices.

A.2 Theta function

To provide the elliptic genus of E-strings, we provide the definition of Jacobi’s theta func-

tion,
o0
01(p;y) = —ip/ Sy 2 TT (1 = p™) (1 = p"y) (1 —p" Ly ), (A.Ta)
n=1
O2(piy) =pBy 2T (1 —p™) A +p"y) 1 +p "y, (A.7b)
n=1
O3(piy) = [ (1 —p™)(1+p "2y +p" 2y, (A.7c)
n=1
Oa(pry) = [[(1—p™Q —p"2y)(1 = p" 2y, (A.7d)
n=1

They satisfy the following reflection formula,

0r(py™") = (1)1 01 (ps ), (A.8)

where d7 ; is Kronecker delta, which is used to show that the elliptic genus of 6d Sp(1)
gauge theory reduces to the one of E-strings after the Higgsing. In the section 3.3, we use
short notation,

QI(EH y) - el(y)v (AQ)

where § is instanton fugacity in 6d theory relating to the one in 5d theory q, § = ¢2, as we
denoted in (3.32).
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A.3 Plethystic exponential

To express the physical part of the partition functions, it is useful to express them as
plethystic exponential defined by,

f(sc")] , (A.10)

S|

PE[f ()] = exp [z
n=1

where = {1, 72,...} and 2" = {27, 2%,...} For instance, an infinite product J[75_;(1 —
Qq"*7~1) can be expressed as

mﬂl(l — QqY) = exp L; Tll(lqn?[:y} —PE [uqq)QQ] . (A.11)

From this expression, the analytic continuation formula which can be understood as flop
transition is given by

PE [(1 _qq)2 ] 5 PE {(1 _qq)QQ‘l} : (A.12)

This formula is sometimes used to express the partition function as characters.

B Kaihler parameters of the Tao diagram

Here, we summarize the expression for the Kéhler parameters of the Tao diagram depicted
in figure 1 in terms of the parameters of the 5d SU(3) gauge theory with 10 flavors. The
derivation detail is given in the appendix of [29]. The Ké&hler parameters associated with
the middle strip are given by

B My ~ Ay B Mo ~ Ao
Ql_Alv QI_M27 Q2_A27 QQ_Mg,
My ~ As My Ms
Q3:77 Q3:77 Q4:q 3
As Ms My Mo Mz Me M7 Mg Mg Mg
A3 ~ My Ay ~ Mg
QSiﬁﬁj Q57A73’ Q6*ﬁ77 67A727
A ~ My [ MgM7MgMy Mo MsMyMs
Q7_77 Q7_77 Qg_q 5
Mg Al M9M10
Moy M My Ms Mg Mo M Ay [ MMMz MM,
Qb1 = qu 5 ng =q— y
My Mg Mg Az \| My Mo MgMgMig
My Mz M,
Qpy = 12526 (B.1)

Ay \| My Ma M3 My Ms My My
whereas those for the spiral strip 1 and 2 are given by

a _ 1 o _ M W _ g My Ms W _q | My Mg M7 Ms Mo
! MyMsM,’ 2 Ms’ 8 Mo M3 MyMe M7 MsMo Mo’ 4 My MsMyMs Mo’

a _ M Mo a_ 2 M OW = ¢ 1 a_ 2M
3 1 Mo Ms My MsMeM7MsMg’ 6 Mo’ 7 =4 MoMsM,y’ s =4 Ms’
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SU origin

| |
:g\ /} a'Asucs)

Sp origin

Figure 12. The difference of the SU origin and the Sp origin. In this figure we omit O5-plane.

@ _ 1 @ _ M ) _ M>Ms ) _ Mo Me M7 Ms My
T ATMs My 2 Ms’ 3 1 My M3 My Mg M7 Ms Mo Mo’ 4 1 My MsMyMs Mo’
@ _ Mas Mo @) _ 2 M @ _ g2 1 @ _ 2M>
3 1 My Ms My Ms MMz Ms M’ 6 Mo’ 7 My MsMy’ 8 Ms’
@ _ Az 3) _ My ® _q MsMs ® _q M3 Me M7 Mg Mo
1 My’ 2 Ms’ 3 M1 MMy Me M7 Mg Mg Mo’ 4 My My MyMs Mo’
®) _ 4 MsMio () _ g2 Ms; ®) _ 42 1 () _ qz%
3 My My My Ms M M7 Ms M’ 6 Mo’ 7 MiMaMy’ 8 Ms’
W _ My Ms @ _ g My Me M7 Mg My
8 My My MsMe M7 Ms Mo Mo’ 4 My My MsMs Mo’
4 _ My Mo (4 2 My (4 _ 2 1 (4 oMy
=4 =49 7 =9 777 =q
5 M Mo M3 Ms Mg Mz Ms M’ 6 Mo’ 7 My MoMs’ 8 Ms’
) _ Mo M Mo () _ Mo ®) _q My Mo M3 My Ms M7 Mg My ®) _q M M7 Mg Mo Mo
! ' 2 Ms’ 3 MesMio ’ 4 My My MsMysMsg’
25) = q My Mo Ms My M7 Mg Mg Mo és) :qz% (5) _ q2M7M8M9, és) _ 5 Mo

M5M6 9 M67 7T CI MG ’

6) _ 4. ) _ Mo 6) _ My Mo M3 My Ms Me Mg My ) M5 Me Mg Mo Mo
Q" = AszMsgMo, S VA 3 =49 M7 Mo , Qi =q My Mo Ma MM

e e Ry T
0" = My 0 = Mo M _ My Mo M3 My Ms Mg M7 Mo M _ M5 Me M7 Mo Mo
! A’ 2 Mg’ s =1 Mg Mo ’ + =1 My MaMsMsMsg’
Qéﬂ - q\/MlMQMSAjﬁsjl\(ljsM?Mng’ é7) :qz%’ (77) = q2M6M7M97 ?(37) = Cl2 AJI\/[ISO’
8 _ My Mo M3 My Ms Mg M7 Ms ®) _ M Mg M7 Ms Mo
s = My Mo o TN ML MMM
(8) _ My Mo Mz My Me M7 Mg Mo (8 _ 2Ms (8) 2 ) 2Mio
5 = Q\/ MM, ) 6 —4 Mo v =0 MeM7Ms, g —4 My (BQ)

Here M; (¢ = 1,...,10) denote the position of horizontal lines measured from “SU(3)”
origin (see figure 12). To convert e.g. from Sp origin to SU origin, we have to multiply
qt/ QASU(Q,) for all variables x; and M;. We note that the other Kéhler parameters ng‘) with
large j is obtained by

Qs =q?QY  (fori=1,2-.8 j=>3). (B.3)
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O5-plane
Q2

(=p2,42)

Figure 13. The rule how to interpret the web diagram with the O5-plane depicted in figure (a).
With respect to the O5-plane, we flip the sign of the first elements of the charge vectors.

These are all the Kéhler parameters which are necessary to compute the 2-instanton con-
tribution.

C (p,q) 5-brane web with O5-planes and topological vertex

C.1 Topological vertex formalism with O5-planes

Here we summarize the computation rule of the partition function of the Sp gauge theories
realized by the web diagrams with O5-planes discussed in [24]. We decompose the web
diagram into the left side and right side about the red line. Then, we flip the sign of the
first elements of the charge vectors, (p,q) — (—p,q), whose graphical meaning is to fold
one side along the O5-plane. Here we fold the right side. The glueing rule of the vertices
across the Ob-plane is given as follows,

> Corspin ot (F@1Q2) £, 1 = (p2, —q2) A (p1, 1) + 1. (C.1)
B

Now we are ready to write down the partition function of the Sp(2) gauge theory with
10 flavors whose web diagram is given in figure 4,

2\ lH1l 5 [p2]
7Sp(2)+10F _ Z L Hi:3y§y§+5 (x,z)\u3|f_3f3
- 22 /2002 3 w1 Jps
{vit {ni} ! 273
DA Sl SN N N B Lt SN T4 I W et SN 1724 O e SN 1770 VR B Al AN 753 VR B Al SN 73
x (=2'1y'y )" (=yy's )" (—yar’y ) (—any's ) (—ysy s ) (—yay's )
x (—yba's (=25 (—yga’s )N (—hy's Do (—uky's I x (—ahy's )]
—1\|p —1\|p —1\|v 2 1=2\|v
X (—yga'y )‘ 13‘(—y/10y/9 )‘ 14‘(_5”/131/10)' 15'(_q/ 'y )I 16|

1p—1p,—1,-1p—-1p,-1

« £~
va2 JVs JVg JVi0Y V11 V14

x C, CV{ V{,@Cuz ué(l)cuﬁ V3 2 CV4 Vé(BCVs V(*;@Cw;u;@cus V743

1V{6M1

X CI/;V(S,LLéCVl()VQ@CVlllIfU@Clllzl/il@CV§2V13M5 V14V{3@Cut Vf4@CV15V16u§' (02)

15

The efficient way to calculate the partition function is to use the operator formalism ex-
plained in [43]. After some computations, one finds obtain (2.12). To reach the result, we
use the analytic continuation formula,

0, (Q) = QM £, £,0,0,:(Q 7). (C.3)
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Figure 14. A pictorial explanation of the decoupling limit from 10 flavors to 9 flavors.

C.2 The partition function of SU(N + 1)o + (2N + 6)F

In section 2.2, we have calculated the partition function of 5d N =1 SU(3) gauge theory
with 10 flavors. Then, after the usual Higgsing, we have found the partition function of the
SU(2) gauge theory with 8 flavors in section 3.1. Based on these results, we propose the
partition function of SU(N+1)( gauge theory with 2N +6 flavors without any computations,

N+1
7SUN+1)+(2N+6)F _ 2N+6 Z H (qASU N A;?»—N)"”‘ ;371\{ (C.4)

mass I

X
11;[1 i1 Ouo(@AIMiAGy (v y) 55 0, (ArA7Y)

N+1 [2N+6 0,,0(Ar M) N1 @m,uJ(qAIAJASU(N+1))
HIKy
s 1

= I g e o
" H1§z‘,j§1v+3 9¢¢(qM'Mj+N+3A§U(N+1))
H1§i<j§N+3 @m(MiM )@m( z+N+3M]+N+3) 7
where  Aguyvir) = H?ivl% Mi_l/ * and the Coulomb branch moduli satisfy

[ Arsuven = 1.

D Flavor decoupling limit

To consider what global symmetry is preserved in the presence of the defect in the 5d gauge
theories with Ny < 10 flavors, we shall take the decoupling limit and consider the defect
Higgsing. The gauge theory with 9 flavors can be obtained by the following decoupling limit,

Vo0, g =0, =2 (fixed), (D.1)
where g is the instanton factors of 5d Sp(2) gauge theory with 9 flavors. Diagrammati-

cally, the decoupling limit is given in figure 14. The left side of this web diagram and the
one in figure 4 are equivalent under the flop transition [44—46]. Then, the decoupling limit

~ 99 —



is done by removing one of the external legs from the web diagram, and the resulting web
diagram is the right side of figure 14, where the white circles denote the D7-branes. Since
we remove one of the O5-plane, this limit also implies the decompactification limit.

From the elliptic genus of 6d Sp(1) gauge theory with 10 flavors (3.39) with the duality
map (3.31), we have the partition function of 5d Sp(2) gauge theory with 9 flavors,

Z/Sp(2)+9F _ Zéo)79F + Z€1)79FA,1 + O(A/?) (D2)
with
1 q 2 -2 1 [ ~1 ~1
=1
Z] )y op = = s (Z%05p+2Z W or) (D.3b)
W= 1) (1—q 1) (1—A2)(1-A%?) (1),9 (1),9
where
/SO, SU ~S0, SU
Z( 1),9F — Z( 1) ‘?31 ,,,,, 9] g» T10—0), A A (D.4a)
/SU ~SU
2008 = Z0)lga.. ot g, Tro-saty A (D.4b)

,,,,,

Note that the elliptic genus for 1-string (3.39) is given as a series of ¢, however, (D.3) is
exact results in ¢’
Based on (2.14), we find the duality map between Sp(2) and SU(3) gauge theories with

9 flavors is
9
H VA M (i=1,...,9),
= (D.5)

9
2 (H Mj_l/4> Aii=1,2), ¢ =q¢** (H Mjl/s) .
j=1 j=1

We check the agreement of the partition functions between the Sp(2) and SU(3) gauge
theories with 9 flavors under the duality map up to second order of A; and q. We also
check that, by expanding the partition functions of Sp(2) and SU(3) gauge theory as a
series of A; and g, and using the analytic continuation formula for (D.3), these partition
functions have only positive power of A; and q.

By the defect Higgsing given by,

Ay = Myl =4/, (D.6)

which is derived from the Higgsing in 6d Sp(1) theory with 10 flavors (3.36) and the duality

map (3. 31) we obtain the Sp(1) gauge theory with 7 flavors in the presence of the defects,

and Z’?C)) o is given by

SO,SU — -1 — —1 SO(16
— —1 — SO(16 — —1 SO(16
( M / M _/ ) ( M/2 M/2> X/ ( ) ( M _1 M 1 ) X/ ( )

+ <qMZ/ . (fMZ/—l)2 (qM/ZZ/ B q’M/Qz’_l) <qM/2 . qu/z) X/§60(16)>7
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Figure 15. A decoupling limit from 9 flavors to 8 flavors.

,50(16)
128,128,120,16
denote the characters of SO(16) which are defined by replacing 6d Sp(1) gauge theory

fugacities {@; }icz of (3.44) with the 5d Sp(2) gauge theory fugacities and instanton factor
{y.}iezyp, 99 where Zop = {1,2,4,5,6,7,9}. When we set M = 0, .7-'(’1) is given by FEjg
character, so that the global symmetry is Fg symmetry which is the enhanced symmetry

where 2z’ = yj is the brane moduli of 5d Sp(1) gauge theory. Here, prime of x

of SU(2) gauge theory with 7 flavors discussed in [47]. Therefore, we conclude that the
enhanced symmetry FEg is broken to SO(16) by the defects.
We further consider one more flavor decoupling as in figure 15 whose limit is given by
q/2 9
yp — 0, q9 — 0, y—% =q5 (fixed). (D.8)
1
In the same way as above case, we denote q§ as the instanton factor of 5d Sp(2) gauge
theory with 8 flavors. The resulting partition function of 5d Sp(2) with 8 flavors is,

/PO ZfO),SF + Zf1),8FA/1 +O(A?), (D.9)
with
1 q _ e _
Zioysr = 51— g2 (2 (A5 +457) = (A2 + 457 2 (i + v 1)) ,  (D.10a)
1 q
Zl ap = 8 ZA e+ 28 ), D.10b
(1),8F (1 _ q)(l _ q—l) (1 - A’g)(l - A’52) ( (1),8F (1),8F) ( )
and
SO(16) _ SU SO(16
Zg)c,)SSFU = _X/ﬁs( )X1/2(2) (A3) + 2X/12£§ :
SO S S SO S
—X'16 (16)X1}J2(2)(q/S)XlU(2)<A/2) + SX/16(16)X1}J2(2)<C{/8); (D.11a)
SU SU SU SU
ZE%{SF = 2X1/2(2)(q/8)X3/2(2) (A/2) - 4X1/2(2)(qIS)Xl/QQ)(AIQ). (D'llb)

Then, by defining the invariant Coulomb moduli A ;,, as
qISAIIa (D12)

/ _
l,inv —

the partition function has SO(16) x SU(2) invariance.
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Figure 16. The web diagram descriptions of pure SU(2) gauge theories with 6 = 0, 27, and 4.

By the defect Higgsing (D.6), we have
Z/so (qMZ/ _ q—MZ/*l) (qM/ZZ/ _ q—M/2Z/*1) X%)(w)
(qMZ/ _ q—Mz/—1>< M/2 _ q—M/2) X:S),(z)(m
- (q oM 1)2X§(2)(12) X?}Jg(z)(q/s)’ (D.13)

where we write the contribution only involving SO(12) characters defined by

1
X§(2)(12) s (H(y/1/2 - 1/2 )+ H '1/2 ' 1/2)), (D.14a)

€T’ ieT!
SO(12 1 1/2 —~1/2 1/2 ~1/2
g )25 (H(y’/ +y, ) =TT -, /)), (D.14b)
€T’ ieT!
SO(12
i =Y (y +yi ) (7' = {2,4,5,6,7,9}) (D.14c)
ieT!

When we set M = 0, (D.13) can be expressed as E7 characters,
-1\2 12 SU(2 SO(12 —1\2
(013) = — (¢ =2 7) (G + 10 @xds ) == (¢ =2 7) xEg (D15

E Defects on pure SU(2) theories with different discrete theta angles

In this appendix, we explain how the defect affects the symmetry. As an example, we shall
consider 5d N = 1 pure SU(2) gauge theories with theta angle § = 0, § = 27, and 6 = 4«
whose web diagram descriptions are given in figure 16. Without the defect, these theories
are equivalent through the Hanany-Witten transition. A way to see the equivalence is to
compare the partition functions of these theories. After some computation, one can show

Zo—p = = Zyp— E.1
6=0 ZE 0=Am; ( )

where Zg—( 2r 4- denote the partition functions of pure SU(2) gauge theories with § =
0,27,4m, and Zg denotes the extra factor. In this case, Zp corresponds to the strings
attached between parallel external lines in figure 16 (b).

In the presence of the defect, however, the situation is changed: we need to include
the contribution coming from the framing. To see explicitly, let us consider following web
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Figure 17. The web diagrams which are dual each other.

diagrams as an example of the duality between § = 0 and 27w. The web diagrams (a) and
(b) reduce to SU(2) gauge theory with § = 0 and # = 27 in the presence of the defects
after the geometric transition. For simplicity, here we consider the insertion of single brane
which is realized by setting the Kéahler moduli as follows,

Qpn=0q"Qp=10Q=q¢" Q=1 (E.2)
Then, we find
() _ Z (_Qb)\ubllﬂubzlf%l ;bi Sup, (q_p)suil (q—p)subQ (q—p)sﬂzz (") (E.Ba)
Kby o
X 1 1 X ﬁ (1= Qg™ M (1 = Q1Qpq ™ Mau ™)

ij=1 (1— quiﬂiubl’ﬁuzz’fly ij=1 (1= quiﬂf%l’jﬂ)(l — Qleqiﬂ'*uf,z,jﬂ)’
b 2 — — — _
Z0 =3 Q) (= Q) = L funy s, (477 )50z (4775, (47" ) 501 (a7)

b
’
HbLQ’#bl

X ﬁ ! (E.3Db)

(1= Qg ity
e o
C QI s () [] —— U Qe i@
b / / B 7 — — 3 7 — —
' Hou =1 (1= Qug ™7 o Hirs (1= Q1Qpq M Mo ™?)

where we omit the contributions which is independent of the Kéahler moduli, and the

ij=1

summation of y in (E.3b) takes only the Young diagrams that have single row, i =
{n}, n € Z>0.” Then, we check the agreement of the partition functions,

g~ 29, 1 L (E.4)
 Zpw) E®) o (1= Qg1 '

under the following relations,

QQr = Qhy Qr = Q) Q1 =Ql, @, = 'QQ,Q'7, (E.5)

as expected from Hanany-Witten transition. Diagrammatically, the relation is expressed
as in figure 18. The factor (—le)“‘ by fi;, Sup, (¢g~?) comes from the trivalent diagram with
the defect. '

The interpretation is as follows. The brane configuration of D5-NS5-D7-brane system
are given in table 1. Since the D7-branes have branch cut and affect the charges of D5-

"In the following, the summation of the Young diagram with prime takes only single row.
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Figure 18. The web diagrams after the geometric transition.

IIB | Xo | X1 | Xo | X3 | X4 | X5 | X6 | X7 | Xg | Xo

D5 o o o o o — | —

NS5 | o o o o o | — | —

D7 o o o o o o o o

Table 1. The brane configuration of (p,q)-5-brane with D7-branes. The (p, ¢)-5-brane web is
defined on the X5 g-plane denoted by bar.

Figure 19. The process of geometric transition. We can remove the framing after setting some of
Kéhler moduli.

and NS5-branes, the shape of web diagrams change by moving the D7-branes. However,
since the D7-branes do not affect the physical system, the partition function is invariant
up to the extra factor.

In the topological strings, the defect corresponds to the topological brane wrapping
on S2 denoted by the red dashed line. Since the partition function of A-model topological
string does not depend on the complex structure moduli, we can remove the framing by
taking the size of S3 to infinity as one can see in figure 19.

However, when we put the D7-branes on the web diagram, the situation changes: since
the D7-brane is extended infinitely except for X5 g-plane, no matter how we separate off the
framing from the remaining web diagram, the framing is affected by the movement of the
D7-brane, and the framing acquires the non-trivial structure which provides the non-trivial
contributions. This is why we have to consider the additional contribution coming from
the framing to see the duality (see figure 20).

As another example, let us consider the duality between § = 0 and # = 27. Again, to
find the correct duality, we utilize the geometric transition for the web diagram given in
figure 21. Then, by setting some of the Kéhler moduli as

Ql = q_la Q3 =1, Q;;l = q_la Qg}g =1, (EG)

we find the partition functions of the theories in the presence of single defect,
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Figure 20. The Hanany-Witten transition in the presence of the defect. Since the D7-brane is
extended along a direction, the D7-brane affects the framing.
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Figure 21. The web diagrams which reduce to SU(2) gauge theory with § = 47 and 6 = 0 in the
presence of the defects after the geometric transition.
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under following relation,
PO Qr=Q = Qb Q= QR @, =0 (B9)
Q?c_ by f=%f 2 — W2, Hn=4a 2% f by — 4 2% f .

The corresponding web diagrams are as follows.
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Figure 22. The web diagrams after the geometric transition. Since we move two D7-branes, the
shape of framing after moving the D7-branes is more complicated than previous case depicted in
figure 20.
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