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Abstract: Mass, a concept familiar to all of us, is also one of the degpest mysteries in nature. Almost all of the massin the visible universe, you, me
and any other stuff that we see around us, emerges from QCD, a theory with a negligible microscopic mass content. How does QCD and the family
of gauge theories it belongs to generate a mass? This class of non-perturbative problems remained largely elusive despite much effort over the years.
Recently, new ideas based on compactification have been shown useful to address some of these. Two such inter-related ideas are circle
compactifications, which avoid phase transitions and large-N volume independence. Through the first one, we realized the existence of alarge-class
of & quot;topological molecules& quot;, e.g. magnetic bions, which generate mass gap in a class of compactified gauge theories. The inception of the
second, the idea of large-N volume independence is old. The new progress is the realization of its first working examples. This property allows usto
map a four dimensional gauge theory (including pure Y ang-Mills) to a quantum mechanics at large-N.
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Mass gap, topological molecules,
and large-N volume independence

Mithat Unsal. Physics Department, Stanford University
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This talk 1s about nonperturbative gauge dynamics.

Things that one would like to understand in any gauge
theory:

- Does a mass gap exist? how? why?

- does it confine? how? why?

- does it break its (super) symmetries?

- 1s it conformal? Why?

- what are the spectrum, interactions...?

tough to address, in almost all theories but relevant.
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g2 and exp{-1/g2}

Consider a gauge theory with coupling g. In almost all gauge theories in
which we understand some of these phenomena, they often appear as
expl-1/g2] effects.

Recall classification of singularities in complex analysis: removable(not a

singularity), pole(easy), essential (bad).

expl-1/g2] has an essential singularity at g=o0, hence cannot appear at any
order in perturbation theory. (Expanding around zero, one gets o+0+0.....)

Loosely, there is some rationale to think of gauge theory as if it has two
expansion parameters: exp[-1/gz} and g=.

Is there a way to systematically study exp[-lfgl} effects?
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“New” Tools

1) Circle compactification—pbc for fermions
2) Large-N volume independence

3) Center-stabilizing double-trace deformations

Tools that usefully apply to any gauge theory.

Yang-Mills, QCD-like, chiral theories

N=1 Supersymmetric Yang-Mills, SQCD, SUSY chiral theories
N=2SYM

N=4SYM S




Outline

® Large-N volume independence (conceptual new
progress.

® Zero temperature compactification and theories
without phase transitions.

® Example I: Existence of Mass gap in a vector-like

example on R3 x S1: QCD(ad))

® Example II: Absence of mass gap in a chiral-susy
gauge theory which appeared in the context of
SUSY breaking. (If time permits.)
—The two examples are as distinct as possible to demonstrate
the wide range of applicability of the new methods.
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Disclaimer

® What I will describe today is a broad-brush overview
and conceptual description of the progress in gauge
theories that began around 2007.

® One can also give a technical talk about one
particular aspect of it, and I would be happy to do so.
But it would be less useful. My apologies to the folks
who like more detailed and technical talks. I will be

happy to discuss in person.
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Toroidal or circle compactification

The general theme is about inferring properties of infinite-volume theory by
studying (arbitrarily) small-volume dynamics. The small volume may be

| a
] T
M - a ™ 2 2 T :
R? ey R® x S, R®2xT? RxT?, T

ke

of characteristic size “I”, while keeping the theory locally 4d.

Can we use L'umpa:;nr_lc.ltmn as an expansion parameter to !‘\{Ll[i}' nun-pt*rturhatn't: (i}'narnu; e
Can we use small volume theory to describe infinite volume theory? (Sounds weird, if not crazy)
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What is volume (in)dependence?

with simple electrostatic analogy

® Consider a point charge in R3. Its potential 1s 1/r.

® Now cnmpactif_\' one of the dimensions to a circle with

size L. Space is R2 x S1.

r>L-Inr

by method
E ] of images F ] # L ] ] =

- .-
- -

L

® The characteristic length ar which the potential (interaction between
charges) changes from 3d behavior to 2d behavior is L. Intuitive!

r<L-o1/r
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® By compactify more dimensions down to a space with size L, and using

method of images, we obtain

The potential of a point charge Whereas volume independence

- w g f 1
in d-dimension: Gauss’ law demands

-;r.fr % e

S

_III - lu*_i [ 1t.ll._t \ f‘ = = ::
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® Bv compactify more dimensions down to a space with size L, and using

method of images, we obtain

The p{':tt?nti;ﬂ of a pﬂint Ehil‘_:-._,"f
in d-dimension: Gauss’ law

1 1
3d : - = = - -
f' e wim | —
NSy Y
<) <)
28 - logr = log V L1+
1d - I — |55
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Whereas volume uu'iepe ndence

demands

1 |

3d : — = 1 = _
r Vat+a3+ 13
1 1

2d - - = = }
' VI + I3
1 1

1d : - = =
2 VvV I

Sounds outrageous.

Certainly wrong in electrodvnamics,
(or Ul1) gauge theory), where our intuition
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Large N volume mdependence

Foeuchi-Rawai reduction™ or “larege-N reduct

Theorem: SU(N) gauge theorv on toroidal compactifications of R
to four-manifold R‘l d (.‘J v1 )tf

No volume dependence in leading large N behavior of topologically trivial
single-trace observables (or their connected correlators)

provided

there are no phase transitions as the volume of the space is shrunk.

More technjcaﬂ}: no spontaneous breakjng_ of center symmetry or translation
invariance

Proof: Comparison of large N loop equaions (Eguchi-Kawai 82) or
N=co classical dynamics (vasfe 82)

The only problem was that no-one was able to find any example of gauge

Pirsa:

theory in which “provided” holds.
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Why should anybody care?

If true: Consider the Schrodinger equation for QFT in infinite space and in the
theory where the space 1s reduced to a single point, i.e. ordinary quantum mechanics.

\\lu:[;”) — E:_:_:i(”)‘an}

H‘:M“I’u} = Ei(f?)‘lpﬂ}

E(1) — E(0) = A = mass gap
PROMISE: Spectrum of large-N gauge theory = Spectrum of
quantum mechanics of large matrices.
® We would like to think (or we pretend) that we understand quantum

mechanics better than quantum field theorv

® [t may give us a new way to think about quantum field theores.
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Basic intuition behind volume mdependence
Consider the momentum meodes in perturbation theory wsal Yaffe 201

Infinite space: Continuum
on circle with size L: Discrete P=—k keZ
on circle with size L if “provided” holds: Discrete, but much-finer 7= & kel

Dﬁ:ﬂlnpnctiﬁcaﬁnn: * discrete spectrum = continuum

* | % = N fixed (intuitive.)

if “provided” holds: *N— o, Lfixed (surprising!)

——— A — ® The characteristic length at which the
pnttntial (interaction between chzu'gts}

= S = changes from 3d behavior to 2d behavior is
. N = " LN. And LN— = as N —* <. Interactions
Leg = NL never become 2-dimensional. Counter

intuitive, but correct.

O | r< NL=—>Virj~1ir
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Stumbling block

® Because of the attractiveness of the idea,
much effort has been devoted. It was one of =3
the hot subjects in mid-80’s. =2

® However there was aiwa}'s a phase transition A2 4

when the space shrunk to small volume. ot

Instabiality
® Technically an effective potential calculation =3
in terms of Wilson lines (used to determine

the phase of the small volume theory) gave a

So'ss EK. QEK, TEK.

negative sign for all gauge theories. And we Eguchi, Kawai, EK. Fails
- B : 1 - Gonzalezr-Armove, Okawa, TEK. Fals
R e A . ¥ L

needed a positive sign' People gave up Bhanot, Heller, Neuberger, QEK., Fails

- Crross, Kitazowa,

o Varfe
Stability (good) Migdal, Kazakox
E'.s.;rh: ot ;.1

Das. Wada, Kogur.

- na 1 (]
hhrgmal v i e » 500 papers.... . but no single working example!

Instability (bad)
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Stumbling block

® Because of the attractiveness of the idea.

much effort has been devoted. It was one of =
the hot subjects in mid-8o’s.

2@ @

® However, there was al‘wn}'s a phasc transition

when the space shrunk to small volume. s |

® Technically an effective potential calculation
in terms of Wilson lines (used to determine
the phase of the small volume theory) gave a
negative sign for all gauge theories. And we
needed a positive sign! People gave up.

Stability (good)

(bad)
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More technically; Yang — Mills on R3 x ST

* Z~ center symmetry, order parameter = Wilson line O circumference L
= y N : _ : =
gilx + L) = hg(x). =] -‘Lperm{hc gauge rotations, heZx
trf .+ LY —-htal¥zr.x+ L
® I~ Lo unbroken center symmetry
f = LY 1
tr$ )y —4
confined phase
®* L < L:: broken center symmetry
fa n\ /
(i St ) =4
deconfined plamm ph;u;r;- tailure of EK reduction
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Thermal compactification

“provided” part from old point of view is actually impeossible.

Traditionally. in OCD or QCD-like theories. compactification to2~ x S
; P
1s only used to study the theory at finite temperature.
! I — "]’ ! g | / l " "
Z(3) = trle ’F_. 3 = 1/T = radius of S*
= Deconfinement phase transition 4

True for all confining gauge theories. This is
the impasse for the volume independence as
well as the stumbling block to use the radius as

rikd s - (sluon Plasma a expansion parameter. Singularity on the waws
phase (sQGP)




Evading the stumbling block

In 2006, I realized that the analog of the effective potential calculation
in a supersymmetric gauge theory gave zero. At the heart of the
cancelation was following identity:
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Evading the stumbling block

In 2006, I realized that the analog of the effective potential calculation
in a supersymmetric gauge theory gave zero. At the heart of the
cancelation was following identity:

— -+ 1 =0 More precisely,

—1 x (stuff) + 1 x (same stuff) = 0
The crucial point: +1 appears due to the
Immediately, we deduce: boundary conditions, and not supersymmetry!!

—1 + fV} >0 for fo B |

Our simple calculation was the first positive sign in such a calculation.
All earlier calculations were done for a specific (thermal) boundary condition.

PRI sign flip may give one of the most promising windows to non-perturba¥it’é
2T B



QCD(adj) on R® x S*

Nt 2 1 massless adjoint rep. fermions
periodic boundary conditions * stabilized center symmetry

. ‘ : " Z=Zp+Zp
Z(L) = trfe L

(-1)"] >
Susy-theory: Supersymmetric Witten Index, useful.

L=Z2p—ZLF
Non-susy theory: Twisted partition function, probably more useful!

C

.) l :
1‘1 - i! — ._ P [_1 o -\‘f] rr!!n -
wop L™=l :_Ll E = L :
n=1" -~ o
m<
n, < () instability, “calculations between 1980-2007"
;} ) = . - |
e, — () Supersvmmetric case, N¢= 1, marginal,
..} . . : = |
m, >0 QCDf(adp, N¢> 1, stability Koveun. Unsal, Yaffe.o-
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Large-N Volume Independence

Two solutions:

OCDiady with a.p.b.c. OQCDlady) p.b.c SYM/QCD{ady): Koveun. M1
= & - i - I 4 =
Bringoltz, Sharpe,
Hanwds Arevanage MU, Yacobn
— — Marzvaman, Hietanen
o= = i Catterall Galver, ML,
L.+ =
=" 3
=r (el Myvers, Mesmper
Bedague_ ( rrman_ Buch
Deha Coss
= = P il
— shitrman | 1
i il 1 1Y K

First working examples, 25 vears after the beautiful idea of Eguchi and Kawai
Can we now use quantum mechanics to solve 4d gauge theory?

Numerically, ves. Analytic attempts proves to be hard. Work in progress.
Piseatoadwsnext good ideal
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Center-stabilized YM

* Unwanted symmetry breaking? Fix it!

® Theorem: double-trace deformation prevents symmetry breaking but

has no effect on N=c center symmetric dynamics! Unsal Yaffe
N/2
YM® YAM b | - (8] - i (Y2
e e 5" &4 PiOix) P}l = A T 1 E — tr(2°)
— . : — T-L n=
o I 5 5 n=1

A sufhciently positive, 1) as N goes to oo Not a small pt*rturhatiun.
deformation 1s order Nz,

Double-trace operators are proposed in string theory, but to my view, its most
important aspect is understood in field theory; and it is what I describe here.

Veneziano cleverly referred to this deformation as a good samaritan. It does
the good deed and sequesters itself. Pictorially, here is what it does:
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= : : - =
riln TIiF = 11 = l—'—|—|1.f\ BTN = '[1l | =7 "
OTdInanrs '.f.ul.:_ .\'1-;,‘" delormed R "" I1i% 1 HE -
- 1
-
% 1
b 1
-
= i
- b [ -
»
-
. =4 L
L_» - :
E * :
.
- i
» i
-
= !
- - s 1
C 3 d -
£
- & . . . \ e .
e T L i STy TRl ¥ e — 4 k . Y ST B . 7 - T = s
VEDELLIEERL ...'-.l.:";,_.'-.ll.'h L 15 k) N "L.E...: L L)l ..i:_-__\. i --!._.’1..'--.|. i .1=.L.- ‘..\.1.'—\. .:. L i
g 9 X
= 1 - = - - e S =eer S = . - = ?
Moacrn Aanguagc. 1 Ne smaiki ana 1argc voiume tneores arc reiareca o
" r L v - -
L ik i ql;' it Li |
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Center-stabilized YM

* Unwanted symmetry breaking? Fix it!

® Theorem: double-trace deformation prevents symmetry breaking but
has no effect on N=c= center symmetric dynamics! Unsal Yasfe -

b
vl-'-«.
'
-

-L-

—— | j = |
HH“I M i -‘;-‘"l Al L / P'Eli x} p‘EI =i 1§ 1=
|

xSt n |

A sufficiently positive, (X1) as N goes to oo. Not a small pt:rturbutiun.
deformation i1s order N=.

Double-trace operators are proposed in string theory, but to my view, its most
important aspect is understood in field theory; and it 1s what I describe here.

Veneziano cleverly referred to this deformation as a good samaritan. It does
the good deed and sequesters itself. Pictornally, here is what it does:
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ordinarv Yane-Mills deformed Y ang—Mills AU Yaffe 2008

whd

]
-
- 1
LY i -
-
- '
= - - [
-
=
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ey
%
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& 1
-~ - - I
= T 1 d -
1.| ‘
e T R . TN TR . ¥ e . T L e 1 Sy ey s s
vy LALLEEREN LR IR B LR Iy AL K 1\.'.....1|.n L ..'._,_-_r \\ LA EPREEC ALY € .-._.-.]..\. L 111 L 1%
" - 1 a
s aThTRI: & I QY Y i ™ Yy ) il IirE valnnmmeE Thenries ITE= s 5 P 1 By
ERAE BN B0 R:ATRTNAARS. . L A0 SINRANE ATECE R0 EF0 PALERNRE. LERC NPEAC S A1 IO LALCLL LYY
T iPr ’ W L i > e
L \J.J J.\J. .II.I' |[ e L = I.J.‘
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Dimensional Reduction ?

® small L asvmptotic freedom, heavy, weaklv coupled KK modes

*usual case: broken center symmetry

- . -
(tr Q) 20 & eigenvalues clump
mEK=u/E 2/ ... ! ) g
perturbative control when LA << 1 - =
integrate out = 3d effective theory, L-dependent g ey Ssepuliive
hriken center unbroken center
.Ctntﬁ‘f‘ﬁ}'mnlftrlc Cdase:
(tr Q) = 0 & ecigenvalues repel .
- - -
mikK = /NL, 2/NL, .., s e - .
perturbative control when NLA << 1 >
Tl — 2l —T————— 3
topological defects (instantons), — :
= W b, S S B
mass gap, confinement (Polvakov) — .
= 5 a enter=broken bl enter -svmmetric bl enter—vmmelric
finite or karge N fimite N larze N
v
AT —_4x2 et lmw )N - rav11/6
my — ——. N ~ AWyt : — Za -{.\ \ T
age
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Mass gap and confinement

The theones with no phase transitions in the sense of confinement provide a new
window to 4d dvnamics.

R R? x 5 R

A smooth journey

A complementary regime to that of volume independence - a calculable
of the dynamics of the 4 dimensional “real thing”.
fix-N . take L-small: Semiclassical studies of confinement
Many new surprising phenomena
New composite tope yIe 21 al exc xmtmm-—Tnpﬂlngical Molecules

MU 2007; QCINad;
—tfor vectorlike or chiral theores + classification + thermal QCD
with Yafte 2008, Shifman 2008 + Poppitz z0048.._., - Argyres 2010... - Cherkis 2011
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Dimensional Reduction ?

® small L, asymptotic freedom, heavy, weakly coupled KK modes

*usual case: broken center symmetry

, : . .
er Q) 20 & eigenvalues clump
mEK=y/L. 2/L, ... ! T 4
perturbative control when LA << 1 = =
integrate out = 34 effective theory, L-dependent _ , . _ .
hrken center anbroken center
e ntcr‘ﬁ}'mnl{*trlc Case:
(tr Q) = 0 & ecigenvalues repel .
- - -
miK=u/NL. 2/NL. ... o e . =L
perturbative control when NLA << 1 2
. — =L — =L
topological defects (instantons), — :
- i '_‘-.['\ 0
mass gap, confinement (Polvakov) —
o al enter—broken bl i enter-svmmetric bl enler—ymmelric
fimite or large N fimite N Larme N
.—]T — T 7" (g | N - r 11/¢
mw = ———. N, ~Thwyt % - = I.\ \
Page 29/52
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Mass gap and confinement

The theories with no phase transitions in the sense of confinement provide a new
window to 4d dynamics.

A smooth journey

A complementary regime to that of volume independence - a calculable
of the d}*namics. of the 4 dimensional “real thing”.
fix-N. take L-small: Semiclassical studies of confinement

Manv new SUrprising pthf;an.i
New composite top: logical excitati :m--Tnpﬂlugical Molecules

MU 2007; QCD(ady
—for vectorlike or chiral theones + classification + thermal QCD
with Yaffe 2008, Shifman 2008 + Poppitz 2008.._., - Argyres 2010... + Cherkis 20mn
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The essence of mass gap in Polyakov-mechanism in 3d

Polyvakov 1977

‘t Hooft-Polyakov monopole solutions (instantons in 3d) in Georgi-Glashow model.
Partition function of gauge theory = The grand canonical ensemble of classical monopole plasma.

The field of external charge in a classical plasma decay exponentially. Debve-Hiuckel 1923.
Proliferation of monopole-instantons generates mass gap for gauge fluctuations.

Due to scre ening

Finite magnetic screening length=mass for gauge fluctuations for Ul(1)
photon=Confinement of electric charge (I will not show this part

explicitly since I would like to emphasize mass gap. But the two are
Page 31/52
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Duality

In 2+1 d, photon has just one polarization, one degree of freedom. It is
dual to a scalar.

E_r —_ ()yﬂ- = 1 i 2 .I
= Maxwell term
E, = —0.0
The pmiiferation of monopoles generate monopole operators in Lagrangian.
5 _g . =
L = 1(90)° — e "°(e*” + e %)

Monopole operators: Contribution of instanton

— ) 1 9 1 9
== Oy L=-F% « + _(Sho)

‘ rlmph'ru(ic to thc'cﬁ}:—cti\'c lagrangian.
Expanding the cos potential to quadratic order,

L:-;mall fluc. _ 1(()0)2 = e 50 52 \\ /

. / \//

Inverse Debye length = mass gap
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Massless termions
Theories with massless fermions: take SU(2) QCD(adj)

4 =i
:/ —= 0k |:1 MN T W O D_ut‘;

monopole operators have fermionic zero modes.
W

fermion zero modes f I

Hence, unlike Polyakov mechanism, monopoles can no longer
induce mass gap or confinement, instead a photon-fermion

interaction. What is going on’

How many zero modes are there?

e "0e'? ... W

isthere a new mechanism of confinement? =




Index theorems

Journal of Functional Analvsis 177, 203-218 ( 2000 ;
dor:10.1006 jtan 2000 3648, available online at hitp: www.deahbrarv.com on ’.E&l

An L?-Index Theorem for Dirac Operators on S’ x B3
Tom M. W. Nve and Michael A. Singer
APPENDIX A. ADIABATIC LIMITS OF n-INVARIANTS
mnd (D, ) = / ch(E) + -1— S e.e1(E,)[S2]
. /. y =

S
o

/ ‘Ihl =~ 3”21:11 Ijjl
o X -

Last formula in the paper. Frullrm'mg great tradition nI'tranlermg mathematics to physics:

mdex theorems

Arrvah-M I Singer 19735

Callias 1978

Nye-AM Singer
Pirsa: 11040108

oppitz. MU 2008: The one relevant for us!
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Topological excitations in QCD(adj), SU(2), Nf=2

Magnetic Monopoles (3d instantons + a twisted 3d-instanton) with

1

= qummnmbers:(}“__, == FF)

Js2 R3x S1
. .
fermionic zero modes
/ L ] L ]
L] L ]
_;; BPS : _ KK bircpulsive
(1. 1/2) (-1. 1/2) unbroken center
P det; ;1 o
| Duality + Index thm + Symmetry allow
g BPS B KK
=280 ( 210 =210 77
(-1, -1/2) (1,-1/2) b e ) (L2

e e det; ;v v" which generate a mass gap. What is the
topological defect which leads to this?
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Topological molecules

The quantum numbers associated with ¢ =" (=7

are (2, o) and (-2,0). Since
(z,0) = (1, 1/2) + (1,-1/2), we may think of it as a molecule. We refer to it as magnetic bion.

How is a stable molecule possible? Same sign magnetic charge objects should repel each
other due to Coulomb law

= RPS k&

: il 12 1. 172
1
I
1
1

]

- BPS B KK
]

\ -1.-12) (L.=1/2)

%
L
Ty

[ .
——
—————
O ——— - ———— -

Coulomb law: t/r repulsion
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Topological molecules

The quantum numbers associated with ¢ = (¢77 ¢ 77

| are (2, 0) and (-2,0). Since
(2,0) = (1, 1/2) + (1,-1/2), we may think of it as a molecule. We refer to it as magnetic bion.

How 1s a stable molecule possible? Same sign magnetic charge objects should repel each
other due to Coulomb law

Fermion zero mode exchange:

\ e — log(r) attraction.
\ l--—-.-—-- =
A __..1-"""_
\ e
\‘ '._.-"'
H-H'L-_-- - :
s~ Bt —— — Coulomb law: r/r repulsion
’f
I
I
¥
!
I
i
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Topological molecules

y o = | Jop—

The quantum numbers associated with ¢ = (¢77 +~ ¢ ='7) are (2, 0) and (-2,0). Since
(2,0) = (1, 1/2) + (1,-1/2), we may think of it as a molecule. We refer to it as magnetic bion.

How is a stable molecule possible? Same sign magnetic charge objects should repel each
other due to Coulomb law:

Fermion zero mode exchange:
log(r) attraction.

Coulomb law: t/r repulsion

Sum has a unique minimum.

Stable molecules with sizes parametrically larger than monopoles!
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QCD(adj) vacuum is a plasma of magnetic bions

[4QCD _

t |

. 2 —28a ‘ .« 5 I : — Sy i . J
(o)™ — b e 'cos 20 + 11U YuduUr + € ¢ cosoldet v v

\ \

ctic bions lead to mass J magnetic monopoles
magn £ap an P

+ c.c. )

* = F 3,
e
\ ———— 7

\"'\-_-r"‘r—-'—“-_-"r

I—E 0)

\

No net
to pﬂlugic;ﬂ

- ith Tiweedledum 5 charge!!
Alice with dum and Tweedledee. Strongly-correlated pairs. Bﬁ/
Sound — (1871). e This is the reason why nobody

Lol D108 attempted to look for these bR,
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Topological molecules

The quantum numbers associated with ¢ =" (¢~ ~ ¢ =7

| are (2, o) and (-2,0). Since
(2,0) = (1, 1/2) + (1,-1/2), we may think of it as a molecule. We refer to it as magnetic bion.

How is a stable molecule possible? Same sign magnetic charge objects should repel each
other due to Coulomb law.

Fermion zero mode exchange:
log(r) attraction.

Coulomb law: 1/r repulsion

Sum has a unique minimum.
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QCD(adj) vacuum is a plasma of magnetic bions

o 1 - _oQ - _ e :
[A9CD = 5(00)" —be """ cos20 + u_.'f‘.ﬂi)“f.‘; +ece ""cos {rH}le} v’ +ee)
magnetic bions lead to mass gap! magnetic monopoles
(1N === £~ e
L )
(2.0) (=2.0)
No net
topological
i 3 charge!!
A ————— Strongly-correlated pairs. B0/
Eisenghthe Looking: Gluss and e This is the reason why nobody

yund there (18~1). _
‘@I'rsar 11040108 : attempted to look for these SR,

L i N, L . I . e, | R e B




Supersymmetric chiral SU(2)with I = 3/ 2 matter

Intriligator-Shenker-Seiberg: Proposal for a Simple Model of Dynamical SUSY Breaking. 94

Instanton operator: i == e Oinsty, 1002 [ (L)r

u=Q"*

If theory confines, with u - the single massless composite saturating
‘t Hooft (as 1s easily checked), adding W = u gives “simplest”
susy breaking theorv. (This is the reason why ISS suggests that it should be so.)

Does 1t? Hard to be sure. None of the usual SUSY deformations works!
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Does circle deformation-the only available tool-say anything?




Index theorem and monopole operators

I = (49,2)), I = (6v),2)), Zinst = (109,4)) .

_:‘;rp — QO —10 -;: _2
€ iy ..r\ =

B A T e
Mi=e "% ° X M,

€

i L dh— kw3 - LA L .
Mo = e P ® Y’ X5, Mo =e e " Y’ ",

Compare with monopole operators in non-susy theorv. One major difference,
under U)_R:

y pos 2o

442 =2 442 6112 —31=2 642
N — e 5 YT, X" —e " SsYTX.
The invariance of monopole operator demands that the U(1)_R to intertwine
with the topological continuous shift symmetry of the dual photon.)

2 * 2
o — 0 — —q, Y] =—=
<) : 5
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An explicit mass term (such as magnetic bion) for dual photon is torbidden.




More systematically, let us start in 3d, work our way “up” to 4d.

i

similar symmetry arguments in Aharony, Intnligator, Hanany, Seiberg, Strassler 9~

\ i 0
U —1 1
9, 0

Y 2 —4

Erapg-rre u=Q*

WIY.ul = b Yu . Symmetry allows. Is it there?
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Microscopic origin of superpotential
and modified monopole operators

U lﬁ -{F'l'_l-- Y | _H““ 3
\ 1 0 J
L —1 1 _
Q () 1 |
¥ 2 —4 -\ = =
¥F g T u = Q* = ,I

Yukawa lifting
Slo SR i ll'\- I ( /f.’l;.’f 'j_'\‘ {) ) ""tf e 0 9T vu’_! =
e e = oW r L )b € i 2
i psckd] ~ ¥ Q. M, = ) 2 v . | F\9.q)~€ "€ '¢q 1+ Lj' (] Ppage asis2

(‘f"lllll"\m]'_\l I_\‘I'"lf'!.l"‘]’\  aTala }‘;f:fr‘f:l



No region in moduli space where both Y and u are both light.
Higgs branch: gauge multiplet is heavy, Coulomb branch: U

is heavy. How about the origin?

Micro/macro discrete parity anomalies mismatch. (hence, b=0)

luib—*

3(1)° +4(-1)*] =

re—

IQIHIQIH

{

l" r f —
R'R 9
1 €

C4LF
Z

kr'p = '1( }'*1(—) =

At the origin, need new degrees of freedom.
Most likely a CFT of strongly coupled quarks and gluons

on R3
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Chiral theory
on

= .
IaKawa iiting

__H.L B w7 '| __-1" _—_h_-l == — _2
Mo = e "€ TUONE — Mo = e "%ty g"

too many zero modes to contribute to the superpotential.

e

Was, gi[u]l = Was[u] =0 Moduli space on R~ X S
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Decompactification and SESY ?

In supersvmmetric theories, there is some lore (no theorem, though) about the absence of phase
transitions, based on holomorphy and the ensuing fact that singularities of the superpotential and
the holomorphic gauge coupling are of co-dimension two and therefore one can

aj'wa}'s x gn around” them. Seibcrg. \“:'it‘EEﬂ:tL;q Iﬂtﬂﬂgﬂtﬂr. SEibﬁfg:ﬂ.;

Currently, there i1s no known example of susv gauge theories with periodic spin
connections undergoing a phase transition as a functon of compactification radius.
Thus, we believe, we have strong evidence which indicates that the theory on
decompactification limit 1s as well a CFL

The theory at the origin of moduli space does not confine. Hence, W=u is quite

irrelevant and its addition does not alter the long distance dynamics. Hence, no mass
gap for gauge fluctuations, and no SUSY breaking in ISS model

Intriligator a-theorem:CFT and Vartanov, 2010:CFT
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Chiral SU(2) with J=3/2

Well-defined, gauge and global (Witten) anomaly free.

No framework to address its dynamics until recently.

Instantons: I(I) — e_siﬂﬁt ,wlO
| 3 2k :
Symmetr}r: ZIO : U — ¢ 10 L'

Shifman, M.U. o8 for new tcchnique_ﬂ appiicd to chiral quiver gauge theories,
Pwppltz. ML, rt:l;ltn'c[j.' ﬂimph‘:r Jpphmtu‘ms.
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Chiral SU(2) with J=3/2

relevant index theorem, Nve-Singer, oo
Poppitz, MU o8
ﬁrlonopole operators

| —So 2 4 —So —1o0_7 4
..-V[l — € ”E'{UL' . .'\/[1 = € ¢ IHL‘ .

| —So —t0 ;1.6 | —9¢ 10 ,.7.6
My =e "%e Y, Moy = e "% YP°,

Topological shift symmetry intertwines with chiral symmetry.

= )
L, - Yt — 'S Pt o — 0 —

L

i

L B

1

Mass gap magnetic quintet —
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IIIII

In the absence of fermion zero modes. the
constituents of the magnetic quintet interact
repulsively.

Mi]P[M]” = [BPS]*[KK]?

. . . “The magnetic quintet”

\ .,:{I:.: \w/ . w leading topological excitation
| \ /, that leads to confinement in
' . non-susy chiral theory.
(Testable on lattice)
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Conclusions and prospects

There are new ways to study non-perturbative aspects of 4d gauge theories by
using circle compactifications.

Large-N volume independence and its semi-classical avatar prmride many new
insights, both numeric and analytic. Usetul for both supersymmetric and
ordinary gauge theories.

Topological molecules, new mechanism of confinement and mass gap. Magnetic
bions are responsible for confinement at small circle for many gauge theories.
Can we extend it to large circle and = ? (Yes in Seiberg-Witten theory. Work in
progress, with Poppitz.)

Possible applications to finite-temperature QCD and RHIC-physics. New
insights to (QCD) phase transitions? (Poppitz, Argyres)

Possible application to EWSB problem and BSM physics.
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