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Introduction



Strongly coupled gauge theory is interesting

• Theoretical (mathematical) interest

• QCD

• Beyond the standard model
- Technicolor
- Composite Higgs models
- …

Some non-perturbative techniques are needed



a nonperturbative technique

’t Hooft anomaly matching condition

Advantage: “Rigorous” (in physicists sense)

Disadvantage: “Qualitative”

Recently there has been a new progress (including higher form symmetry)

[Gaiotto, Kapustin, Seiberg, Willett 14], 
[Gaiotto, Kapustin, Komargodski, Seiberg 16]



I explored various gauge theories and find an interesting example.

4 dim SU(6) with a Weyl fermion in 

Chiral symmetry is spontaneously broken but h�� i = 0
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Do not confuse! Three different “anomalies”
1 Gauge anomaly

2 Anomaly for a global symmetry

3 ’t Hooft anomaly

Inconsistency of the theory

Non-existence of a global symmetry 
which exists in the classical theory

Useful tool to study the theory



’t Hooft anomaly matching condition
anomaly when background gauge field for a global symmetry is introduced

UV
weakly coupled

IR
strongly coupled

RG flow

’t Hooft 
anomaly

’t Hooft 
anomaly

=

Guaranteed to 
be the same

[’t Hooft 80]

Because …
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UV
weakly coupled

[’t Hooft 80]

Compensator
weakly coupled

’t Hooft 
anomaly

cancel!

consistently gauged
(weakly coupled)

’t Hooft 
anomaly

=

? IR
strongly coupled

RG flow

Compensator
weakly coupled

RG flow

Dynamical scales are arbitrarily low

’t Hooft 
anomaly

must cancel!

’t Hooft 
anomaly

=cannot be consistently gauged



l Analysis by ’t Hooft anomaly matching condition

l The model and the symmetry

l Introduction

l An example --- chiral symmetry breaking without bilinear condensate

l Summary and discussion

Plan



The model 
and symmetry



4 dim SU(N) gauge theory

A massless Weyl fermion in an irreducible representation R
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1 Gauge anomaly

R
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is real or pseudo-real No perturbative gauge anomaly

N > 2
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TrR [Ta{Tb ,Tc }] = 0
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No global gauge anomaly of [Witten 83]

Remark: there is still possibility to have unknown gauge anomaly, 
unless you find non-perturbatively gauge invariantly regularized (lattice) theory.
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Chiral symmetry S =

π
d4x


� 1

4�2 F
a
µ� F

aµ� + i�̄I €� �̄
µ €�� (@µ� I� � iAa

µTa
I
� )�

�
�

�
<latexit sha1_base64="ECCsW+GIuOUS4wBb09Qith0AwNs="></latexit><latexit sha1_base64="ECCsW+GIuOUS4wBb09Qith0AwNs="></latexit><latexit sha1_base64="ECCsW+GIuOUS4wBb09Qith0AwNs="></latexit><latexit sha1_base64="ECCsW+GIuOUS4wBb09Qith0AwNs="></latexit><latexit sha1_base64="ECCsW+GIuOUS4wBb09Qith0AwNs="></latexit>

� ! ei��
<latexit sha1_base64="xZia+f1Gmpx9tRjaTFAqFGfRWrw="></latexit><latexit sha1_base64="xZia+f1Gmpx9tRjaTFAqFGfRWrw="></latexit><latexit sha1_base64="xZia+f1Gmpx9tRjaTFAqFGfRWrw="></latexit><latexit sha1_base64="xZia+f1Gmpx9tRjaTFAqFGfRWrw="></latexit><latexit sha1_base64="xZia+f1Gmpx9tRjaTFAqFGfRWrw="></latexit>

The action is invariant.

But the path integral measure is not invariant.

� := 1
8� 2

π
Tr⇤[F ^ F ]
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integer called “instanton number”

: integer called “Dynkin index” of R
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If                   the measure is also invariant.

n 2 Z
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Even quantum mechanically,             symmetry

exists.

Let us call this symmetry “chiral symmetry”
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Problem:  Is this chiral symmetry 
spontaneously broken?

Z`
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Key idea: Center symmetry
eg. SU(N) pure Yang-Mills theory on lattice

The action = sum of plaquettes

Choose oriented codimension 1 surface 

�
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Gauge field = a group element at each link

e2� ik/N 2 ZN ⇢ SU (N )
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plaquettes are invariant

The action is invariant

link

plaquette
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Center symmetry

• The center symmetry is NOT the gauge symmetry.
cf. gauge symmetry Ur ! �xUr�
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Remarks
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• The center symmetry is a 1-form global symmetry.
[Gaiotto, Kapustin, Seiberg, Willett 14]

• A fundamental Wilson loop may have charge of the center symmetry

W
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Center symmetry

• A fundamental Wilson loop may have charge of the center symmetry
W

<latexit sha1_base64="uPF5xyTKybSz9Qy7sEYuf5YTQCc="></latexit><latexit sha1_base64="uPF5xyTKybSz9Qy7sEYuf5YTQCc="></latexit><latexit sha1_base64="uPF5xyTKybSz9Qy7sEYuf5YTQCc="></latexit><latexit sha1_base64="uPF5xyTKybSz9Qy7sEYuf5YTQCc="></latexit><latexit sha1_base64="uPF5xyTKybSz9Qy7sEYuf5YTQCc="></latexit>

�
<latexit sha1_base64="hfZKueUlDEzob61F91NQLXHuNws="></latexit><latexit sha1_base64="hfZKueUlDEzob61F91NQLXHuNws="></latexit><latexit sha1_base64="hfZKueUlDEzob61F91NQLXHuNws="></latexit><latexit sha1_base64="hfZKueUlDEzob61F91NQLXHuNws="></latexit><latexit sha1_base64="hfZKueUlDEzob61F91NQLXHuNws="></latexit>

W !We2� ik/N
<latexit sha1_base64="nUjnxSoVOOg3/8wdcszVZB+yFAQ="></latexit><latexit sha1_base64="nUjnxSoVOOg3/8wdcszVZB+yFAQ="></latexit><latexit sha1_base64="nUjnxSoVOOg3/8wdcszVZB+yFAQ="></latexit><latexit sha1_base64="nUjnxSoVOOg3/8wdcszVZB+yFAQ="></latexit><latexit sha1_base64="nUjnxSoVOOg3/8wdcszVZB+yFAQ="></latexit>

hW i , 0
<latexit sha1_base64="m60AAKsP1t9sYq/euR43S2yYZDw="></latexit><latexit sha1_base64="m60AAKsP1t9sYq/euR43S2yYZDw="></latexit><latexit sha1_base64="m60AAKsP1t9sYq/euR43S2yYZDw="></latexit><latexit sha1_base64="m60AAKsP1t9sYq/euR43S2yYZDw="></latexit><latexit sha1_base64="m60AAKsP1t9sYq/euR43S2yYZDw="></latexit>

If the center symmetry is spontaneously broken

Coulomb law or perimeter law

Area law

hW i = 0
<latexit sha1_base64="ZHF7PlPa4gPmnbtqXhVF9qhWN9E="></latexit><latexit sha1_base64="ZHF7PlPa4gPmnbtqXhVF9qhWN9E="></latexit><latexit sha1_base64="ZHF7PlPa4gPmnbtqXhVF9qhWN9E="></latexit><latexit sha1_base64="ZHF7PlPa4gPmnbtqXhVF9qhWN9E="></latexit><latexit sha1_base64="ZHF7PlPa4gPmnbtqXhVF9qhWN9E="></latexit>

send this one to infinity

hWW 0i ! hW ihW 0i
<latexit sha1_base64="CTcCfjmHYI/ctcTJgVY4VBaTjNM="></latexit><latexit sha1_base64="CTcCfjmHYI/ctcTJgVY4VBaTjNM="></latexit><latexit sha1_base64="CTcCfjmHYI/ctcTJgVY4VBaTjNM="></latexit><latexit sha1_base64="CTcCfjmHYI/ctcTJgVY4VBaTjNM="></latexit>

W 0
<latexit sha1_base64="nJzq3MM02OecdJLD11E57xKoJsY="></latexit><latexit sha1_base64="nJzq3MM02OecdJLD11E57xKoJsY="></latexit><latexit sha1_base64="nJzq3MM02OecdJLD11E57xKoJsY="></latexit><latexit sha1_base64="nJzq3MM02OecdJLD11E57xKoJsY="></latexit>W

<latexit sha1_base64="uPF5xyTKybSz9Qy7sEYuf5YTQCc="></latexit><latexit sha1_base64="uPF5xyTKybSz9Qy7sEYuf5YTQCc="></latexit><latexit sha1_base64="uPF5xyTKybSz9Qy7sEYuf5YTQCc="></latexit><latexit sha1_base64="uPF5xyTKybSz9Qy7sEYuf5YTQCc="></latexit><latexit sha1_base64="uPF5xyTKybSz9Qy7sEYuf5YTQCc="></latexit>



Confinement The center symmetry is 
NOT spontaneously broken



Fermion and center symmetry

Introduce       in rep�
<latexit sha1_base64="rl+xpdv54U6AeutWI5Zi6CZgACg="></latexit><latexit sha1_base64="rl+xpdv54U6AeutWI5Zi6CZgACg="></latexit><latexit sha1_base64="rl+xpdv54U6AeutWI5Zi6CZgACg="></latexit><latexit sha1_base64="rl+xpdv54U6AeutWI5Zi6CZgACg="></latexit><latexit sha1_base64="rl+xpdv54U6AeutWI5Zi6CZgACg="></latexit>

R
<latexit sha1_base64="68yV6/ruci0aHdrYCyuCdL82RBE="></latexit><latexit sha1_base64="68yV6/ruci0aHdrYCyuCdL82RBE="></latexit><latexit sha1_base64="68yV6/ruci0aHdrYCyuCdL82RBE="></latexit><latexit sha1_base64="68yV6/ruci0aHdrYCyuCdL82RBE="></latexit><latexit sha1_base64="68yV6/ruci0aHdrYCyuCdL82RBE="></latexit>

R(Ur )
<latexit sha1_base64="x9GCwiP1A5hAbBMjriVN7nkWJGw="></latexit><latexit sha1_base64="x9GCwiP1A5hAbBMjriVN7nkWJGw="></latexit><latexit sha1_base64="x9GCwiP1A5hAbBMjriVN7nkWJGw="></latexit><latexit sha1_base64="x9GCwiP1A5hAbBMjriVN7nkWJGw="></latexit><latexit sha1_base64="x9GCwiP1A5hAbBMjriVN7nkWJGw="></latexit>

appear in the action

Center symmetry is broken

R(Ur ) ! R(Ure
2� ik/N ) = R(Ur )e2� ikc/N

<latexit sha1_base64="0nlK3+biRB7asgStDofYh/NWISs="></latexit><latexit sha1_base64="0nlK3+biRB7asgStDofYh/NWISs="></latexit><latexit sha1_base64="0nlK3+biRB7asgStDofYh/NWISs="></latexit><latexit sha1_base64="0nlK3+biRB7asgStDofYh/NWISs="></latexit><latexit sha1_base64="0nlK3+biRB7asgStDofYh/NWISs="></latexit>

c
<latexit sha1_base64="hmvXbvXjnhQfwxNSFUNGS9kW9FM="></latexit><latexit sha1_base64="hmvXbvXjnhQfwxNSFUNGS9kW9FM="></latexit><latexit sha1_base64="hmvXbvXjnhQfwxNSFUNGS9kW9FM="></latexit><latexit sha1_base64="hmvXbvXjnhQfwxNSFUNGS9kW9FM="></latexit><latexit sha1_base64="hmvXbvXjnhQfwxNSFUNGS9kW9FM="></latexit>

“N-ality” (num. of boxes in the Young diagram) mod N

How ?

If this=1 it is still a symmetry



R(Ur ) ! R(Ure
2� ik/N ) = R(Ur )e2� ikc/N

<latexit sha1_base64="0nlK3+biRB7asgStDofYh/NWISs="></latexit><latexit sha1_base64="0nlK3+biRB7asgStDofYh/NWISs="></latexit><latexit sha1_base64="0nlK3+biRB7asgStDofYh/NWISs="></latexit><latexit sha1_base64="0nlK3+biRB7asgStDofYh/NWISs="></latexit><latexit sha1_base64="0nlK3+biRB7asgStDofYh/NWISs="></latexit>

c
<latexit sha1_base64="hmvXbvXjnhQfwxNSFUNGS9kW9FM="></latexit><latexit sha1_base64="hmvXbvXjnhQfwxNSFUNGS9kW9FM="></latexit><latexit sha1_base64="hmvXbvXjnhQfwxNSFUNGS9kW9FM="></latexit><latexit sha1_base64="hmvXbvXjnhQfwxNSFUNGS9kW9FM="></latexit><latexit sha1_base64="hmvXbvXjnhQfwxNSFUNGS9kW9FM="></latexit>

“N-ality” (num. of boxes in the Young diagram) mod N

If this=1 it is still a symmetry

q = gcd(N , c)
<latexit sha1_base64="+mSfE7IosmFvgdFxEWJ+UxsBOVM="></latexit><latexit sha1_base64="+mSfE7IosmFvgdFxEWJ+UxsBOVM="></latexit><latexit sha1_base64="+mSfE7IosmFvgdFxEWJ+UxsBOVM="></latexit><latexit sha1_base64="+mSfE7IosmFvgdFxEWJ+UxsBOVM="></latexit><latexit sha1_base64="+mSfE7IosmFvgdFxEWJ+UxsBOVM="></latexit>

Zq ⇢ ZN
<latexit sha1_base64="LxuQ5kgRD6sbUCLAz2Q6MIXSLn8="></latexit><latexit sha1_base64="LxuQ5kgRD6sbUCLAz2Q6MIXSLn8="></latexit><latexit sha1_base64="LxuQ5kgRD6sbUCLAz2Q6MIXSLn8="></latexit><latexit sha1_base64="LxuQ5kgRD6sbUCLAz2Q6MIXSLn8="></latexit><latexit sha1_base64="LxuQ5kgRD6sbUCLAz2Q6MIXSLn8="></latexit>

still remains.

q > 1
<latexit sha1_base64="6u0AI9vPqJMw+a2sbr/zlyqTMic="></latexit><latexit sha1_base64="6u0AI9vPqJMw+a2sbr/zlyqTMic="></latexit><latexit sha1_base64="6u0AI9vPqJMw+a2sbr/zlyqTMic="></latexit><latexit sha1_base64="6u0AI9vPqJMw+a2sbr/zlyqTMic="></latexit><latexit sha1_base64="6u0AI9vPqJMw+a2sbr/zlyqTMic="></latexit>

We concentrate on 

Confinement The center symmetry is 
NOT spontaneously broken still holds



Summary of our model

Chiral symmetry

4 dimensional SU(N) gauge symmetry with a Weyl fermion in rep R
<latexit sha1_base64="68yV6/ruci0aHdrYCyuCdL82RBE="></latexit><latexit sha1_base64="68yV6/ruci0aHdrYCyuCdL82RBE="></latexit><latexit sha1_base64="68yV6/ruci0aHdrYCyuCdL82RBE="></latexit><latexit sha1_base64="68yV6/ruci0aHdrYCyuCdL82RBE="></latexit><latexit sha1_base64="68yV6/ruci0aHdrYCyuCdL82RBE="></latexit>

Z`
<latexit sha1_base64="BG+wD/FA726KdoWSfBhLLVUP5JQ="></latexit><latexit sha1_base64="BG+wD/FA726KdoWSfBhLLVUP5JQ="></latexit><latexit sha1_base64="BG+wD/FA726KdoWSfBhLLVUP5JQ="></latexit><latexit sha1_base64="BG+wD/FA726KdoWSfBhLLVUP5JQ="></latexit><latexit sha1_base64="BG+wD/FA726KdoWSfBhLLVUP5JQ="></latexit>

0-form symmetry (usual symmetry)
: Dynkin index of R

<latexit sha1_base64="68yV6/ruci0aHdrYCyuCdL82RBE="></latexit><latexit sha1_base64="68yV6/ruci0aHdrYCyuCdL82RBE="></latexit><latexit sha1_base64="68yV6/ruci0aHdrYCyuCdL82RBE="></latexit><latexit sha1_base64="68yV6/ruci0aHdrYCyuCdL82RBE="></latexit><latexit sha1_base64="68yV6/ruci0aHdrYCyuCdL82RBE="></latexit>`
<latexit sha1_base64="6gI1agBdYt9mXj/4XXrZwbw1yxw="></latexit><latexit sha1_base64="6gI1agBdYt9mXj/4XXrZwbw1yxw="></latexit><latexit sha1_base64="6gI1agBdYt9mXj/4XXrZwbw1yxw="></latexit><latexit sha1_base64="6gI1agBdYt9mXj/4XXrZwbw1yxw="></latexit><latexit sha1_base64="6gI1agBdYt9mXj/4XXrZwbw1yxw="></latexit>

Center symmetry Zq
<latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit>

1-form symmetry

q = gcd(N , c)
<latexit sha1_base64="+mSfE7IosmFvgdFxEWJ+UxsBOVM="></latexit><latexit sha1_base64="+mSfE7IosmFvgdFxEWJ+UxsBOVM="></latexit><latexit sha1_base64="+mSfE7IosmFvgdFxEWJ+UxsBOVM="></latexit><latexit sha1_base64="+mSfE7IosmFvgdFxEWJ+UxsBOVM="></latexit><latexit sha1_base64="+mSfE7IosmFvgdFxEWJ+UxsBOVM="></latexit>

c
<latexit sha1_base64="hmvXbvXjnhQfwxNSFUNGS9kW9FM="></latexit><latexit sha1_base64="hmvXbvXjnhQfwxNSFUNGS9kW9FM="></latexit><latexit sha1_base64="hmvXbvXjnhQfwxNSFUNGS9kW9FM="></latexit><latexit sha1_base64="hmvXbvXjnhQfwxNSFUNGS9kW9FM="></latexit><latexit sha1_base64="hmvXbvXjnhQfwxNSFUNGS9kW9FM="></latexit>

: N-ality of R
<latexit sha1_base64="68yV6/ruci0aHdrYCyuCdL82RBE="></latexit><latexit sha1_base64="68yV6/ruci0aHdrYCyuCdL82RBE="></latexit><latexit sha1_base64="68yV6/ruci0aHdrYCyuCdL82RBE="></latexit><latexit sha1_base64="68yV6/ruci0aHdrYCyuCdL82RBE="></latexit><latexit sha1_base64="68yV6/ruci0aHdrYCyuCdL82RBE="></latexit>

Confinement The center symmetry is 
NOT spontaneously broken



l Analysis by ’t Hooft anomaly matching condition

l The model and the symmetry

l Introduction

l An example --- chiral symmetry breaking without bilinear condensate

l Summary and discussion

Plan



Analysis  by ’t Hooft anomaly 
matching condition



Chiral symmetry Z`
<latexit sha1_base64="BG+wD/FA726KdoWSfBhLLVUP5JQ="></latexit><latexit sha1_base64="BG+wD/FA726KdoWSfBhLLVUP5JQ="></latexit><latexit sha1_base64="BG+wD/FA726KdoWSfBhLLVUP5JQ="></latexit><latexit sha1_base64="BG+wD/FA726KdoWSfBhLLVUP5JQ="></latexit><latexit sha1_base64="BG+wD/FA726KdoWSfBhLLVUP5JQ="></latexit>

0-form symmetry (usual symmetry)

Center symmetry Zq
<latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit>

1-form symmetry

We want to argue the spontaneous symmetry breaking

Make use of mixed ’t Hooft anomaly matching between these symmetries.

Introduce a gauge field background for the center symmetry and see 
if the chiral symmetry is broken.

3

strategy



� ! e2� in/`�
<latexit sha1_base64="yfO1S5NZY1YXS0EwUrmQVmSBFBY="></latexit><latexit sha1_base64="yfO1S5NZY1YXS0EwUrmQVmSBFBY="></latexit><latexit sha1_base64="yfO1S5NZY1YXS0EwUrmQVmSBFBY="></latexit><latexit sha1_base64="yfO1S5NZY1YXS0EwUrmQVmSBFBY="></latexit><latexit sha1_base64="yfO1S5NZY1YXS0EwUrmQVmSBFBY="></latexit>

In the background center symmetry gauge field

Chiral symmetry transformation

� := 1
8� 2

π
Tr⇤[F ^ F ]

<latexit sha1_base64="4w0XKGoVvnmauXP8+VkUlpZeSZI="></latexit><latexit sha1_base64="4w0XKGoVvnmauXP8+VkUlpZeSZI="></latexit><latexit sha1_base64="4w0XKGoVvnmauXP8+VkUlpZeSZI="></latexit><latexit sha1_base64="4w0XKGoVvnmauXP8+VkUlpZeSZI="></latexit><latexit sha1_base64="4w0XKGoVvnmauXP8+VkUlpZeSZI="></latexit>

π
D�D�̄ !

π
D�D�̄e2� in�

<latexit sha1_base64="GkXplVtTG/BRyfXYExnusm36+C4="></latexit><latexit sha1_base64="GkXplVtTG/BRyfXYExnusm36+C4="></latexit><latexit sha1_base64="GkXplVtTG/BRyfXYExnusm36+C4="></latexit><latexit sha1_base64="GkXplVtTG/BRyfXYExnusm36+C4="></latexit><latexit sha1_base64="GkXplVtTG/BRyfXYExnusm36+C4="></latexit>

may not be an integer in this background

� 2 1
q0
Z

<latexit sha1_base64="GSM/nRlq5/c+241idvnM41yYhV0="></latexit><latexit sha1_base64="GSM/nRlq5/c+241idvnM41yYhV0="></latexit><latexit sha1_base64="GSM/nRlq5/c+241idvnM41yYhV0="></latexit><latexit sha1_base64="GSM/nRlq5/c+241idvnM41yYhV0="></latexit><latexit sha1_base64="GSM/nRlq5/c+241idvnM41yYhV0="></latexit>

but
N

q2 =
N 0

0
q0

<latexit sha1_base64="EIlI1vA4GpQPx3lUhm+GAv4fVc0="></latexit><latexit sha1_base64="EIlI1vA4GpQPx3lUhm+GAv4fVc0="></latexit><latexit sha1_base64="EIlI1vA4GpQPx3lUhm+GAv4fVc0="></latexit><latexit sha1_base64="EIlI1vA4GpQPx3lUhm+GAv4fVc0="></latexit><latexit sha1_base64="EIlI1vA4GpQPx3lUhm+GAv4fVc0="></latexit>

irreducible fraction

We will discuss in detail later if we have time

Z`/q0 ⇢ Z`
<latexit sha1_base64="mkFX7ZG2dMTZLfuk/sXlJwA7cBU="></latexit><latexit sha1_base64="mkFX7ZG2dMTZLfuk/sXlJwA7cBU="></latexit><latexit sha1_base64="mkFX7ZG2dMTZLfuk/sXlJwA7cBU="></latexit><latexit sha1_base64="mkFX7ZG2dMTZLfuk/sXlJwA7cBU="></latexit><latexit sha1_base64="mkFX7ZG2dMTZLfuk/sXlJwA7cBU="></latexit>

Only is the symmetry in this background



Z`/q0 ⇢ Z`
<latexit sha1_base64="mkFX7ZG2dMTZLfuk/sXlJwA7cBU="></latexit><latexit sha1_base64="mkFX7ZG2dMTZLfuk/sXlJwA7cBU="></latexit><latexit sha1_base64="mkFX7ZG2dMTZLfuk/sXlJwA7cBU="></latexit><latexit sha1_base64="mkFX7ZG2dMTZLfuk/sXlJwA7cBU="></latexit><latexit sha1_base64="mkFX7ZG2dMTZLfuk/sXlJwA7cBU="></latexit>

Only is the symmetry in this background

This is the ’t Hooft anomaly



't Hooft anomaly and spontaneous symmetry breaking

Assume confinement (gapped and center symmetry preserved) and 
the chiral symmetry is preserved (not spontaneously broken).

We have a gapped vacuum invariant under the center and the chiral symmetry.

In the low energy limit, ‘t Hooft anomaly cannot be reproduced, since the 
low energy effective theory is empty.

This contradict to the fact that ’t Hooft anomaly is RG invariant.

The assumption (confinement and chiral symmetry preserved) is wrong!

(Back to the original theory)



If confinement,  the chiral symmetry            must be  broken at least to 

N

q2 =
N 0

0
q0

<latexit sha1_base64="EIlI1vA4GpQPx3lUhm+GAv4fVc0="></latexit><latexit sha1_base64="EIlI1vA4GpQPx3lUhm+GAv4fVc0="></latexit><latexit sha1_base64="EIlI1vA4GpQPx3lUhm+GAv4fVc0="></latexit><latexit sha1_base64="EIlI1vA4GpQPx3lUhm+GAv4fVc0="></latexit><latexit sha1_base64="EIlI1vA4GpQPx3lUhm+GAv4fVc0="></latexit>

irreducible fraction

q = gcd(N , c)
<latexit sha1_base64="+mSfE7IosmFvgdFxEWJ+UxsBOVM="></latexit><latexit sha1_base64="+mSfE7IosmFvgdFxEWJ+UxsBOVM="></latexit><latexit sha1_base64="+mSfE7IosmFvgdFxEWJ+UxsBOVM="></latexit><latexit sha1_base64="+mSfE7IosmFvgdFxEWJ+UxsBOVM="></latexit><latexit sha1_base64="+mSfE7IosmFvgdFxEWJ+UxsBOVM="></latexit>

c
<latexit sha1_base64="hmvXbvXjnhQfwxNSFUNGS9kW9FM="></latexit><latexit sha1_base64="hmvXbvXjnhQfwxNSFUNGS9kW9FM="></latexit><latexit sha1_base64="hmvXbvXjnhQfwxNSFUNGS9kW9FM="></latexit><latexit sha1_base64="hmvXbvXjnhQfwxNSFUNGS9kW9FM="></latexit><latexit sha1_base64="hmvXbvXjnhQfwxNSFUNGS9kW9FM="></latexit>

“N-ality” (num. of boxes in the Young diagram) mod N

Z`
<latexit sha1_base64="BG+wD/FA726KdoWSfBhLLVUP5JQ="></latexit><latexit sha1_base64="BG+wD/FA726KdoWSfBhLLVUP5JQ="></latexit><latexit sha1_base64="BG+wD/FA726KdoWSfBhLLVUP5JQ="></latexit><latexit sha1_base64="BG+wD/FA726KdoWSfBhLLVUP5JQ="></latexit><latexit sha1_base64="BG+wD/FA726KdoWSfBhLLVUP5JQ="></latexit>

Z`/q0
<latexit sha1_base64="9c4bDqC7F9gtg4hKtGVFuXkDUQA="></latexit><latexit sha1_base64="9c4bDqC7F9gtg4hKtGVFuXkDUQA="></latexit><latexit sha1_base64="9c4bDqC7F9gtg4hKtGVFuXkDUQA="></latexit><latexit sha1_base64="9c4bDqC7F9gtg4hKtGVFuXkDUQA="></latexit><latexit sha1_base64="9c4bDqC7F9gtg4hKtGVFuXkDUQA="></latexit>

The result



Instanton number in the center 
symmetry gauge field background

[Gaiotto, Kapustin, Komargodski, Seiberg 16]
We use the formulation of 



Introduce the center symmetry gauge field and see � := 1
8� 2

π
Tr⇤[F ^ F ]

<latexit sha1_base64="4w0XKGoVvnmauXP8+VkUlpZeSZI="></latexit><latexit sha1_base64="4w0XKGoVvnmauXP8+VkUlpZeSZI="></latexit><latexit sha1_base64="4w0XKGoVvnmauXP8+VkUlpZeSZI="></latexit><latexit sha1_base64="4w0XKGoVvnmauXP8+VkUlpZeSZI="></latexit><latexit sha1_base64="4w0XKGoVvnmauXP8+VkUlpZeSZI="></latexit>

Two unfamiliar issues

l To gauge a discrete symmetry

l To gauge a 1-form symmetry gauge field is 2-form

let me explain a little bit



Warm up: to gauge a usual discrete symmetry.

Idea: introduce a U(1) gauge field and break it to         by Higgs mechanism.Zq
<latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit>

S =

π
d

4
xDµH

†
DµH + · · ·

<latexit sha1_base64="E5PIlnOFtPgkBiO9thdKjFrbAmw="></latexit><latexit sha1_base64="E5PIlnOFtPgkBiO9thdKjFrbAmw="></latexit><latexit sha1_base64="E5PIlnOFtPgkBiO9thdKjFrbAmw="></latexit><latexit sha1_base64="E5PIlnOFtPgkBiO9thdKjFrbAmw="></latexit><latexit sha1_base64="E5PIlnOFtPgkBiO9thdKjFrbAmw="></latexit>

H
<latexit sha1_base64="w7OpDWGnO8pmUAQ7llxKoUpC7iY="></latexit><latexit sha1_base64="w7OpDWGnO8pmUAQ7llxKoUpC7iY="></latexit><latexit sha1_base64="w7OpDWGnO8pmUAQ7llxKoUpC7iY="></latexit><latexit sha1_base64="w7OpDWGnO8pmUAQ7llxKoUpC7iY="></latexit><latexit sha1_base64="w7OpDWGnO8pmUAQ7llxKoUpC7iY="></latexit>

q
<latexit sha1_base64="f2hzWEbUgLQfP5LH/30X3k7bt8s="></latexit><latexit sha1_base64="f2hzWEbUgLQfP5LH/30X3k7bt8s="></latexit><latexit sha1_base64="f2hzWEbUgLQfP5LH/30X3k7bt8s="></latexit><latexit sha1_base64="f2hzWEbUgLQfP5LH/30X3k7bt8s="></latexit><latexit sha1_base64="f2hzWEbUgLQfP5LH/30X3k7bt8s="></latexit>

A
<latexit sha1_base64="2bX/DdWrAKTStIeSnH2iwMHyGgw="></latexit><latexit sha1_base64="2bX/DdWrAKTStIeSnH2iwMHyGgw="></latexit><latexit sha1_base64="2bX/DdWrAKTStIeSnH2iwMHyGgw="></latexit><latexit sha1_base64="2bX/DdWrAKTStIeSnH2iwMHyGgw="></latexit><latexit sha1_base64="2bX/DdWrAKTStIeSnH2iwMHyGgw="></latexit>

U(1) gauge field charge         scalar

DµH := @µH � iqAµH
<latexit sha1_base64="pn63gnrTZzg99pOHyLJnr5ll/dI="></latexit><latexit sha1_base64="pn63gnrTZzg99pOHyLJnr5ll/dI="></latexit><latexit sha1_base64="pn63gnrTZzg99pOHyLJnr5ll/dI="></latexit><latexit sha1_base64="pn63gnrTZzg99pOHyLJnr5ll/dI="></latexit><latexit sha1_base64="pn63gnrTZzg99pOHyLJnr5ll/dI="></latexit>

If        condensate,  U(1) gauge symmetry is broken to         gauge symmetryZq
<latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit>

H
<latexit sha1_base64="w7OpDWGnO8pmUAQ7llxKoUpC7iY="></latexit><latexit sha1_base64="w7OpDWGnO8pmUAQ7llxKoUpC7iY="></latexit><latexit sha1_base64="w7OpDWGnO8pmUAQ7llxKoUpC7iY="></latexit><latexit sha1_base64="w7OpDWGnO8pmUAQ7llxKoUpC7iY="></latexit><latexit sha1_base64="w7OpDWGnO8pmUAQ7llxKoUpC7iY="></latexit>

This is what we want!



H = hei�
<latexit sha1_base64="CZeohNz9to3XuJy3eev+dwXmjfA="></latexit><latexit sha1_base64="CZeohNz9to3XuJy3eev+dwXmjfA="></latexit><latexit sha1_base64="CZeohNz9to3XuJy3eev+dwXmjfA="></latexit><latexit sha1_base64="CZeohNz9to3XuJy3eev+dwXmjfA="></latexit><latexit sha1_base64="CZeohNz9to3XuJy3eev+dwXmjfA="></latexit>

� ⇠ � + 2�
<latexit sha1_base64="iSVmpRj/K4YPayQff2ZEtW7v98s="></latexit><latexit sha1_base64="iSVmpRj/K4YPayQff2ZEtW7v98s="></latexit><latexit sha1_base64="iSVmpRj/K4YPayQff2ZEtW7v98s="></latexit><latexit sha1_base64="iSVmpRj/K4YPayQff2ZEtW7v98s="></latexit><latexit sha1_base64="iSVmpRj/K4YPayQff2ZEtW7v98s="></latexit>

S =

π
d4xh2(@µ� � qAµ )2 + · · ·

<latexit sha1_base64="4goZVVR9LOE6WLLBaHefQXdTsVA="></latexit><latexit sha1_base64="4goZVVR9LOE6WLLBaHefQXdTsVA="></latexit><latexit sha1_base64="4goZVVR9LOE6WLLBaHefQXdTsVA="></latexit><latexit sha1_base64="4goZVVR9LOE6WLLBaHefQXdTsVA="></latexit><latexit sha1_base64="4goZVVR9LOE6WLLBaHefQXdTsVA="></latexit>

Higgs mass and vector particle mass → ∞ limit

@µ� � qAµ = 0
<latexit sha1_base64="K6jx9OeO5OPrJMVl5QOS6/Rd8WI="></latexit><latexit sha1_base64="K6jx9OeO5OPrJMVl5QOS6/Rd8WI="></latexit><latexit sha1_base64="K6jx9OeO5OPrJMVl5QOS6/Rd8WI="></latexit><latexit sha1_base64="K6jx9OeO5OPrJMVl5QOS6/Rd8WI="></latexit><latexit sha1_base64="K6jx9OeO5OPrJMVl5QOS6/Rd8WI="></latexit>

If           ,  this constraint implies A is pure gauge and nothing remains.  q = 1
<latexit sha1_base64="q3XfM/kDx2JKqQx58OIoebkEiFM="></latexit><latexit sha1_base64="q3XfM/kDx2JKqQx58OIoebkEiFM="></latexit><latexit sha1_base64="q3XfM/kDx2JKqQx58OIoebkEiFM="></latexit><latexit sha1_base64="q3XfM/kDx2JKqQx58OIoebkEiFM="></latexit><latexit sha1_base64="q3XfM/kDx2JKqQx58OIoebkEiFM="></latexit>

q > 1
<latexit sha1_base64="6u0AI9vPqJMw+a2sbr/zlyqTMic="></latexit><latexit sha1_base64="6u0AI9vPqJMw+a2sbr/zlyqTMic="></latexit><latexit sha1_base64="6u0AI9vPqJMw+a2sbr/zlyqTMic="></latexit><latexit sha1_base64="6u0AI9vPqJMw+a2sbr/zlyqTMic="></latexit><latexit sha1_base64="6u0AI9vPqJMw+a2sbr/zlyqTMic="></latexit>

But          , it is not completely pure gauge 
and something remains.

Eg. Wilson loop              is not always 1 but q-th root of 1.ei
Ø
A

<latexit sha1_base64="/FyksKWPYiGdesjQ4UH7lr80sgE="></latexit><latexit sha1_base64="/FyksKWPYiGdesjQ4UH7lr80sgE="></latexit><latexit sha1_base64="/FyksKWPYiGdesjQ4UH7lr80sgE="></latexit><latexit sha1_base64="/FyksKWPYiGdesjQ4UH7lr80sgE="></latexit><latexit sha1_base64="/FyksKWPYiGdesjQ4UH7lr80sgE="></latexit>



We obtain

Zq
<latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit>

gauge field = (A,�)
<latexit sha1_base64="k1a+jsIHQ+OtRodtl4BBrzD6H3M="></latexit><latexit sha1_base64="k1a+jsIHQ+OtRodtl4BBrzD6H3M="></latexit><latexit sha1_base64="k1a+jsIHQ+OtRodtl4BBrzD6H3M="></latexit><latexit sha1_base64="k1a+jsIHQ+OtRodtl4BBrzD6H3M="></latexit><latexit sha1_base64="k1a+jsIHQ+OtRodtl4BBrzD6H3M="></latexit>

A
<latexit sha1_base64="2bX/DdWrAKTStIeSnH2iwMHyGgw="></latexit><latexit sha1_base64="2bX/DdWrAKTStIeSnH2iwMHyGgw="></latexit><latexit sha1_base64="2bX/DdWrAKTStIeSnH2iwMHyGgw="></latexit><latexit sha1_base64="2bX/DdWrAKTStIeSnH2iwMHyGgw="></latexit><latexit sha1_base64="2bX/DdWrAKTStIeSnH2iwMHyGgw="></latexit>

U(1) gauge field

� ⇠ � + 2�
<latexit sha1_base64="iSVmpRj/K4YPayQff2ZEtW7v98s="></latexit><latexit sha1_base64="iSVmpRj/K4YPayQff2ZEtW7v98s="></latexit><latexit sha1_base64="iSVmpRj/K4YPayQff2ZEtW7v98s="></latexit><latexit sha1_base64="iSVmpRj/K4YPayQff2ZEtW7v98s="></latexit><latexit sha1_base64="iSVmpRj/K4YPayQff2ZEtW7v98s="></latexit>

scalar

constraint
qA = d�

<latexit sha1_base64="a9dC6tYNwwb40RbIOf3SopMZ+3A="></latexit><latexit sha1_base64="a9dC6tYNwwb40RbIOf3SopMZ+3A="></latexit><latexit sha1_base64="a9dC6tYNwwb40RbIOf3SopMZ+3A="></latexit><latexit sha1_base64="a9dC6tYNwwb40RbIOf3SopMZ+3A="></latexit><latexit sha1_base64="a9dC6tYNwwb40RbIOf3SopMZ+3A="></latexit>

Increase rank of the forms by 1

Zq
<latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit>

2-form 
gauge field = U(1) gauge field

constraint(B,C)
<latexit sha1_base64="GA3WgnxIfyDPrSfyumXGTWHXDLY="></latexit><latexit sha1_base64="GA3WgnxIfyDPrSfyumXGTWHXDLY="></latexit><latexit sha1_base64="GA3WgnxIfyDPrSfyumXGTWHXDLY="></latexit><latexit sha1_base64="GA3WgnxIfyDPrSfyumXGTWHXDLY="></latexit><latexit sha1_base64="GA3WgnxIfyDPrSfyumXGTWHXDLY="></latexit>

B
<latexit sha1_base64="Laz1mFZ9J4GE83cuYfJPkt/wlIk="></latexit><latexit sha1_base64="Laz1mFZ9J4GE83cuYfJPkt/wlIk="></latexit><latexit sha1_base64="Laz1mFZ9J4GE83cuYfJPkt/wlIk="></latexit><latexit sha1_base64="Laz1mFZ9J4GE83cuYfJPkt/wlIk="></latexit><latexit sha1_base64="Laz1mFZ9J4GE83cuYfJPkt/wlIk="></latexit>

C
<latexit sha1_base64="j3mv4j45tnC0G9i3nb6PSuULh10="></latexit><latexit sha1_base64="j3mv4j45tnC0G9i3nb6PSuULh10="></latexit><latexit sha1_base64="j3mv4j45tnC0G9i3nb6PSuULh10="></latexit><latexit sha1_base64="j3mv4j45tnC0G9i3nb6PSuULh10="></latexit><latexit sha1_base64="j3mv4j45tnC0G9i3nb6PSuULh10="></latexit>

qB = dC
<latexit sha1_base64="0a75LlKae35qqP5Xr/vyzwtApxg="></latexit><latexit sha1_base64="0a75LlKae35qqP5Xr/vyzwtApxg="></latexit><latexit sha1_base64="0a75LlKae35qqP5Xr/vyzwtApxg="></latexit><latexit sha1_base64="0a75LlKae35qqP5Xr/vyzwtApxg="></latexit><latexit sha1_base64="0a75LlKae35qqP5Xr/vyzwtApxg="></latexit>

U(1) 2-form gauge field



Zq
<latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit><latexit sha1_base64="NAUDeHdm/T3DnuNHQkVB2N4H5+Y="></latexit>

2-form 
gauge field = U(1) gauge field

constraint(B,C)
<latexit sha1_base64="GA3WgnxIfyDPrSfyumXGTWHXDLY="></latexit><latexit sha1_base64="GA3WgnxIfyDPrSfyumXGTWHXDLY="></latexit><latexit sha1_base64="GA3WgnxIfyDPrSfyumXGTWHXDLY="></latexit><latexit sha1_base64="GA3WgnxIfyDPrSfyumXGTWHXDLY="></latexit><latexit sha1_base64="GA3WgnxIfyDPrSfyumXGTWHXDLY="></latexit>

B
<latexit sha1_base64="Laz1mFZ9J4GE83cuYfJPkt/wlIk="></latexit><latexit sha1_base64="Laz1mFZ9J4GE83cuYfJPkt/wlIk="></latexit><latexit sha1_base64="Laz1mFZ9J4GE83cuYfJPkt/wlIk="></latexit><latexit sha1_base64="Laz1mFZ9J4GE83cuYfJPkt/wlIk="></latexit><latexit sha1_base64="Laz1mFZ9J4GE83cuYfJPkt/wlIk="></latexit>

C
<latexit sha1_base64="j3mv4j45tnC0G9i3nb6PSuULh10="></latexit><latexit sha1_base64="j3mv4j45tnC0G9i3nb6PSuULh10="></latexit><latexit sha1_base64="j3mv4j45tnC0G9i3nb6PSuULh10="></latexit><latexit sha1_base64="j3mv4j45tnC0G9i3nb6PSuULh10="></latexit><latexit sha1_base64="j3mv4j45tnC0G9i3nb6PSuULh10="></latexit>

qB = dC
<latexit sha1_base64="0a75LlKae35qqP5Xr/vyzwtApxg="></latexit><latexit sha1_base64="0a75LlKae35qqP5Xr/vyzwtApxg="></latexit><latexit sha1_base64="0a75LlKae35qqP5Xr/vyzwtApxg="></latexit><latexit sha1_base64="0a75LlKae35qqP5Xr/vyzwtApxg="></latexit><latexit sha1_base64="0a75LlKae35qqP5Xr/vyzwtApxg="></latexit>

U(1) 2-form gauge field

Gauge symmetry parameter        U(1) gauge field

B ! B + d�
<latexit sha1_base64="eRrQ35Q5hOhat4U3rBDvVv5erz0="></latexit><latexit sha1_base64="eRrQ35Q5hOhat4U3rBDvVv5erz0="></latexit><latexit sha1_base64="eRrQ35Q5hOhat4U3rBDvVv5erz0="></latexit><latexit sha1_base64="eRrQ35Q5hOhat4U3rBDvVv5erz0="></latexit><latexit sha1_base64="eRrQ35Q5hOhat4U3rBDvVv5erz0="></latexit>

�
<latexit sha1_base64="DO8BvYTgI+6i2FEr2TOjfQ10fpQ="></latexit><latexit sha1_base64="DO8BvYTgI+6i2FEr2TOjfQ10fpQ="></latexit><latexit sha1_base64="DO8BvYTgI+6i2FEr2TOjfQ10fpQ="></latexit><latexit sha1_base64="DO8BvYTgI+6i2FEr2TOjfQ10fpQ="></latexit><latexit sha1_base64="DO8BvYTgI+6i2FEr2TOjfQ10fpQ="></latexit>

C ! C + q�
<latexit sha1_base64="pgSIyIJLPIwKMFHsrwd7/bEtBqs="></latexit><latexit sha1_base64="pgSIyIJLPIwKMFHsrwd7/bEtBqs="></latexit><latexit sha1_base64="pgSIyIJLPIwKMFHsrwd7/bEtBqs="></latexit><latexit sha1_base64="pgSIyIJLPIwKMFHsrwd7/bEtBqs="></latexit><latexit sha1_base64="pgSIyIJLPIwKMFHsrwd7/bEtBqs="></latexit>

ei
Ø
2-cycle B

<latexit sha1_base64="VL3BGJiQs55/VGpw+joDhV34yqA="></latexit><latexit sha1_base64="VL3BGJiQs55/VGpw+joDhV34yqA="></latexit><latexit sha1_base64="VL3BGJiQs55/VGpw+joDhV34yqA="></latexit><latexit sha1_base64="VL3BGJiQs55/VGpw+joDhV34yqA="></latexit><latexit sha1_base64="VL3BGJiQs55/VGpw+joDhV34yqA="></latexit>

Remark:

Wilson surface                      is q-th root of 1.



(B,C)
<latexit sha1_base64="GA3WgnxIfyDPrSfyumXGTWHXDLY="></latexit><latexit sha1_base64="GA3WgnxIfyDPrSfyumXGTWHXDLY="></latexit><latexit sha1_base64="GA3WgnxIfyDPrSfyumXGTWHXDLY="></latexit><latexit sha1_base64="GA3WgnxIfyDPrSfyumXGTWHXDLY="></latexit><latexit sha1_base64="GA3WgnxIfyDPrSfyumXGTWHXDLY="></latexit>

Coupling               to the SU(N) gauge field  

A
<latexit sha1_base64="2bX/DdWrAKTStIeSnH2iwMHyGgw="></latexit><latexit sha1_base64="2bX/DdWrAKTStIeSnH2iwMHyGgw="></latexit><latexit sha1_base64="2bX/DdWrAKTStIeSnH2iwMHyGgw="></latexit><latexit sha1_base64="2bX/DdWrAKTStIeSnH2iwMHyGgw="></latexit><latexit sha1_base64="2bX/DdWrAKTStIeSnH2iwMHyGgw="></latexit> SU(N) gauge field

A
<latexit sha1_base64="+9dLub33WWJpHdLWh044AoppTpk="></latexit><latexit sha1_base64="+9dLub33WWJpHdLWh044AoppTpk="></latexit><latexit sha1_base64="+9dLub33WWJpHdLWh044AoppTpk="></latexit><latexit sha1_base64="+9dLub33WWJpHdLWh044AoppTpk="></latexit><latexit sha1_base64="+9dLub33WWJpHdLWh044AoppTpk="></latexit>

U(N) gauge field whose traceless part is A
<latexit sha1_base64="2bX/DdWrAKTStIeSnH2iwMHyGgw="></latexit><latexit sha1_base64="2bX/DdWrAKTStIeSnH2iwMHyGgw="></latexit><latexit sha1_base64="2bX/DdWrAKTStIeSnH2iwMHyGgw="></latexit><latexit sha1_base64="2bX/DdWrAKTStIeSnH2iwMHyGgw="></latexit><latexit sha1_base64="2bX/DdWrAKTStIeSnH2iwMHyGgw="></latexit>

Kill this trace part by the      gauge symmetry A ! A + �1
<latexit sha1_base64="K5Oix4nRxCvkZTZFQ6a8r+1otXQ="></latexit><latexit sha1_base64="K5Oix4nRxCvkZTZFQ6a8r+1otXQ="></latexit><latexit sha1_base64="K5Oix4nRxCvkZTZFQ6a8r+1otXQ="></latexit><latexit sha1_base64="K5Oix4nRxCvkZTZFQ6a8r+1otXQ="></latexit><latexit sha1_base64="K5Oix4nRxCvkZTZFQ6a8r+1otXQ="></latexit>

B ! B + d�
<latexit sha1_base64="eRrQ35Q5hOhat4U3rBDvVv5erz0="></latexit><latexit sha1_base64="eRrQ35Q5hOhat4U3rBDvVv5erz0="></latexit><latexit sha1_base64="eRrQ35Q5hOhat4U3rBDvVv5erz0="></latexit><latexit sha1_base64="eRrQ35Q5hOhat4U3rBDvVv5erz0="></latexit><latexit sha1_base64="eRrQ35Q5hOhat4U3rBDvVv5erz0="></latexit>

C ! C + q�
<latexit sha1_base64="pgSIyIJLPIwKMFHsrwd7/bEtBqs="></latexit><latexit sha1_base64="pgSIyIJLPIwKMFHsrwd7/bEtBqs="></latexit><latexit sha1_base64="pgSIyIJLPIwKMFHsrwd7/bEtBqs="></latexit><latexit sha1_base64="pgSIyIJLPIwKMFHsrwd7/bEtBqs="></latexit><latexit sha1_base64="pgSIyIJLPIwKMFHsrwd7/bEtBqs="></latexit>

The constraint is imposed. trF = NB
<latexit sha1_base64="mdru1NUKLZjLqGFayUHL+CAK7Tw="></latexit><latexit sha1_base64="mdru1NUKLZjLqGFayUHL+CAK7Tw="></latexit><latexit sha1_base64="mdru1NUKLZjLqGFayUHL+CAK7Tw="></latexit><latexit sha1_base64="mdru1NUKLZjLqGFayUHL+CAK7Tw="></latexit><latexit sha1_base64="mdru1NUKLZjLqGFayUHL+CAK7Tw="></latexit>

�
<latexit sha1_base64="DO8BvYTgI+6i2FEr2TOjfQ10fpQ="></latexit><latexit sha1_base64="DO8BvYTgI+6i2FEr2TOjfQ10fpQ="></latexit><latexit sha1_base64="DO8BvYTgI+6i2FEr2TOjfQ10fpQ="></latexit><latexit sha1_base64="DO8BvYTgI+6i2FEr2TOjfQ10fpQ="></latexit><latexit sha1_base64="DO8BvYTgI+6i2FEr2TOjfQ10fpQ="></latexit>

SU(N) gauge field strength                           is      gauge invariant.�
<latexit sha1_base64="DO8BvYTgI+6i2FEr2TOjfQ10fpQ="></latexit><latexit sha1_base64="DO8BvYTgI+6i2FEr2TOjfQ10fpQ="></latexit><latexit sha1_base64="DO8BvYTgI+6i2FEr2TOjfQ10fpQ="></latexit><latexit sha1_base64="DO8BvYTgI+6i2FEr2TOjfQ10fpQ="></latexit><latexit sha1_base64="DO8BvYTgI+6i2FEr2TOjfQ10fpQ="></latexit>

Locally nothing changes, but some global 
topological effect remains.

F = F � B1
<latexit sha1_base64="wj+y+bV13nGUIob8AUC1G1EKtoc="></latexit><latexit sha1_base64="wj+y+bV13nGUIob8AUC1G1EKtoc="></latexit><latexit sha1_base64="wj+y+bV13nGUIob8AUC1G1EKtoc="></latexit><latexit sha1_base64="wj+y+bV13nGUIob8AUC1G1EKtoc="></latexit>



Instanton number

an integer for a spin manifold

� = � N

8� 2

π
B ^ B mod 1

<latexit sha1_base64="8eAHwcTuSqHU+wW9lsok1e1IyFk="> vsuM=</latexit><latexit sha1_base64="8eAHwcTuSqHU+wW9lsok1e1IyFk="> vsuM=</latexit><latexit sha1_base64="8eAHwcTuSqHU+wW9lsok1e1IyFk="> vsuM=</latexit><latexit sha1_base64="8eAHwcTuSqHU+wW9lsok1e1IyFk="> vsuM=</latexit><latexit sha1_base64="8eAHwcTuSqHU+wW9lsok1e1IyFk="> vsuM=</latexit>

� =
1

8� 2

π
tr[F ^ F ]

=
1

8� 2

π
tr[(F � B1) ^ (F � B1)]

=
1

8� 2

π
tr[F ^ F ] � N

8� 2

π
B ^ B

<latexit sha1_base64="bp7XJZ6/xE4mpSYWDzU5+XL7k9U="></latexit><latexit sha1_base64="bp7XJZ6/xE4mpSYWDzU5+XL7k9U="></latexit><latexit sha1_base64="bp7XJZ6/xE4mpSYWDzU5+XL7k9U="></latexit><latexit sha1_base64="bp7XJZ6/xE4mpSYWDzU5+XL7k9U="></latexit>



� = � N

8� 2

π
B ^ B mod 1

<latexit sha1_base64="8eAHwcTuSqHU+wW9lsok1e1IyFk="></latexit><latexit sha1_base64="8eAHwcTuSqHU+wW9lsok1e1IyFk="></latexit><latexit sha1_base64="8eAHwcTuSqHU+wW9lsok1e1IyFk="></latexit><latexit sha1_base64="8eAHwcTuSqHU+wW9lsok1e1IyFk="></latexit><latexit sha1_base64="8eAHwcTuSqHU+wW9lsok1e1IyFk="></latexit>

1
2�

π
2-cycle

B 2 1
q
Z

<latexit sha1_base64="mf62nyuYit4V9kTaNVfE/TRktGk="></latexit><latexit sha1_base64="mf62nyuYit4V9kTaNVfE/TRktGk="></latexit><latexit sha1_base64="mf62nyuYit4V9kTaNVfE/TRktGk="></latexit><latexit sha1_base64="mf62nyuYit4V9kTaNVfE/TRktGk="></latexit><latexit sha1_base64="mf62nyuYit4V9kTaNVfE/TRktGk="></latexit>

Our B has Wilson surface

Thus for a spin manifold

� 2 N

q2Z =
1
q0
Z

<latexit sha1_base64="yEzhvhf/MHzVQuk2OAwtYCoPvq0="></latexit><latexit sha1_base64="yEzhvhf/MHzVQuk2OAwtYCoPvq0="></latexit><latexit sha1_base64="yEzhvhf/MHzVQuk2OAwtYCoPvq0="></latexit><latexit sha1_base64="yEzhvhf/MHzVQuk2OAwtYCoPvq0="></latexit><latexit sha1_base64="yEzhvhf/MHzVQuk2OAwtYCoPvq0="></latexit>

N

q2 =
N 0

0
q0

<latexit sha1_base64="EIlI1vA4GpQPx3lUhm+GAv4fVc0="></latexit><latexit sha1_base64="EIlI1vA4GpQPx3lUhm+GAv4fVc0="></latexit><latexit sha1_base64="EIlI1vA4GpQPx3lUhm+GAv4fVc0="></latexit><latexit sha1_base64="EIlI1vA4GpQPx3lUhm+GAv4fVc0="></latexit><latexit sha1_base64="EIlI1vA4GpQPx3lUhm+GAv4fVc0="></latexit>

irreducible fraction



Remark:
� ! e2� in/`�

<latexit sha1_base64="yfO1S5NZY1YXS0EwUrmQVmSBFBY="></latexit><latexit sha1_base64="yfO1S5NZY1YXS0EwUrmQVmSBFBY="></latexit><latexit sha1_base64="yfO1S5NZY1YXS0EwUrmQVmSBFBY="></latexit><latexit sha1_base64="yfO1S5NZY1YXS0EwUrmQVmSBFBY="></latexit><latexit sha1_base64="yfO1S5NZY1YXS0EwUrmQVmSBFBY="></latexit>

• Chiral symmetry transformationπ
D�D�̄ !

π
D�D�̄e2� in� 0

<latexit sha1_base64="J1eSZBelOlZAYZpznNeReaK5Fmo="></latexit><latexit sha1_base64="J1eSZBelOlZAYZpznNeReaK5Fmo="></latexit><latexit sha1_base64="J1eSZBelOlZAYZpznNeReaK5Fmo="></latexit><latexit sha1_base64="J1eSZBelOlZAYZpznNeReaK5Fmo="></latexit><latexit sha1_base64="J1eSZBelOlZAYZpznNeReaK5Fmo="></latexit>

� 0 = � N

8� 2

π
B ^ B

<latexit sha1_base64="uJNonFPUQhttdB4R6TDhHmh03bU="></latexit><latexit sha1_base64="uJNonFPUQhttdB4R6TDhHmh03bU="></latexit><latexit sha1_base64="uJNonFPUQhttdB4R6TDhHmh03bU="></latexit><latexit sha1_base64="uJNonFPUQhttdB4R6TDhHmh03bU="></latexit><latexit sha1_base64="uJNonFPUQhttdB4R6TDhHmh03bU="></latexit>

extra phase depending on 
the external gauge field

• The background with non-trivial       can be realized as 
4-torus with twisted boundary condition.

� 0
<latexit sha1_base64="3hjq+/x8Bqgdfq8iE4UCxHiKSJE="></latexit><latexit sha1_base64="3hjq+/x8Bqgdfq8iE4UCxHiKSJE="></latexit><latexit sha1_base64="3hjq+/x8Bqgdfq8iE4UCxHiKSJE="></latexit><latexit sha1_base64="3hjq+/x8Bqgdfq8iE4UCxHiKSJE="></latexit><latexit sha1_base64="3hjq+/x8Bqgdfq8iE4UCxHiKSJE="></latexit>

[’t Hooft 79, 80], [Witten 00]
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An example
chiral symmetry breaking without bilinear condensate



4 dim SU(6) with a Weyl fermion in 

Example:

If confinement,  the chiral symmetry            is broken to Z6
<latexit sha1_base64="uM3mgSUfXVwHdyzcKNx7Enuc7Pg="></latexit><latexit sha1_base64="uM3mgSUfXVwHdyzcKNx7Enuc7Pg="></latexit><latexit sha1_base64="uM3mgSUfXVwHdyzcKNx7Enuc7Pg="></latexit><latexit sha1_base64="uM3mgSUfXVwHdyzcKNx7Enuc7Pg="></latexit><latexit sha1_base64="uM3mgSUfXVwHdyzcKNx7Enuc7Pg="></latexit>

Z2
<latexit sha1_base64="HplTzuWCVoVtUFQp9UdGWE3LQB0="></latexit><latexit sha1_base64="HplTzuWCVoVtUFQp9UdGWE3LQB0="></latexit><latexit sha1_base64="HplTzuWCVoVtUFQp9UdGWE3LQB0="></latexit><latexit sha1_base64="HplTzuWCVoVtUFQp9UdGWE3LQB0="></latexit><latexit sha1_base64="HplTzuWCVoVtUFQp9UdGWE3LQB0="></latexit>

Confinement?

(It will be fun to consult tables in [Slanski 81], [Yamatsu 15])

` = 6
<latexit sha1_base64="oSL+oOVGJgRDB7xtr9TGOSQ9kpE="></latexit><latexit sha1_base64="oSL+oOVGJgRDB7xtr9TGOSQ9kpE="></latexit><latexit sha1_base64="oSL+oOVGJgRDB7xtr9TGOSQ9kpE="></latexit><latexit sha1_base64="oSL+oOVGJgRDB7xtr9TGOSQ9kpE="></latexit><latexit sha1_base64="oSL+oOVGJgRDB7xtr9TGOSQ9kpE="></latexit>

c = 3
<latexit sha1_base64="sxtD6OUF54BABm5cciAkv6/Gk4k="></latexit><latexit sha1_base64="sxtD6OUF54BABm5cciAkv6/Gk4k="></latexit><latexit sha1_base64="sxtD6OUF54BABm5cciAkv6/Gk4k="></latexit><latexit sha1_base64="sxtD6OUF54BABm5cciAkv6/Gk4k="></latexit><latexit sha1_base64="sxtD6OUF54BABm5cciAkv6/Gk4k="></latexit>

q = q0 = 3
<latexit sha1_base64="6OJh2Vz8B7Jk8CSLQL3A3hO1Kd4="></latexit><latexit sha1_base64="6OJh2Vz8B7Jk8CSLQL3A3hO1Kd4="></latexit><latexit sha1_base64="6OJh2Vz8B7Jk8CSLQL3A3hO1Kd4="></latexit><latexit sha1_base64="6OJh2Vz8B7Jk8CSLQL3A3hO1Kd4="></latexit><latexit sha1_base64="6OJh2Vz8B7Jk8CSLQL3A3hO1Kd4="></latexit>



4 dim SU(6) with a Weyl fermion in Example:

It is quite likely that this theory is confining.
Reason:     is “smaller” representation than adjoint      (coupling constant runs faster)   
SU(6) with adjoint Weyl fermion is known to be a confining theory.

(a bit speculative)

the chiral symmetry       is broken to Z6
<latexit sha1_base64="uM3mgSUfXVwHdyzcKNx7Enuc7Pg="></latexit><latexit sha1_base64="uM3mgSUfXVwHdyzcKNx7Enuc7Pg="></latexit><latexit sha1_base64="uM3mgSUfXVwHdyzcKNx7Enuc7Pg="></latexit><latexit sha1_base64="uM3mgSUfXVwHdyzcKNx7Enuc7Pg="></latexit><latexit sha1_base64="uM3mgSUfXVwHdyzcKNx7Enuc7Pg="></latexit>

Z2
<latexit sha1_base64="HplTzuWCVoVtUFQp9UdGWE3LQB0="></latexit><latexit sha1_base64="HplTzuWCVoVtUFQp9UdGWE3LQB0="></latexit><latexit sha1_base64="HplTzuWCVoVtUFQp9UdGWE3LQB0="></latexit><latexit sha1_base64="HplTzuWCVoVtUFQp9UdGWE3LQB0="></latexit><latexit sha1_base64="HplTzuWCVoVtUFQp9UdGWE3LQB0="></latexit>

�
<latexit sha1_base64="F014bUPfOt+J0zO10QfkMkj728Y="></latexit><latexit sha1_base64="F014bUPfOt+J0zO10QfkMkj728Y="></latexit><latexit sha1_base64="F014bUPfOt+J0zO10QfkMkj728Y="></latexit><latexit sha1_base64="F014bUPfOt+J0zO10QfkMkj728Y="></latexit><latexit sha1_base64="F014bUPfOt+J0zO10QfkMkj728Y="></latexit>

�
<latexit sha1_base64="/YhJ9mZ71ngaUEOdBLdbeyel0xs="></latexit><latexit sha1_base64="/YhJ9mZ71ngaUEOdBLdbeyel0xs="></latexit><latexit sha1_base64="/YhJ9mZ71ngaUEOdBLdbeyel0xs="></latexit><latexit sha1_base64="/YhJ9mZ71ngaUEOdBLdbeyel0xs="></latexit><latexit sha1_base64="/YhJ9mZ71ngaUEOdBLdbeyel0xs="></latexit>

coupling constant

adjoint (confining)



But this cannot be true

You may guess 

h�� i , 0
<latexit sha1_base64="Z7jNBF+NP91ub9hqNfsO2fkKEBU="></latexit><latexit sha1_base64="Z7jNBF+NP91ub9hqNfsO2fkKEBU="></latexit><latexit sha1_base64="Z7jNBF+NP91ub9hqNfsO2fkKEBU="></latexit><latexit sha1_base64="Z7jNBF+NP91ub9hqNfsO2fkKEBU="></latexit><latexit sha1_base64="Z7jNBF+NP91ub9hqNfsO2fkKEBU="></latexit>

as usual.

the chiral symmetry       is broken to Z6
<latexit sha1_base64="uM3mgSUfXVwHdyzcKNx7Enuc7Pg="></latexit><latexit sha1_base64="uM3mgSUfXVwHdyzcKNx7Enuc7Pg="></latexit><latexit sha1_base64="uM3mgSUfXVwHdyzcKNx7Enuc7Pg="></latexit><latexit sha1_base64="uM3mgSUfXVwHdyzcKNx7Enuc7Pg="></latexit><latexit sha1_base64="uM3mgSUfXVwHdyzcKNx7Enuc7Pg="></latexit>
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identically!

SU(6) invariant bilinear form
anti-symmetric for 
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Summary and discussion



4 dim SU(6) with a Weyl fermion in 

Chiral symmetry is spontaneously broken but h�� i = 0
<latexit sha1_base64="G/F+1fBqcJSROXdfztnffpYgDnU="></latexit><latexit sha1_base64="G/F+1fBqcJSROXdfztnffpYgDnU="></latexit><latexit sha1_base64="G/F+1fBqcJSROXdfztnffpYgDnU="></latexit><latexit sha1_base64="G/F+1fBqcJSROXdfztnffpYgDnU="></latexit><latexit sha1_base64="G/F+1fBqcJSROXdfztnffpYgDnU="></latexit>

Summary:

l 4 dim SU(N) gauge theory with a Weyl fermion in irrep R

Constraints on the chiral symmetry breaking is obtained

l An interesting example



Maybe h���� i , 0
<latexit sha1_base64="ZOW0gIs3jUGQGfZOdtEDRGX0IA0="></latexit><latexit sha1_base64="ZOW0gIs3jUGQGfZOdtEDRGX0IA0="></latexit><latexit sha1_base64="ZOW0gIs3jUGQGfZOdtEDRGX0IA0="></latexit><latexit sha1_base64="ZOW0gIs3jUGQGfZOdtEDRGX0IA0="></latexit><latexit sha1_base64="ZOW0gIs3jUGQGfZOdtEDRGX0IA0="></latexit>

Discussion

4 dim SU(6) with a Weyl fermion in 

Chiral symmetry is spontaneously broken but h�� i = 0
<latexit sha1_base64="G/F+1fBqcJSROXdfztnffpYgDnU="></latexit><latexit sha1_base64="G/F+1fBqcJSROXdfztnffpYgDnU="></latexit><latexit sha1_base64="G/F+1fBqcJSROXdfztnffpYgDnU="></latexit><latexit sha1_base64="G/F+1fBqcJSROXdfztnffpYgDnU="></latexit><latexit sha1_base64="G/F+1fBqcJSROXdfztnffpYgDnU="></latexit>

What causes the chiral symmetry breaking?

Two possible 4-fermi operators



SU(4k+2) with 
� 2k+1

has similar ’t Hooft anomaly and 
�� = 0

<latexit sha1_base64="MTCe/ADpVpsz7sFEF+LSRkmmup8="></latexit><latexit sha1_base64="MTCe/ADpVpsz7sFEF+LSRkmmup8="></latexit><latexit sha1_base64="MTCe/ADpVpsz7sFEF+LSRkmmup8="></latexit><latexit sha1_base64="MTCe/ADpVpsz7sFEF+LSRkmmup8="></latexit>

identically

SU(10) with Confinement is not quite likely

SU(14) with Not asymptotically free

Other examples?


