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Outline

We will discuss Abelian theories with mixed Chern-Simons levels and matter

• gauging and dualities: SEQD-XYZ, mirror duality, ...

• geometric construction: three manifolds, brane webs, ...
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3d Abelian theories

• For a theory with gauge group: G = U(1)× · · · × U(1), mixed
Chern-Simons couplings come from

SCS = kij

∫
AidAj , kij = kji .

The effective Chern-Simons levels keff
ij ∈ Z, because of chiral multiplets.

• Global symmetries:
For each gauge group U(1) ∈ G , a topological symmetry U(1)T , FI parameter ξ.
For each Chiral multiplet, a flavor symmetry U(1)F , mass parameter m.

• Superpotential: W = Φ1Φ2Φ3 + · · · .
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Compactification

The DGG construction: tetrahedra→ Φ, internal line→W = Φ1Φ2Φ3 + · · ·
• 6d (2, 0) theories (on M5-branes)

M3−−−−→ 3d N = 2 theories

• M3 can be hyperbolic manifolds, plumbing manifold, and so on.
[Gadde,Gukov,Putrov,2013][Gukov,Putrov,Vafa,2016][Gukov,Pei,Putrov,Vafa,2017]

The DGG’s construction cannot easily construct theories with mixed CS levels.

We hope directly use three-manifolds to construct 3d theories. Then the properties of
three-manifolds play important roles: Dehn surgery, Kirby moves, ...
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Three manifolds

A large class of three manifolds are constructed by Dehn surgery:

Three manifolds are represented by plumbing graphs with linking numbers Kij
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which engineer Abelian gauge theories:

U(1)× · · · × U(1), with mixed CS levels Kij .

However, there is no matter in this construction.
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Kirby moves

There are equivalent graph descriptions of the same three manifold.

Kirby moves lead to equivalent theories

k
�

k ± 1±1 k1 0 k2

�

k1 + k2 k1 ± 1 ±1k2 ± 1

�

k1 k2

Kirby moves can be physically interpreted:

• Gauging the topological symmetry (add gauge nodes), from RHS to LHS
• Integrating out the gauge fields (reduce gauge nodes). from LHS to RHS

Gauging means adding a path integral for the background field to make it dynamic.
Z ′ =

∫
DAZ . Gauging generates a new theory from the old one T ′ = T /G .

Integrating out gauge fields each gauge field of U(1)ki
can be separated:

ZS3
b

=

∫
dx eki x

2+(··· )x × (other terms)
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Kirby moves can be applied to generic graphs:

k1k

a
� k1 − a2

k k

k2

k1

b

a

�

k2 − b2

k

k1 − a2

k

− ab
k

,
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An example: Lens space

Lens space: L(p, q) = S3
p/q leads to a theory U(1)p/q without matter, or a theory

U(1)a1 × U(1)a2 × · · · × U(1)an .

p/q
= +1 +1 +1

a1 a2 a3 an
· · · · · ·

only if they satisfy a condition:

p

q
= a1 −

1

a2 − 1
a3− 1

...− 1
an

L(p, q) −→ ST a1ST a2S · · · ST anS .

Note that S ,T ∈ SL(2,Z), and S is interpreted as gauging the topological symmetry
U(1)T . Geometrically, S is a Dehn surgery between two lens spaces S3

ai
and S3

aj
, gluing

the torus of nearby lens spaces from 1-cycles (α, β) to (β, α).
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Questions

The three-manifold construction is still at the beginning.

• Could we add chiral multiplets to plumbing graphs?
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Matter node

• We conjecture it is possible to add matter.

• A new notation: we denote the matter by � ← matter node
Matters in fundamental, bifundamental, tri-fundamental representations are
represented by graphs:

k

q
�

ki kj

�
qi qj

�

where qi are charges under gauge nodes U(1)k , U(1)ki
× U(1)kj

, respectively.

We can use duality to understand plumbing graphs with matter.
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Mirror triality

IItsy is a mirror duality between a free matter and a theory U(1)±1/2 with matter: [Witten,

2003][Dimofte, Gaiotto, Gukov, 2011]

1
U(1) 1

2
+ 1F

0
U(1)− 1

2
+ 1F

F

The 3d abelian theories enjoy a global SL(2,Z) action. The nice property (ST )3 = 1
leads to this mirror triality.

Their sphere partition functions are equivalent

(ST )± : sb

(
iQ

2
−m

)
= e

∓πi
2

(
iQ
2
−m

)2 ∫
dx e∓

πi
2

x2∓2πi mx−πQ
2

x sb

(
iQ

2
− x

)
.
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Gauging the 0-form symmetry

Gauging this mirror pair leads to an interesting move (we call it ST-move):

� −→
±1

�

gauging−−−−→
k

�
(ST )±1

−−−−→
k ± 1

±1

±1

�

ST-move is analogous to gauging the top. sym. U(1)T (a Kirby move TS±1T ):

k
−−−→

k ± 1

±1

±1

What is the relation between ST-move and Kirby move?

ST-move
decouple the matter−−−−−−−−−−−−→ Kirby move

One can just remove the matter node in the large mass decoupling.
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Note that the gauging the free matter leads to 1F/U(1)F = U(1)±1/2 + 1F.

We can gauge the global symmetry U(1)F ↔ U(1)T for the above mirror pair. After
gauging, this symmetry becomes a new gauge symmetry.

We can also turn on bare CS level and FI parameters for this new gauge symmetry. Note
that after gauging, the mass parameter become dynamic, and the matter is massless.
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Matter in generic rep.

The background fields do no need to be unique. Gauging flavor symmetries U(1)2 and
U(1)3 leads to bifundamental and tri-fundamental matter respectively.

The ST -move always turns a matter in generic representation with charges (q1, q2, · · · qn)
into a fundamental matter with charge 1.

Examples:

ÐÐ→

∎ −→

Hence, ST-moves significantly simplify plumbing graphs.

14 / 28



Gauged mirror triality

We can apply ST-moves many times, and there are actually two independent cases
corresponding to (ST )±1 up to Kirby moves (integrating out gauge nodes).

k

z STÐÐ→
k + 1

2

z
1
2

y STÐÐ→
k + 1

2

z

1

y

1
2

y′ Ð→ . . .

←→
k − 1

2

−1

− 1
2

�

k + 1
2

+1 +1

1 1
2

�

These theories are dual to each other, namely T = T /{ST-moves,Kirby moves}:

k

+1

k + 1
2

+1
1
2

←ÐÐÐÐ→
k − 1

2

−1
− 1

2

k

q

k + q2

2

q
+1

1
2

←ÐÐÐÐ→
k − q2

2

−q +1
− 1

2
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Equivalent operations

By now, we have discussed two equivalent operations on plumbing graphs.

• gauge nodes ←− Kirby moves

• matter nodes ←− ST-moves
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Examples: U(1)k + 3F

Kirby moves lead to many equivalent graphs

k
Ð→

k + 1
2

1
2

Ð→
1
2

k + 1 1
2

Ð→
1
2

k + 3
2

1
2

1
2

Ð→ ⋯

For k = −5
2 or −1

2 , symmetric graphs

1
2

k + 3
2

1
2

1
2 Ð→

2 2

2

+1 +1
+1 0 0

0

−1 −1
−1

For k = ±3
2 , bifundamentals
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+1
<latexit sha1_base64="gwIc2c9oa/ApJdIYLLCsofTVJmY=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ40JKoqMeCF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPh7cRvPqHSPJaPZpSgH9G+5CFn1Fjp4czrlspuxZ2CLBIvJ2XIUeuWvjq9mKURSsME1brtuYnxM6oMZwLHxU6qMaFsSPvYtlTSCLWfTS8dk2Or9EgYK1vSkKn6eyKjkdajKLCdETUDPe9NxP+8dmrCGz/jMkkNSjZbFKaCmJhM3iY9rpAZMbKEMsXtrYQNqKLM2HCKNgRv/uVF0jiveFeVi/vLcvU0j6MAh3AEJ+DBNVThDmpQBwYhPMMrvDlD58V5dz5mrUtOPnMAf+B8/gDf4Ize</latexit>�1

<latexit sha1_base64="gwIc2c9oa/ApJdIYLLCsofTVJmY=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ40JKoqMeCF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPh7cRvPqHSPJaPZpSgH9G+5CFn1Fjp4czrlspuxZ2CLBIvJ2XIUeuWvjq9mKURSsME1brtuYnxM6oMZwLHxU6qMaFsSPvYtlTSCLWfTS8dk2Or9EgYK1vSkKn6eyKjkdajKLCdETUDPe9NxP+8dmrCGz/jMkkNSjZbFKaCmJhM3iY9rpAZMbKEMsXtrYQNqKLM2HCKNgRv/uVF0jiveFeVi/vLcvU0j6MAh3AEJ+DBNVThDmpQBwYhPMMrvDlD58V5dz5mrUtOPnMAf+B8/gDf4Ize</latexit>�1

<latexit sha1_base64="gwIc2c9oa/ApJdIYLLCsofTVJmY=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ40JKoqMeCF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPh7cRvPqHSPJaPZpSgH9G+5CFn1Fjp4czrlspuxZ2CLBIvJ2XIUeuWvjq9mKURSsME1brtuYnxM6oMZwLHxU6qMaFsSPvYtlTSCLWfTS8dk2Or9EgYK1vSkKn6eyKjkdajKLCdETUDPe9NxP+8dmrCGz/jMkkNSjZbFKaCmJhM3iY9rpAZMbKEMsXtrYQNqKLM2HCKNgRv/uVF0jiveFeVi/vLcvU0j6MAh3AEJ+DBNVThDmpQBwYhPMMrvDlD58V5dz5mrUtOPnMAf+B8/gDf4Ize</latexit>�1
<latexit sha1_base64="gwIc2c9oa/ApJdIYLLCsofTVJmY=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ40JKoqMeCF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPh7cRvPqHSPJaPZpSgH9G+5CFn1Fjp4czrlspuxZ2CLBIvJ2XIUeuWvjq9mKURSsME1brtuYnxM6oMZwLHxU6qMaFsSPvYtlTSCLWfTS8dk2Or9EgYK1vSkKn6eyKjkdajKLCdETUDPe9NxP+8dmrCGz/jMkkNSjZbFKaCmJhM3iY9rpAZMbKEMsXtrYQNqKLM2HCKNgRv/uVF0jiveFeVi/vLcvU0j6MAh3AEJ+DBNVThDmpQBwYhPMMrvDlD58V5dz5mrUtOPnMAf+B8/gDf4Ize</latexit>�1

<latexit sha1_base64="8cBvONuZexNWmeYEQfwPzu19kZo=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBg9bdKuqx4MVjBfsB7VKyabYNTbJLkhXK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWjpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H47vMbz9RpVkkH80kpr7AQ8lCRrDJpHPvotYvV9yqOwNaJl5OKpCj0S9/9QYRSQSVhnCsdddzY+OnWBlGOJ2WeommMSZjPKRdSyUWVPvp7NYpOrHKAIWRsiUNmqm/J1IstJ6IwHYKbEZ60cvE/7xuYsJbP2UyTgyVZL4oTDgyEcoeRwOmKDF8YgkmitlbERlhhYmx8ZRsCN7iy8ukVat619XLh6tK/SyPowhHcAyn4MEN1OEeGtAEAiN4hld4c4Tz4rw7H/PWgpPPHMIfOJ8/vayNUw==</latexit>�1/2
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Examples: mirror theories

Mirror dual theories have equivalent plumbing graphs. For example,

U(1)±1 + 1F + 1AF
mirror←−−−→ U(1)∓1 + 2F

±1
+1 −1 Ð→ + 1

2

±1
− 1

2

←Ð ∓1
+1 +1

The Abelian mirror pair [Dorey, Tong, 1999]

U(1)− Nf
2

+ Nf F
mirror←−−−→ [1]− U(1)− U(1)− · · · − U(1)− [1]

is related through Kirby moves. For example,

<latexit sha1_ base64="s0gmZHKWzrCo8gRcDaeG5qxuoHY=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaIIQklU1GPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwduI3n1BpHstHM0rQj2hf8pAzaqz0cOZ1S2W34k5BFomXkzLkqHVLX51ezNIIpWGCat323MT4GVWGM4HjYifVmFA2pH1sWypphNrPppeOybFVeiSMlS1pyFT9PZHRSOtRFNjOiJqBnvcm4n9eOzXhjZ9xmaQGJZstClNBTEwmb5MeV8iMGFlCmeL2VsIGVFFmbDhFG4I3//IiaZxXvKvKxf1luXqSx1GAQziCU/DgGqpwBzWoA4MQnuEV3pyh8+K8Ox+z1iUnnzmAP3A+fwDbCIzW</latexit>

+1

<latexit sha1_ base64="s0gmZHKWzrCo8gRcDaeG5qxuoHY=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaIIQklU1GPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwduI3n1BpHstHM0rQj2hf8pAzaqz0cOZ1S2W34k5BFomXkzLkqHVLX51ezNIIpWGCat323MT4GVWGM4HjYifVmFA2pH1sWypphNrPppeOybFVeiSMlS1pyFT9PZHRSOtRFNjOiJqBnvcm4n9eOzXhjZ9xmaQGJZstClNBTEwmb5MeV8iMGFlCmeL2VsIGVFFmbDhFG4I3//IiaZxXvKvKxf1luXqSx1GAQziCU/DgGqpwBzWoA4MQnuEV3pyh8+K8Ox+z1iUnnzmAP3A+fwDbCIzW</latexit>

+1

<latexit sha1_ base64="s0gmZHKWzrCo8gRcDaeG5qxuoHY=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaIIQklU1GPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwduI3n1BpHstHM0rQj2hf8pAzaqz0cOZ1S2W34k5BFomXkzLkqHVLX51ezNIIpWGCat323MT4GVWGM4HjYifVmFA2pH1sWypphNrPppeOybFVeiSMlS1pyFT9PZHRSOtRFNjOiJqBnvcm4n9eOzXhjZ9xmaQGJZstClNBTEwmb5MeV8iMGFlCmeL2VsIGVFFmbDhFG4I3//IiaZxXvKvKxf1luXqSx1GAQziCU/DgGqpwBzWoA4MQnuEV3pyh8+K8Ox+z1iUnnzmAP3A+fwDbCIzW</latexit>

+1

<latexit sha1_ base64="s0gmZHKWzrCo8gRcDaeG5qxuoHY=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaIIQklU1GPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwduI3n1BpHstHM0rQj2hf8pAzaqz0cOZ1S2W34k5BFomXkzLkqHVLX51ezNIIpWGCat323MT4GVWGM4HjYifVmFA2pH1sWypphNrPppeOybFVeiSMlS1pyFT9PZHRSOtRFNjOiJqBnvcm4n9eOzXhjZ9xmaQGJZstClNBTEwmb5MeV8iMGFlCmeL2VsIGVFFmbDhFG4I3//IiaZxXvKvKxf1luXqSx1GAQziCU/DgGqpwBzWoA4MQnuEV3pyh8+K8Ox+z1iUnnzmAP3A+fwDbCIzW</latexit>

+1
<latexit sha1_base64="s0gmZHKWzrCo8gRcDaeG5qxuoHY=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaIIQklU1GPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwduI3n1BpHstHM0rQj2hf8pAzaqz0cOZ1S2W34k5BFomXkzLkqHVLX51ezNIIpWGCat323MT4GVWGM4HjYifVmFA2pH1sWypphNrPppeOybFVeiSMlS1pyFT9PZHRSOtRFNjOiJqBnvcm4n9eOzXhjZ9xmaQGJZstClNBTEwmb5MeV8iMGFlCmeL2VsIGVFFmbDhFG4I3//IiaZxXvKvKxf1luXqSx1GAQziCU/DgGqpwBzWoA4MQnuEV3pyh8+K8Ox+z1iUnnzmAP3A+fwDbCIzW</latexit>

+1
<latexit sha1_base64="QUzZK0QakRWYR2zFMYCiA2ZD0s4=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4sSQq6rHgxWMV+wFtKJvtpF262YTdjVBC/4EXD4p49R9589+4bXPQ1gcDj/dmmJkXJIJr47rfztLyyuraemGjuLm1vbNb2ttv6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4O/GbT6g0j+WjGSXoR7QvecgZNVZ6OPO6pbJbcacgi8TLSRly1Lqlr04vZmmE0jBBtW57bmL8jCrDmcBxsZNqTCgb0j62LZU0Qu1n00vH5NgqPRLGypY0ZKr+nshopPUoCmxnRM1Az3sT8T+vnZrwxs+4TFKDks0WhakgJiaTt0mPK2RGjCyhTHF7K2EDqigzNpyiDcGbf3mRNM4r3lXl4v6yXD3J4yjAIRzBKXhwDVW4gxrUgUEIz/AKb87QeXHenY9Z65KTzxzAHzifP94SjNg=</latexit>�1

<latexit sha1_base64="s0gmZHKWzrCo8gRcDaeG5qxuoHY=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaIIQklU1GPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwduI3n1BpHstHM0rQj2hf8pAzaqz0cOZ1S2W34k5BFomXkzLkqHVLX51ezNIIpWGCat323MT4GVWGM4HjYifVmFA2pH1sWypphNrPppeOybFVeiSMlS1pyFT9PZHRSOtRFNjOiJqBnvcm4n9eOzXhjZ9xmaQGJZstClNBTEwmb5MeV8iMGFlCmeL2VsIGVFFmbDhFG4I3//IiaZxXvKvKxf1luXqSx1GAQziCU/DgGqpwBzWoA4MQnuEV3pyh8+K8Ox+z1iUnnzmAP3A+fwDbCIzW</latexit>

+1
<latexit sha1_base64="64w5rDZmPgJZyIL/iQM4IzOX+Yo=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KomKeix48diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivV3V6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrz1My6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibNi4p3XbmsX5WrZ3kcBTiGEzgHD26gCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDc0mMoA==</latexit>

0
<latexit sha1_base64="64w5rDZmPgJZyIL/iQM4IzOX+Yo=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KomKeix48diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivV3V6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrz1My6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibNi4p3XbmsX5WrZ3kcBTiGEzgHD26gCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDc0mMoA==</latexit>

0
<latexit sha1_base64="64w5rDZmPgJZyIL/iQM4IzOX+Yo=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KomKeix48diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivV3V6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrz1My6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibNi4p3XbmsX5WrZ3kcBTiGEzgHD26gCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDc0mMoA==</latexit>

0<latexit sha1_ base64="64w5rDZmPgJZyIL/iQM4IzOX+Yo=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KomKeix48diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivV3V6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrz1My6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibNi4p3XbmsX5WrZ3kcBTiGEzgHD26gCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDc0mMoA==</latexit>

0

18 / 28



Questions

The above examples shows that plumbing graphs are very useful to prove mirror dualities,
derive new dual theories, and analyze properties of theories.

Could plumbing graphs encode superpotentials?
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Superpotential

Seiberg duality introduces a superpotential

Na Nc Nfq q̃

+WÐÐÐ→ Na N ′
c Nf

Q̃ Q

M

One typical example of Seiberg-duality is the mirror dual pair (T1 ↔ T2):

1F + 1AF ←→ U(1)0 + 1F + 1AF + 1Adj with W = QQ̃Φadj ,

This duality comes from 3d N = 4 theory, and can be interpreted as S-duality
(D5↔ NS5, D3↔ D3).

This duality can be equivalently viewed as the SEQD-XYZ duality:

U(1)0 + 1F + 1AF ←→ {X ,Y,Z} with W = XYZ
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Gauged SQED-XYZ

The flavor symmetry U(1)y × U(1)z that are associated with F and AF respectively.

After gauging this symmetry, one can get a new dual pair. Their sphere partition functions∫
dy dz [...] ZT1

S3
b

=

∫
dy dz [...] ZT2

S3
b

in which one can also turn on mixed CS levels (a, b, c) and FI parameters (ξy , ξz )

[...] := e−πi(ay2+bz2+2c yz)e2πi (ξy y+ξz z) ,

The corresponding dual plumbing graphs become

2−1 −1
−1+1 y

a

∎

+1 c

z
b

∎
∎

x
0←→+1 +1

−1 +1

y
a

∎∎
z

b

c
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This dual pair looks complicated. One can use Kirby moves and ST-moves to simplify it.

This dual graph pair can be simplified by generic Kirby moves

a

∎∎

b

c Ð→ ∎ ∎ Ð→
∎s

k

r ∎
a

∎

c

b

∎∎ Ð→
∎∎

∎ Ð→
∎

∎ ∎

The gauged SEQD-XYZ duality becomes a 2-3 move:

One can continue perform Kirby moves and ST-moves to generate many 2-3 moves.
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The mixed CS levels (linking numbers) should be integers, because of parity anomaly.

One can keep track of the transformations of sphere partition functions to read off the
effective mixed CS levels.∫

dydz [...]

∫
dx e−2πi zxsb

(
− iQ

2
+ 2y

)
sb

(
iQ

2
± x − y

)
=

∫
dydz [...] sb(y ± z)

ZS3
b

=

∫
dxie

W̃eff (keff
ij ,ξ)

h
+O(~)

However, most of them are not integers, and only the following cases are meaningful:

<latexit sha1_base64="Zc/ZAx6GZ5xGQymCVxsHkd6aLjA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4kJKoqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSXfVKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGtn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpXlS868pl/apcPc/jKMAxnMAZeHADVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8f2R+M6A==</latexit>r <latexit sha1_base64="/1L0dbn/eMWsB76iyEbBPNHKiAw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4kJKoqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSXfdKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGtn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpXlS868pl/apcPc/jKMAxnMAZeHADVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8f2qOM6Q==</latexit>s

<latexit sha1_base64="DrMRiRzP6gCpU5iLY+mJfZW+Fzc=">AAAB7HicbVBNS8NAEJ34WetX1aOXpUUQxJKoqMeCF48VTFtoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dlZW19Y3Ngtbxe2d3b390sFhQyeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+Hwbuo3n1BpnshHM0oxiGlf8ogzaqzk67PhudctVdyqOwNZJl5OKpCj3i19dXoJy2KUhgmqddtzUxOMqTKcCZwUO5nGlLIh7WPbUklj1MF4duyEnFilR6JE2ZKGzNTfE2Maaz2KQ9sZUzPQi95U/M9rZya6DcZcpplByeaLokwQk5Dp56THFTIjRpZQpri9lbABVZQZm0/RhuAtvrxMGhdV77p6+XBVqZXzOApwDGU4BQ9uoAb3UAcfGHB4hld4c6Tz4rw7H/PWFSefOYI/cD5/AOB7jfs=</latexit>

s + k � 1

<latexit sha1_base64="Zc/ZAx6GZ5xGQymCVxsHkd6aLjA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4kJKoqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSXfVKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGtn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpXlS868pl/apcPc/jKMAxnMAZeHADVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8f2R+M6A==</latexit>r
<latexit sha1_base64="/1L0dbn/eMWsB76iyEbBPNHKiAw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4kJKoqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSXfdKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGtn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpXlS868pl/apcPc/jKMAxnMAZeHADVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8f2qOM6Q==</latexit>s

<latexit sha1_base64="keCf4pvgLlbflNFMIynURLal4Cc=">AAAB6nicbVBNS8NAEJ34WetX1aOXpUUQhJKoqMeCF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7dRvPaHSPJaPZpygH9GB5CFn1FjpYXTm9UoVt+rOQJaJl5MK5Kj3Sl/dfszSCKVhgmrd8dzE+BlVhjOBk2I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14Y2fcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6RRuCt/jyMmmeV72r6sX9ZaVWzuMowDGU4RQ8uIYa3EEdGsBgAM/wCm+OcF6cd+dj3rri5DNH8AfO5w+hy41H</latexit>

k + 1

<latexit sha1_base64="ivRbDH4nbwrreSOE9vIStcGpTeE=">AAAB7HicbVBNS8NAEJ34WetX1aOXpUUQxJKoqMeCF48VTFtoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dlZW19Y3Ngtbxe2d3b390sFhQyeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+Hwbuo3n1BpnshHM0oxiGlf8ogzaqzkq7PhudctVdyqOwNZJl5OKpCj3i19dXoJy2KUhgmqddtzUxOMqTKcCZwUO5nGlLIh7WPbUklj1MF4duyEnFilR6JE2ZKGzNTfE2Maaz2KQ9sZUzPQi95U/M9rZya6DcZcpplByeaLokwQk5Dp56THFTIjRpZQpri9lbABVZQZm0/RhuAtvrxMGhdV77p6+XBVqZXzOApwDGU4BQ9uoAb3UAcfGHB4hld4c6Tz4rw7H/PWFSefOYI/cD5/AN7zjfo=</latexit>

r + k � 1
<latexit sha1_base64="cHtnQDMfkq7k1mfoqQkC+MeGRTw=">AAAB6nicbVBNS8NAEJ34WetX1aOXpUUQhJKoqMeCF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7dRvPaHSPJaPZpygH9GB5CFn1FjpQZ+NeqWKW3VnIMvEy0kFctR7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MbPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadog3BW3x5mTTPq95V9eL+slIr53EU4BjKcAoeXEMN7qAODWAwgGd4hTdHOC/Ou/Mxb11x8pkj+APn8wcF8o2J</latexit>

s + k

<latexit sha1_base64="GKXuAEYfkFAWeafKsyTJDkxzdsE=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CS2CUCi7rajHghePFewHtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305uY3Nreye/W9jbPzg8Kh6ftLVMFKEtIrlU3QBrypmgLcMMp91YURwFnHaCye3c7zxRpZkUD2YaUz/CI8FCRrCxUltVdKU2GRTLbtVdAK0TLyNlyNAcFL/6Q0mSiApDONa657mx8VOsDCOczgr9RNMYkwke0Z6lAkdU++ni2hk6t8oQhVLZEgYt1N8TKY60nkaB7YywGetVby7+5/USE974KRNxYqggy0VhwpGRaP46GjJFieFTSzBRzN6KyBgrTIwNqGBD8FZfXiftWtW7qtbvL8uNUhZHHs6gBBfgwTU04A6a0AICj/AMr/DmSOfFeXc+lq05J5s5hT9wPn8AsjGOdg==</latexit>

r + s + 2k
<latexit sha1_base64="0It8uuvtVZvvJiG5kjr0mZ3uW6A=">AAAB73icbVBNSwMxEJ3Ur1q/qh69hBZBKJbdKuqx4MVjBfsB7VKyabYNzWbXJCuUpX/CiwdFvPp3vPlvTNs9aOuDgcd7M8zM82PBtXGcb5RbW9/Y3MpvF3Z29/YPiodHLR0lirImjUSkOj7RTHDJmoYbwTqxYiT0BWv749uZ335iSvNIPphJzLyQDCUPOCXGSh1V0ZXa+NztF8tO1ZkDrxI3I2XI0OgXv3qDiCYhk4YKonXXdWLjpUQZTgWbFnqJZjGhYzJkXUslCZn20vm9U3xqlQEOImVLGjxXf0+kJNR6Evq2MyRmpJe9mfif101McOOlXMaJYZIuFgWJwCbCs+fxgCtGjZhYQqji9lZMR0QRamxEBRuCu/zyKmnVqu5V9eL+slwvZXHk4QRKcAYuXEMd7qABTaAg4Ble4Q09ohf0jj4WrTmUzRzDH6DPH45zjug=</latexit>

r + s + 2k � 1

<latexit sha1_base64="dGpabjKlAb9VatOmCFY2nCSKAfw=">AAAB6nicbVBNS8NAEJ34WetX1aOXpUXwYklU1GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0MDrzeqWKW3VnIMvEy0kFctR7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MbPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadog3BW3x5mTTPq95V9eL+slIr53EU4BjKcAoeXEMN7qAODWAwgGd4hTdHOC/Ou/Mxb11x8pkj+APn8wek1Y1J</latexit>

k � 1
<latexit sha1_base64="Zc/ZAx6GZ5xGQymCVxsHkd6aLjA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4kJKoqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSXfVKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGtn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpXlS868pl/apcPc/jKMAxnMAZeHADVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8f2R+M6A==</latexit>r

<latexit sha1_base64="H6YKHRZjHVS5RfxHH4XQAuJcTME=">AAAB6nicbVBNS8NAEJ34WetX1aOXpUXwYklU1GPBi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGt1O/9cS1EbF6xHHC/YgOlAgFo2ilh9GZ7pUqbtWdgSwTLycVyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4Y2fCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrnVe+qenF/WamV8zgKcAxlOAUPrqEGd1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QMHaI2K</latexit>

k � r

<latexit sha1_base64="JUoIqm0NKcVItDpym6sfo18Isew=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CS2CIJbdVtRjwYvHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Hbmt5+o0kyKBzOJqR/hoWAhI9hYqaXO9UV13C+W3Yo7B1olXkbKkKHRL371BpIkERWGcKx113Nj46dYGUY4nRZ6iaYxJmM8pF1LBY6o9tP5tVN0apUBCqWyJQyaq78nUhxpPYkC2xlhM9LL3kz8z+smJrzxUybixFBBFovChCMj0ex1NGCKEsMnlmCimL0VkRFWmBgbUMGG4C2/vEpa1Yp3VandX5brpSyOPJxACc7Ag2uowx00oAkEHuEZXuHNkc6L8+58LFpzTjZzDH/gfP4AtT2OeA==</latexit>

r + s� 2k

<latexit sha1_base64="qQLm1xPkP8pi/4eZMCKG0eq5oz0=">AAAB73icbVBNSwMxEJ3Ur1q/qh69hBZBkJbdKuqx4MVjBfsB7VKyabYNzWbXJCuUpX/CiwdFvPp3vPlvTNs9aOuDgcd7M8zM82PBtXGcb5RbW9/Y3MpvF3Z29/YPiodHLR0lirImjUSkOj7RTHDJmoYbwTqxYiT0BWv749uZ335iSvNIPphJzLyQDCUPOCXGSh11riu1ccXtF8tO1ZkDrxI3I2XI0OgXv3qDiCYhk4YKonXXdWLjpUQZTgWbFnqJZjGhYzJkXUslCZn20vm9U3xqlQEOImVLGjxXf0+kJNR6Evq2MyRmpJe9mfif101McOOlXMaJYZIuFgWJwCbCs+fxgCtGjZhYQqji9lZMR0QRamxEBRuCu/zyKmnVqu5V9eL+slwvZXHk4QRKcAYuXEMd7qABTaAg4Ble4Q09ohf0jj4WrTmUzRzDH6DPH5GDjuo=</latexit>

r + s� 2k � 1
<latexit sha1_base64="qQLm1xPkP8pi/4eZMCKG0eq5oz0=">AAAB73icbVBNSwMxEJ3Ur1q/qh69hBZBkJbdKuqx4MVjBfsB7VKyabYNzWbXJCuUpX/CiwdFvPp3vPlvTNs9aOuDgcd7M8zM82PBtXGcb5RbW9/Y3MpvF3Z29/YPiodHLR0lirImjUSkOj7RTHDJmoYbwTqxYiT0BWv749uZ335iSvNIPphJzLyQDCUPOCXGSh11riu1ccXtF8tO1ZkDrxI3I2XI0OgXv3qDiCYhk4YKonXXdWLjpUQZTgWbFnqJZjGhYzJkXUslCZn20vm9U3xqlQEOImVLGjxXf0+kJNR6Evq2MyRmpJe9mfif101McOOlXMaJYZIuFgWJwCbCs+fxgCtGjZhYQqji9lZMR0QRamxEBRuCu/zyKmnVqu5V9eL+slwvZXHk4QRKcAYuXEMd7qABTaAg4Ble4Q09ohf0jj4WrTmUzRzDH6DPH5GDjuo=</latexit>

r + s� 2k � 1
<latexit sha1_base64="JUoIqm0NKcVItDpym6sfo18Isew=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CS2CIJbdVtRjwYvHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Hbmt5+o0kyKBzOJqR/hoWAhI9hYqaXO9UV13C+W3Yo7B1olXkbKkKHRL371BpIkERWGcKx113Nj46dYGUY4nRZ6iaYxJmM8pF1LBY6o9tP5tVN0apUBCqWyJQyaq78nUhxpPYkC2xlhM9LL3kz8z+smJrzxUybixFBBFovChCMj0ex1NGCKEsMnlmCimL0VkRFWmBgbUMGG4C2/vEpa1Yp3VandX5brpSyOPJxACc7Ag2uowx00oAkEHuEZXuHNkc6L8+58LFpzTjZzDH/gfP4AtT2OeA==</latexit>

r + s� 2k

<latexit sha1_base64="qQLm1xPkP8pi/4eZMCKG0eq5oz0=">AAAB73icbVBNSwMxEJ3Ur1q/qh69hBZBkJbdKuqx4MVjBfsB7VKyabYNzWbXJCuUpX/CiwdFvPp3vPlvTNs9aOuDgcd7M8zM82PBtXGcb5RbW9/Y3MpvF3Z29/YPiodHLR0lirImjUSkOj7RTHDJmoYbwTqxYiT0BWv749uZ335iSvNIPphJzLyQDCUPOCXGSh11riu1ccXtF8tO1ZkDrxI3I2XI0OgXv3qDiCYhk4YKonXXdWLjpUQZTgWbFnqJZjGhYzJkXUslCZn20vm9U3xqlQEOImVLGjxXf0+kJNR6Evq2MyRmpJe9mfif101McOOlXMaJYZIuFgWJwCbCs+fxgCtGjZhYQqji9lZMR0QRamxEBRuCu/zyKmnVqu5V9eL+slwvZXHk4QRKcAYuXEMd7qABTaAg4Ble4Q09ohf0jj4WrTmUzRzDH6DPH5GDjuo=</latexit>

r + s� 2k � 1
<latexit sha1_base64="qQLm1xPkP8pi/4eZMCKG0eq5oz0=">AAAB73icbVBNSwMxEJ3Ur1q/qh69hBZBkJbdKuqx4MVjBfsB7VKyabYNzWbXJCuUpX/CiwdFvPp3vPlvTNs9aOuDgcd7M8zM82PBtXGcb5RbW9/Y3MpvF3Z29/YPiodHLR0lirImjUSkOj7RTHDJmoYbwTqxYiT0BWv749uZ335iSvNIPphJzLyQDCUPOCXGSh11riu1ccXtF8tO1ZkDrxI3I2XI0OgXv3qDiCYhk4YKonXXdWLjpUQZTgWbFnqJZjGhYzJkXUslCZn20vm9U3xqlQEOImVLGjxXf0+kJNR6Evq2MyRmpJe9mfif101McOOlXMaJYZIuFgWJwCbCs+fxgCtGjZhYQqji9lZMR0QRamxEBRuCu/zyKmnVqu5V9eL+slwvZXHk4QRKcAYuXEMd7qABTaAg4Ble4Q09ohf0jj4WrTmUzRzDH6DPH5GDjuo=</latexit>

r + s� 2k � 1

<latexit sha1_base64="nBam0BhtkwIPHkX86Ro5LMlHiIY=">AAAB6nicbVBNS8NAEJ34WetX1aOXpUXwYklU1GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0MDrTvVLFrbozkGXi5aQCOeq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeONnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJrnVe+qenF/WamV8zgKcAxlOAUPrqEGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QMI7I2L</latexit>

k � s<latexit sha1_base64="LLGLUKm5K9f6gl3U7FXfwneFGpE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KoqMeCF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpu6XK27NnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSPq95V7WL5mWlXs3jKMIJnEIVPLiGOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2W+M5Q==</latexit>s

<latexit sha1_base64="+vBTzTGzBqLxdhSf/jnrkrmtTWM=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoOQU9hVUY8BLx6j5gXJEmYns8mQ2dllplcIIX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vJ7e2vrG5ld8u7Ozu7R8UD4+aJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7cxvPXFtRKzqOE64H9GBEqFgFK308FjvFUtuxZ2DrBIvIyXIUOsVv7r9mKURV8gkNabjuQn6E6pRMMmnhW5qeELZiA54x1JFI278yfzSKTmzSp+EsbalkMzV3xMTGhkzjgLbGVEcmmVvJv7ndVIMb/yJUEmKXLHFojCVBGMye5v0heYM5dgSyrSwtxI2pJoytOEUbAje8surpHle8a4qF/eXpWo5iyMPJ3AKZfDgGqpwBzVoAIMQnuEV3pyR8+K8Ox+L1pyTzRzDHzifP02FjSM=</latexit>

ST

<latexit sha1_base64="tzxYFo37H5mdo8gg+qjykhI9BBs=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBF6Krsq6rHixWMF+wHtUrJpto3NJkuSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0O/VbT0wbruSDHScsiMlA8ohTYp3U7IZRdjPplcpe1ZsBLxM/J2XIUe+Vvrp9RdOYSUsFMabje4kNMqItp4JNit3UsITQERmwjqOSxMwE2ezaCT51Sh9HSruSFs/U3xMZiY0Zx6HrjIkdmkVvKv7ndVIbXQcZl0lqmaTzRVEqsFV4+jruc82oFWNHCNXc3YrpkGhCrQuo6ELwF19eJs2zqn9ZPb+/KNcqeRwFOIYTqIAPV1CDO6hDAyg8wjO8whtS6AW9o4956wrKZ47gD9DnD36YjwE=</latexit>

A
<latexit sha1_base64="PKA+h2uCBZz7OlnPg7+Xjk+jNAI=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBF6Krsq6rHoxWMF+wHtUrJpto3NJkuSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0O/VbT0wbruSDHScsiMlA8ohTYp3U7IZRdjPplcpe1ZsBLxM/J2XIUe+Vvrp9RdOYSUsFMabje4kNMqItp4JNit3UsITQERmwjqOSxMwE2ezaCT51Sh9HSruSFs/U3xMZiY0Zx6HrjIkdmkVvKv7ndVIbXQcZl0lqmaTzRVEqsFV4+jruc82oFWNHCNXc3YrpkGhCrQuo6ELwF19eJs2zqn9ZPb+/KNcqeRwFOIYTqIAPV1CDO6hDAyg8wjO8whtS6AW9o4956wrKZ47gD9DnD4AdjwI=</latexit>

B

<latexit sha1_base64="gE3qHR6zx9zxw0Hre9ty52nUuAk=">AAAB6nicbVBNS8NAEJ34WetX1aOXpUUQhJKoqMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nZXVtfWNzcJWcXtnd2+/dHDYNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1iOOE+xEdKBEKRtFKD/ps1CtV3Ko7A1kmXk4qkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwxs/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadog3BW3x5mTTPq95V9eL+slIr53EU4BjKcAoeXEMN7qAODWAwgGd4hTdHOi/Ou/Mxb11x8pkj+APn8wcEbI2I</latexit>

r + k
<latexit sha1_base64="yPKMyncro60lL8gXCRecO0x0by0=">AAAB7HicbVBNS8NAEJ34WetX1aOXpUUQxJKoqMeCF48VTFtoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dlZW19Y3Ngtbxe2d3b390sFhQyeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+Hwbuo3n1BpnshHM0oxiGlf8ogzaqzkD8/VmdctVdyqOwNZJl5OKpCj3i19dXoJy2KUhgmqddtzUxOMqTKcCZwUO5nGlLIh7WPbUklj1MF4duyEnFilR6JE2ZKGzNTfE2Maaz2KQ9sZUzPQi95U/M9rZya6DcZcpplByeaLokwQk5Dp56THFTIjRpZQpri9lbABVZQZm0/RhuAtvrxMGhdV77p6+XBVqZXzOApwDGU4BQ9uoAb3UAcfGHB4hld4c6Tz4rw7H/PWFSefOYI/cD5/AN7pjfo=</latexit>

k � r + 1
<latexit sha1_base64="U6oaLZdTB0DI/Gp3w1XwAjCiUYk=">AAAB7HicbVBNS8NAEJ34WetX1aOXpUUQxJKoqMeCF48VTFtoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dlZW19Y3Ngtbxe2d3b390sFhQyeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+Hwbuo3n1BpnshHM0oxiGlf8ogzaqzkD8/1mdctVdyqOwNZJl5OKpCj3i19dXoJy2KUhgmqddtzUxOMqTKcCZwUO5nGlLIh7WPbUklj1MF4duyEnFilR6JE2ZKGzNTfE2Maaz2KQ9sZUzPQi95U/M9rZya6DcZcpplByeaLokwQk5Dp56THFTIjRpZQpri9lbABVZQZm0/RhuAtvrxMGhdV77p6+XBVqZXzOApwDGU4BQ9uoAb3UAcfGHB4hld4c6Tz4rw7H/PWFSefOYI/cD5/AOBvjfs=</latexit>

k � s + 1

<latexit sha1_base64="kGy+mFCCREJ8uHaLnPbYsb/E/c0=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBByCrsq6jEggscI5gHJGmYns8mQ2QczvWpY9j+8eFDEq//izb9xkuxBEwsaiqpuuru8WAqNtv1tLS2vrK6tFzaKm1vbO7ulvf2mjhLFeINFMlJtj2ouRcgbKFDydqw4DTzJW97oauK3HrjSIgrvcBxzN6CDUPiCUTTSfRf5E3p+ep31UpX1SmW7ak9BFomTkzLkqPdKX91+xJKAh8gk1brj2DG6KVUomORZsZtoHlM2ogPeMTSkAdduOr06I8dG6RM/UqZCJFP190RKA63HgWc6A4pDPe9NxP+8ToL+pZuKME6Qh2y2yE8kwYhMIiB9oThDOTaEMiXMrYQNqaIMTVBFE4Iz//IiaZ5UnfPq6e1ZuVbJ4yjAIRxBBRy4gBrcQB0awEDBM7zCm/VovVjv1sesdcnKZw7gD6zPHy/5kuM=</latexit>

Er
<latexit sha1_base64="A+yp+2HipQGCqmiXqzheAkAocWA=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBByCrsq6jEggscI5gHJGmYnvcmQ2QczvWpY9j+8eFDEq//izb9xkuxBEwsaiqpuuru8WAqNtv1tLS2vrK6tFzaKm1vbO7ulvf2mjhLFocEjGam2xzRIEUIDBUpoxwpY4EloeaOrid96AKVFFN7hOAY3YINQ+IIzNNJ9F+EJPT+9znqpznqlsl21p6CLxMlJmeSo90pf3X7EkwBC5JJp3XHsGN2UKRRcQlbsJhpixkdsAB1DQxaAdtPp1Rk9Nkqf+pEyFSKdqr8nUhZoPQ480xkwHOp5byL+53US9C/dVIRxghDy2SI/kRQjOomA9oUCjnJsCONKmFspHzLFOJqgiiYEZ/7lRdI8qTrn1dPbs3KtksdRIIfkiFSIQy5IjdyQOmkQThR5Jq/kzXq0Xqx362PWumTlMwfkD6zPHzF+kuQ=</latexit>

Es

We call them superpotential triangles. When we gauge SQED-XYZ duality, we did not
change superpotential. The sperpotential of the gauged XYZ model is still that of XYZ
model W = XYZ , which can be encoded implicitly in the relations of mixed CS levels of
these triangles.
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These are close relations between these triangles

<latexit sha1_base64="q1rY5u5EXhdjDjBPDKWKrExxXiM=">AAAB8nicbVBNS8NAFHypX7V+VT16CVbBU0lU1GPBi8cK1hbSUjbbTbt0sxt2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTAQ36HnfTmlldW19o7xZ2dre2d2r7h88GpVqylpUCaU7ITFMcMlayFGwTqIZiUPB2uH4NvfbT0wbruQDThLWi8lQ8ohTglYKujHBESUia0/71ZpX92Zwl4lfkBoUaParX92BomnMJFJBjAl8L8FeRjRyKti00k0NSwgdkyELLJUkZqaXzSJP3VOrDNxIafskujP190ZGYmMmcWgn84hm0cvF/7wgxeiml3GZpMgknX8UpcJF5eb3uwOuGUUxsYRQzW1Wl46IJhRtSxVbgr948jJ5PK/7V/WL+8ta46SoowxHcAxn4MM1NOAOmtACCgqe4RXeHHRenHfnYz5acoqdQ/gD5/MHi1KRVw==</latexit>W <latexit sha1_base64="q1rY5u5EXhdjDjBPDKWKrExxXiM=">AAAB8nicbVBNS8NAFHypX7V+VT16CVbBU0lU1GPBi8cK1hbSUjbbTbt0sxt2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTAQ36HnfTmlldW19o7xZ2dre2d2r7h88GpVqylpUCaU7ITFMcMlayFGwTqIZiUPB2uH4NvfbT0wbruQDThLWi8lQ8ohTglYKujHBESUia0/71ZpX92Zwl4lfkBoUaParX92BomnMJFJBjAl8L8FeRjRyKti00k0NSwgdkyELLJUkZqaXzSJP3VOrDNxIafskujP190ZGYmMmcWgn84hm0cvF/7wgxeiml3GZpMgknX8UpcJF5eb3uwOuGUUxsYRQzW1Wl46IJhRtSxVbgr948jJ5PK/7V/WL+8ta46SoowxHcAxn4MM1NOAOmtACCgqe4RXeHHRenHfnYz5acoqdQ/gD5/MHi1KRVw==</latexit>W <latexit sha1_base64="q1rY5u5EXhdjDjBPDKWKrExxXiM=">AAAB8nicbVBNS8NAFHypX7V+VT16CVbBU0lU1GPBi8cK1hbSUjbbTbt0sxt2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTAQ36HnfTmlldW19o7xZ2dre2d2r7h88GpVqylpUCaU7ITFMcMlayFGwTqIZiUPB2uH4NvfbT0wbruQDThLWi8lQ8ohTglYKujHBESUia0/71ZpX92Zwl4lfkBoUaParX92BomnMJFJBjAl8L8FeRjRyKti00k0NSwgdkyELLJUkZqaXzSJP3VOrDNxIafskujP190ZGYmMmcWgn84hm0cvF/7wgxeiml3GZpMgknX8UpcJF5eb3uwOuGUUxsYRQzW1Wl46IJhRtSxVbgr948jJ5PK/7V/WL+8ta46SoowxHcAxn4MM1NOAOmtACCgqe4RXeHHRenHfnYz5acoqdQ/gD5/MHi1KRVw==</latexit>W
<latexit sha1_base64="tzxYFo37H5mdo8gg+qjykhI9BBs=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBF6Krsq6rHixWMF+wHtUrJpto3NJkuSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0O/VbT0wbruSDHScsiMlA8ohTYp3U7IZRdjPplcpe1ZsBLxM/J2XIUe+Vvrp9RdOYSUsFMabje4kNMqItp4JNit3UsITQERmwjqOSxMwE2ezaCT51Sh9HSruSFs/U3xMZiY0Zx6HrjIkdmkVvKv7ndVIbXQcZl0lqmaTzRVEqsFV4+jruc82oFWNHCNXc3YrpkGhCrQuo6ELwF19eJs2zqn9ZPb+/KNcqeRwFOIYTqIAPV1CDO6hDAyg8wjO8whtS6AW9o4956wrKZ47gD9DnD36YjwE=</latexit>

A
<latexit sha1_base64="PKA+h2uCBZz7OlnPg7+Xjk+jNAI=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBF6Krsq6rHoxWMF+wHtUrJpto3NJkuSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0O/VbT0wbruSDHScsiMlA8ohTYp3U7IZRdjPplcpe1ZsBLxM/J2XIUe+Vvrp9RdOYSUsFMabje4kNMqItp4JNit3UsITQERmwjqOSxMwE2ezaCT51Sh9HSruSFs/U3xMZiY0Zx6HrjIkdmkVvKv7ndVIbXQcZl0lqmaTzRVEqsFV4+jruc82oFWNHCNXc3YrpkGhCrQuo6ELwF19eJs2zqn9ZPb+/KNcqeRwFOIYTqIAPV1CDO6hDAyg8wjO8whtS6AW9o4956wrKZ47gD9DnD4AdjwI=</latexit>

B
<latexit sha1_base64="qMVBDf1SbSPi/J+mV1k1q3XENeQ=">AAAB+XicbVBNS8NAEN34WetX1KOXxSL0ICVRUY8FETxWsB/QhrDZbtqlm03YnRRLyD/x4kERr/4Tb/4bt20O2vpg4PHeDDPzgkRwDY7zba2srq1vbJa2yts7u3v79sFhS8epoqxJYxGrTkA0E1yyJnAQrJMoRqJAsHYwup367TFTmsfyESYJ8yIykDzklICRfNvuAXuCIMzucj9TZzr37YpTc2bAy8QtSAUVaPj2V68f0zRiEqggWnddJwEvIwo4FSwv91LNEkJHZMC6hkoSMe1ls8tzfGqUPg5jZUoCnqm/JzISaT2JAtMZERjqRW8q/ud1UwhvvIzLJAUm6XxRmAoMMZ7GgPtcMQpiYgihiptbMR0SRSiYsMomBHfx5WXSOq+5V7WLh8tKvVrEUULH6ARVkYuuUR3dowZqIorG6Bm9ojcrs16sd+tj3rpiFTNH6A+szx/uhZPH</latexit>

Er,s

<latexit sha1_base64="+vBTzTGzBqLxdhSf/jnrkrmtTWM=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoOQU9hVUY8BLx6j5gXJEmYns8mQ2dllplcIIX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vJ7e2vrG5ld8u7Ozu7R8UD4+aJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7cxvPXFtRKzqOE64H9GBEqFgFK308FjvFUtuxZ2DrBIvIyXIUOsVv7r9mKURV8gkNabjuQn6E6pRMMmnhW5qeELZiA54x1JFI278yfzSKTmzSp+EsbalkMzV3xMTGhkzjgLbGVEcmmVvJv7ndVIMb/yJUEmKXLHFojCVBGMye5v0heYM5dgSyrSwtxI2pJoytOEUbAje8surpHle8a4qF/eXpWo5iyMPJ3AKZfDgGqpwBzVoAIMQnuEV3pyR8+K8Ox+L1pyTzRzDHzifP02FjSM=</latexit>

ST

Gauged SEQD -XYZ duality is a Seiberg-like duality, which is a local duality of a big
graphs. For instance, we can add external gauge nodes U(1)c :
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This external gauge node can be viewed as gauging the topological symmetry.
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Once again, ST-move and Kirby move simply this generic case

<latexit sha1_base64="auKW8oD+5Wc9YXTjPMwVwMVUXYU=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaSKuiy4cVnBPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJXe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zKrDMbVKpuzZ2DrBKvIFUo0BxUvvrDmKURV8gkNabnuQn6GdUomOSzcj81PKFsQke8Z6miETd+No88I+dWGZIw1vYpJHP190ZGI2OmUWAn84hm2cvF/7xeiuGtnwmVpMgVW3wUppJgTPL7yVBozlBOLaFMC5uVsDHVlKFtqWxL8JZPXiXtes27rl0+XFUb9aKOEpzCGVyABzfQgHtoQgsYxPAMr/DmoPPivDsfi9E1p9g5gT9wPn8Aj4iRZQ==</latexit>W

In the above, we fully gauge the flavor symmetry U(1)y × U(1)z . We can also partially
gauge the flavor symmetry. Namely, only gauge the U(1)y or U(1)z , but this only leads
to a subset of the results given by the fully gauging.

One can also consider the Higgsing of chiral multiplets using plumbing graphs.
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Brane web

Various properties of plumbing graphs can be checked by 3d brane web.

<latexit sha1_base64="EsTTJzi2MbewaEPpX1H/aay0CGg=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYlA8hV0j6jGgB48RzEOSJcxOZpMhM7PLTK8YlnyFFw+KePVzvPk3Th4HTSxoKKq66e4KE8ENet63s7S8srq2ntvIb25t7+wW9vbrJk41ZTUai1g3Q2KY4IrVkKNgzUQzIkPBGuHgeuw3Hpk2PFb3OExYIElP8YhTglZ6aCN7wuymPOoUil7Jm8BdJP6MFGGGaqfw1e7GNJVMIRXEmJbvJRhkRCOngo3y7dSwhNAB6bGWpYpIZoJscvDIPbZK141ibUuhO1F/T2REGjOUoe2UBPtm3huL/3mtFKOrIOMqSZEpOl0UpcLF2B1/73a5ZhTF0BJCNbe3urRPNKFoM8rbEPz5lxdJ/azkX5TKd+fFysksjhwcwhGcgg+XUIFbqEINKEh4hld4c7Tz4rw7H9PWJWc2cwB/4Hz+AMc5kFA=</latexit>

D3

<latexit sha1_base64="+f/1GLmYkIxCBM93ufCOotWYII0=">AAAB8HicbVDJSgNBEK1xjXGLevTSGBRPYcb9GNCDxwhmkWQIPZ2epElPz9BdI4YhX+HFgyJe/Rxv/o2d5aCJDwoe71VRVS9IpDDout/OwuLS8spqbi2/vrG5tV3Y2a2ZONWMV1ksY90IqOFSKF5FgZI3Es1pFEheD/rXI7/+yLURsbrHQcL9iHaVCAWjaKWHFvInzG7Oh+1C0S25Y5B54k1JEaaotAtfrU7M0ogrZJIa0/TcBP2MahRM8mG+lRqeUNanXd60VNGIGz8bHzwkh1bpkDDWthSSsfp7IqORMYMosJ0RxZ6Z9Ubif14zxfDKz4RKUuSKTRaFqSQYk9H3pCM0ZygHllCmhb2VsB7VlKHNKG9D8GZfnie1k5J3UTq9OyuWj6Zx5GAfDuAYPLiEMtxCBarAIIJneIU3RzsvzrvzMWldcKYze/AHzucPykOQUg==</latexit>

D5

<latexit sha1_base64="dUySqGV1cnJDR1qxcZuo6OTvKyI=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIviqSR+HwtePElF+4FtKJvtpF262YTdiVhC/4UXD4p49d9489+4bXPQ1gcDj/dmmJnnx4JrdJxvK7ewuLS8kl8trK1vbG4Vt3fqOkoUgxqLRKSaPtUguIQachTQjBXQ0BfQ8AdXY7/xCErzSN7jMAYvpD3JA84oGumhjfCE6c3d2ahTLDllZwJ7nrgZKZEM1U7xq92NWBKCRCao1i3XidFLqULOBIwK7URDTNmA9qBlqKQhaC+dXDyyD4zStYNImZJoT9TfEykNtR6GvukMKfb1rDcW//NaCQaXXsplnCBINl0UJMLGyB6/b3e5AoZiaAhliptbbdanijI0IRVMCO7sy/Okflx2z8snt6elymEWR57skX1yRFxyQSrkmlRJjTAiyTN5JW+Wtl6sd+tj2pqzspld8gfW5w9/3pC5</latexit>

NS5
<latexit sha1_base64="+f/1GLmYkIxCBM93ufCOotWYII0=">AAAB8HicbVDJSgNBEK1xjXGLevTSGBRPYcb9GNCDxwhmkWQIPZ2epElPz9BdI4YhX+HFgyJe/Rxv/o2d5aCJDwoe71VRVS9IpDDout/OwuLS8spqbi2/vrG5tV3Y2a2ZONWMV1ksY90IqOFSKF5FgZI3Es1pFEheD/rXI7/+yLURsbrHQcL9iHaVCAWjaKWHFvInzG7Oh+1C0S25Y5B54k1JEaaotAtfrU7M0ogrZJIa0/TcBP2MahRM8mG+lRqeUNanXd60VNGIGz8bHzwkh1bpkDDWthSSsfp7IqORMYMosJ0RxZ6Z9Ubif14zxfDKz4RKUuSKTRaFqSQYk9H3pCM0ZygHllCmhb2VsB7VlKHNKG9D8GZfnie1k5J3UTq9OyuWj6Zx5GAfDuAYPLiEMtxCBarAIIJneIU3RzsvzrvzMWldcKYze/AHzucPykOQUg==</latexit>

D5

<latexit sha1_base64="T/aSHsGgplmXiprEVh7REupYArQ=">AAAB6nicbVBNS8NAEJ34WetX1aOXxaJ4KomKeix48VjRfkAbymY7aZduNmF3I5bQn+DFgyJe/UXe/Ddu2xy09cHA470ZZuYFieDauO63s7S8srq2Xtgobm5t7+yW9vYbOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTPzmIyrNY/lgRgn6Ee1LHnJGjZXuO0+8Wyq7FXcKski8nJQhR61b+ur0YpZGKA0TVOu25ybGz6gynAkcFzupxoSyIe1j21JJI9R+Nj11TI6t0iNhrGxJQ6bq74mMRlqPosB2RtQM9Lw3Ef/z2qkJr/2MyyQ1KNlsUZgKYmIy+Zv0uEJmxMgSyhS3txI2oIoyY9Mp2hC8+ZcXSeOs4l1Wzu8uytWTPI4CHMIRnIIHV1CFW6hBHRj04Rle4c0Rzovz7nzMWpecfOYA/sD5/AFWFY3B</latexit>

⇠

<latexit sha1_base64="uesQhLmc6UNz0grzg+nmAcyxgz4=">AAAB6HicbVBNS8NAEJ34WetX1aOXYFE8lURFPRa8eGzBfkAbymY7adfubsLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLE8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dZwqig0a81i1Q6KRM4kNwwzHdqKQiJBjKxzdTf3WEyrNYvlgxgkGggwkixglxkp10SuVvYo3g7tM/JyUIUetV/rq9mOaCpSGcqJ1x/cSE2REGUY5TordVGNC6IgMsGOpJAJ1kM0OnbinVum7UaxsSePO1N8TGRFaj0VoOwUxQ73oTcX/vE5qotsgYzJJDUo6XxSl3DWxO/3a7TOF1PCxJYQqZm916ZAoQo3NpmhD8BdfXibNi4p/XbmsX5WrZ3kcBTiGEzgHH26gCvdQgwZQQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDz72M3Q==</latexit>

m
<latexit sha1_base64="3tLeN6DS7/XpjoI1bB8SZ0DMEf4=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPiKeyqqMeAIB4jmAcmS5id9CZDZmeXmV4xLPkLLx4U8erfePNvnDwOmljQUFR1090VJFIYdN1vJ7e0vLK6ll8vbGxube8Ud/fqJk41hxqPZaybATMghYIaCpTQTDSwKJDQCAbXY7/xCNqIWN3jMAE/Yj0lQsEZWumhjfCEQZjdjDrFklt2J6CLxJuREpmh2il+tbsxTyNQyCUzpuW5CfoZ0yi4hFGhnRpIGB+wHrQsVSwC42eTi0f0yCpdGsbalkI6UX9PZCwyZhgFtjNi2Dfz3lj8z2ulGF75mVBJiqD4dFGYSooxHb9Pu0IDRzm0hHEt7K2U95lmHG1IBRuCN//yIqmflr2L8tndealyPIsjTw7IITkhHrkkFXJLqqRGOFHkmbySN8c4L8678zFtzTmzmX3yB87nD9UDkPE=</latexit>

F
<latexit sha1_base64="pLphZwVYJJ2lkv9PWGjfHVm8sII=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIviqeyqqMeKIB4r2A/YLiWbZtvQbLIks2JZ+jO8eFDEq7/Gm//GtN2Dtj4YeLw3w8y8MBHcgOt+O4Wl5ZXVteJ6aWNza3unvLvXNCrVlDWoEkq3Q2KY4JI1gINg7UQzEoeCtcLhzcRvPTJtuJIPMEpYEJO+5BGnBKzkd4A9QRhl17fjbrniVt0p8CLxclJBOerd8lenp2gaMwlUEGN8z00gyIgGTgUblzqpYQmhQ9JnvqWSxMwE2fTkMT6ySg9HStuSgKfq74mMxMaM4tB2xgQGZt6biP95fgrRVZBxmaTAJJ0tilKBQeHJ/7jHNaMgRpYQqrm9FdMB0YSCTalkQ/DmX14kzdOqd1E9uz+v1I7zOIroAB2iE+ShS1RDd6iOGogihZ7RK3pzwHlx3p2PWWvByWf20R84nz9gcpE8</latexit>

AF

<latexit sha1_base64="dUySqGV1cnJDR1qxcZuo6OTvKyI=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIviqSR+HwtePElF+4FtKJvtpF262YTdiVhC/4UXD4p49d9489+4bXPQ1gcDj/dmmJnnx4JrdJxvK7ewuLS8kl8trK1vbG4Vt3fqOkoUgxqLRKSaPtUguIQachTQjBXQ0BfQ8AdXY7/xCErzSN7jMAYvpD3JA84oGumhjfCE6c3d2ahTLDllZwJ7nrgZKZEM1U7xq92NWBKCRCao1i3XidFLqULOBIwK7URDTNmA9qBlqKQhaC+dXDyyD4zStYNImZJoT9TfEykNtR6GvukMKfb1rDcW//NaCQaXXsplnCBINl0UJMLGyB6/b3e5AoZiaAhliptbbdanijI0IRVMCO7sy/Okflx2z8snt6elymEWR57skX1yRFxyQSrkmlRJjTAiyTN5JW+Wtl6sd+tj2pqzspld8gfW5w9/3pC5</latexit>

NS5
<latexit sha1_base64="+f/1GLmYkIxCBM93ufCOotWYII0=">AAAB8HicbVDJSgNBEK1xjXGLevTSGBRPYcb9GNCDxwhmkWQIPZ2epElPz9BdI4YhX+HFgyJe/Rxv/o2d5aCJDwoe71VRVS9IpDDout/OwuLS8spqbi2/vrG5tV3Y2a2ZONWMV1ksY90IqOFSKF5FgZI3Es1pFEheD/rXI7/+yLURsbrHQcL9iHaVCAWjaKWHFvInzG7Oh+1C0S25Y5B54k1JEaaotAtfrU7M0ogrZJIa0/TcBP2MahRM8mG+lRqeUNanXd60VNGIGz8bHzwkh1bpkDDWthSSsfp7IqORMYMosJ0RxZ6Z9Ubif14zxfDKz4RKUuSKTRaFqSQYk9H3pCM0ZygHllCmhb2VsB7VlKHNKG9D8GZfnie1k5J3UTq9OyuWj6Zx5GAfDuAYPLiEMtxCBarAIIJneIU3RzsvzrvzMWldcKYze/AHzucPykOQUg==</latexit>

D5

For example, the dual pair can be interpreted as S-duality ((p, q)↔ (−q, p))

U(1)+1 + 1F + 1AF ↔ U(1)−1 + 2F

ST-moves easily show their equivalence:

+1 Ð→ + 1
2

+1
− 1

2

←Ð −1
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Similarly, we can show the equivalence of several theories from the perspective of both
brane webs and plumbing graphs, such as
U(1) 1

2
+ 1F ↔ U(1)− 1

2
+ 1F

U(1) 3
2

+ 1F ↔ U(1)− 3
2

+ 1F

U(1)±1 + 1F + 1AF ↔ U(1)∓1 + 2F
U(1)∓ 1

2
+ 2F + 1AF ↔ U(1)± 1

2
+ 1F + 2AF

The last one needs gauged SQED-XYZ to prove this duality.

There are several operations on brane webs, such as S-duality (p, q)↔ (−q, p), reflection
(p, q)↔ (p,−q), and movement of D5-brane. It is not easy to find the correspondence
between these operations with ST-moves and Kirby moves on plumbing graphs.

However, the reflection (p, q)↔ (p,−q) of brane webs can be interpreted as reversing
the orientation of plumbing manifolds (graphs) (bare CS levels kij ↔ −kij ).
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Summary and outlook

In the above, we get equivalent plumbing graphs by gauging some basics dualities.
However, the geometric interpretation of these equivalent graphs is very incomplete. In
particular, we should figure out how to add matter nodes to plumbing manifolds (work in
progress with Satoshi Nawata).

Besides, the above story is only for abelian theories. It would be interesting to see if
nonabelian theories also work well on plumbing graphs.

Thank you!
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