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Thanks to the INT for hosting the workshop. 

Thanks to participants  for making it  an 
enjoyable  the experience. 
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• My goal in the last two years has been to develop a 
new tool-box and  set of methods to study 4d  
asymptotically free non-abelian gauge theories. 

•  I believe that  with the right techniques,  there 
should not be dramatic (difficulty) differences in 
addressing the dynamics of  YM, QCD-like, chiral 
or supersymmetric gauge theories....

• Typical attitude:  SUSY:  Very friendly, beautiful, YM: 
Formal,   QCD-like:  Hard, leave it to lattice folks!  
non-susy chiral gauge theories:

GOAL
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Three wise monkeys
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Joke Aside,  Why care? 

• Possible TeV scale, strongly coupled physics 
to be explored at LHC.

• Technicolor (may be viable), Hidden Valley 
scenarios.   

• low energy of  YM and QCD! Standard 
model is also chiral, albeit weakly  coupled. 
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from: S. Bethke, hep-ex/0407021

• asymptotic  freedom 

QCD

• Short distance: Weakly 
coupled, calculable...

• Long distance ??? 
(Lattice works,  
analytical methods 
gloomy)

• There are also  asymptotically free  gauge theories which 
flows to a strongly coupled non-abelian Coulomb phase in 
the long distances.   What is the conceptual difference? 
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Non-susy chiral gauge theories

Well-defined, free of internal anomalies, may 
have relevance to Nature. However, 

Crazy uncle hidden   in the  attic 
(since early 80’s) 

Large N not so useful so far.

Lattice  does not work....
String theory was not useful so far..

‘t  Hooft’s beautiful ideas,  Dimopoulos, Raby, Susskind: 

phenomenology, tumbling, light composites fermions 
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One more word about YM...

• Short distance of QCD/YM  is a great 
success of  perturbation theory  and 
collider physics. 

• However, the long distance of  YM theory is 
often  seen as formal or as a mathematics 
problem. 

• It is neither.  It is what appears  in Nature 
and experiment, and it is a question of 
physics, not mathematics, and should be 
treated as a physics problem. 
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We need new techniques and perspectives 
about non-perturbative gauge theory, chiral or 
vector-like. 

Progress in SUSY QCD is well-known. 
However, the dynamics of theories without 
elementary scalars is vastly different from the 
SUSY examples.  

They deserve study of their own.  
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A broad-brush overview of some very  
recent progress. 

Theories on R4 (way to hard)

Keep locally d=4 such as R3 ! S1

 Take advantage of  circle (as control 
parameter), i.e,  AF and weak coupling.

Traditional: thermal setting.
R4

R3 ! S1R3 Phase transition

Bad for our goal.
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• May be bad, but it is inevitable.  Thermal 
fluctuations at sufficiently high temperature  
will melt  everything. 

• Hadrons, glueballs Quark, gluons

Go non-thermal!
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!! quantum fluctuations are different!

There are (some) QCD-like gauge theories in which the analog 
of confinement-deconfinement transition does not occur.  

There are examples without any phase transitions.

Non-perturbative sectors of the gauge theories 
(incorporating the whole set of topological 
excitations) flux operators is fully under control. 

I will discuss one example of this kind. 
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This surprising behavior of non-thermal gauge theories 
motivated a new idea even for thermal construction. 

   Take YM  or QCD(R) on   small                      and stabilize the broken 
symmetry externally. (Different theory from QCD? See below. )

R3 ! S1
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Deformation, A  
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SYM!

= SYM +
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2

!2"4
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n4

|tr (Un)|2

Deformed YM theory at finite N  

• New idea:  Add center stabilizing double trace deformations such that the small and 
large radius YM theories becomes smoothly connected.   

Shifman-MU,  Yaffe-MU

Ogilvie, Meisinger, Myers 

The center stabilizing double-trace deformations are also independently introduced  and 
usefully applied to lattice gauge theory in order  explore  phases with partial center-
symmetry breaking by  
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Small volume theory becomes solvable in the 
same sense as Seiberg-Witten theory 
by abelian duality.  One can show the mass 
gap and linear confinement.  Although the 
region of validity does not extend to large 
circle,  it is continuously connected 
to it with no gauge invariant order parameter 
distinguishing the two regimes. 

      YM

0

β=1/Τ

deconfined 

confined 
 

 

Deformation, A  

*

1/Λ

R4

Deformed YM theory at finite N  
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deformation equivalence

ordinary Yang−Mills deformed Yang−Mills

orbifold
equivalence

combined
deformation−orbifold

∞

c

∞

0

L

0

L

equivalence

At large N, volume independence via center stabilizing 
deformations. (Not discussed in this talk. ) MU-Yaffe
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SU(N) QCD(adj)

S =
!

R3!S1

1
g2

tr
"
1
4
F 2

MN + i!̄I "̄MDM!I

#
short distance

 Center                
(SU(nf )! Z2Ncnf )/ZnfChiral

ZNc
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Eigenvalues repel. Minimum at 

At weak coupling, the fluctuations are small,  a  “Higgs regime”

 Thermal, canonical high-T, without deformation: 
Eigenvalues attract and collapse to a fixed angle.
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1

!
µ

1/L

g
2
(µ)

G

H

Perturbation theory

IR in perturbation theory is a free theory of “photons”. Is this 
perturbative fixed point destabilized non-perturbatively? 

G = SU(2), H = U(1)
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Reminder:  Abelian duality and Polyakov model

Free Maxwell theory is dual to the free scalar theory.

F = !d!

U(1)flux : ! ! ! " "

The masslessness of the dual scalar  is protected  by  a continuous shift symmetry

 Noether current of dual theory:   

Jµ = !µ" = 1
2#µ!"F!" = Fµ

!µJµ = !µFµ = 0

 Its conservation implies the absence of magnetic monopoles in original theory

Topological current vanishes by Bianchi 
identity. 

20



!µJµ = !µFµ = "m(x)

The presence of the monopoles in the original theory implies reduction of the   
continuous shift symmetry into a discrete one.  

L = 1
2 (!")2 ! e!S0(ei! + e!i!)

The dual theory 

Discrete shift symmetry: ! ! ! + 2"

U(1)flux if present, forbids (magnetic) flux carrying operators.  

Physics of Debye mechanism
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BPS KK

BPS KK
(2,0) (!2, 0)

(1, 1/2) (!1, 1/2)

(!1, !1/2) (1, !1/2)

Magnetic 
Bions

Magnetic 
Monopoles 

e!S0ei! detI,J !I!J ,

e!S0ei! detI,J !̄I !̄J

e!2S0(e2i! + e!2i!)

!"
S2 F,

"
R3!S1 FF̃

#

Discrete shift symmetry : ! ! ! + "

Rebbi-Jackiw fermionic zero modes 

!I ! ei 2!
8 !I

(Z2)!

QCD(adj)
relevant index theorems

Callias  78
Nye-A.M.Singer,  00

E.  Weinberg 80
Poppitz, MU 08

Atiyah-M.I.Singer 75
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LdQCD =
1
2
(!")2 ! b e!2S0 cos 2" + i#̄I$µ!µ#I + c e!S0 cos "(det

I,J
#I#J + c.c.)

magnetic bions magnetic monopoles

Same mechanism in N=1 SYM.  

Important point in the solution of N=1 SYM is as well  unbroken center 
symmetry,  not supersymmetry.

Dual Formulation of QCD(adj) 

In QCD(adj) and N=1 SYM,  not  the magnetic monopoles,  the magnetic 
bions  lead to mass gap, and linear confinement.  Vast literature on N=1 
SYM,  (SW-curves, F, M theories,  field theory). No complete physical  
interpretation of topological excitations existed so far.   

Also see Hollowood, Khoze, ... 99
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L!
"1

calculable

QCD(adj)

0

<trU>

<tr   

<det tr 

##>

## >

B) Discrete chiral symmetry is always broken.

         A) Mass gap in gauge sector due to magnetic bion mechanism,  
         so is linear confinement, and stable flux tubes.

C) Continuous chiral symmetry is unbroken at small radius, 
hence massless fermions in the spectrum. 

Red line N=1SYM. 
Confinement without chiral 

symmetry breaking 

/N
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Region of validity of dual formulation

•                          why not                        ? (Surprising..)

• Separation of scales between W-bosons and dual photons. 

• Deeper reason:  Large N volume independence EK reduction

• The  large N volume independence holds provided unbroken 
center symmetry.  Thus, the  chiral transition scale  must 
move to arbitrarily small radius at large N. 

• New dynamical scale in QCD:

• Invisible in gravity approximation to gauge/string duality or  
holographic QCD (or whatever) as well as perturbation 
theory,

LNc!! 1 L!! 1

!!1/N
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K=5

K=1

K=3

Chiral orbifold gauge theories: generalities 

SU(N)1 ! SU(N)2 ! . . .! SU(N)K

!J ! (1, . . . , NJ , NJ+1, . . . 1), J = 1, . . . K, K + 1 " 1 .

Type 1:  Related to vector-like theories via orbifold projections. (This was one of my 
reasons to start to study large-N equivalences (influenced by Schmaltz and Strassler) 
at  the first place. However, equivalence is invalid in this case, shown in KUY3.)  
Type II: Old school, e.g. SU(5) with 5 and a 10-bar.

SYM

Shifman,MU 08
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S =
K!

J=1

"

R3!S1

1
g2

tr
#
1
2
F 2

J,MN (x) + i!̄J "̄MDM!J

$
,

DM!J = #M!J + iAJ,M!J ! i!JAJ+1,M

Classical 
Symmetries

 Center                

Chiral

ZNc

[U(1)]N

Quantum 
Symmetries

 Center                

Chiral

ZNc

Z2Nc

Instantons

also ZK
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monopoles : e!S0e+i!i "J O1(!) ,

bions : e!2S0e+i(!i!!i±1) "J ,

BPST-instantons : e!NS0O2(!) ,

flux (monopole) rings : e!KS0e+i!i
P

J "JO3(!) ,

Topological excitations

O3(!) = Rodd (shown in the next page)

Non-perturbative importance:  Order in topological 
expansion, sometimes lower order may be important. 
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Dynamics is very  surprising and exhibits 
new phenomena.  

• Monopoles drops out of the chiral dynamics due to averaging  
over zero modes.  (This never takes place in vector-like 
theories. )                              

• Mass gap for gauge fluctuations, hence confinement  due to 
magnetic bions.  

• Monopole ring operators lead to dynamical chiral symmetry 
breaking.  

• Confinement with and without chiral symmetry breaking. 

• Chiral order parameter: 

Rodd(x) ! tr(!1 . . .!K!1 . . .!K), K odd .
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!!q|tr(!1 . . .!K!1 . . .!K)|!q" = N"3Kei 2!q
fN , q = 1, . . . , !N .

[Z2N ] : Rodd(x)! ei 2! K
N Rodd(x) .

!K = K mod N ,

[Z2N ]!
!
Z2 gcd(N, eK)

"

[Z2N ]! [Z2]Disagrees with an earlier guess by Strassler:

!N =
N

gcd(N, !K)
, Isolated vacua, not necessarily N 

Chiral condensate may be  exact. (will be happy to talk separately.) 
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W−bosons 

 

0 LNΛ
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 Abelian confinement

1

Lightest glueball 

Abelian vs Non!abelian confinement 

Volume independenceSemi−classical

Non−abelian confinement

photons 

(As visible as Mount Rainier today) 
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deformation equivalence

chiral gauge theory deformed chiral gauge theory

orbifold
equivalence

combined
deformation−orbifold

∞

c

∞

0

L

0

L

equivalence

At large N 
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• There is now a small window through which we can look into non-abelian 
gauge theories and understand its internal goings-on.  Whether the theory is 
chiral, pure glue, or supersymmetric is immaterial.  We always gain a  semi-
classical window (in some theories  smoothly connected to R4 physics.)

• Perhaps, we may call this whole (nameless) set of tools as Deformation 
Program or  Deformation Theory. 

• DP  is not as powerful as lattice gauge theory,  but it is useful. We learned 
the existence of a large class of new topological excitation through this 
program in the last two years.  (This did not gain a general acceptance, but it 
is true and  did already  improve our understanding of gauge theories. 
Perhaps, these  excitations are waiting to be explored in string theory to 
gain wider  acceptance.)  

• DP usefully applies to chiral gauge theory, and for that class, it is the first 
microscopic (and useful) approach. 
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We can certainly do better.
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