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What is Duality?
Look in Mathematics
For a precision



e Alexander duality
e Alvis—Curtis duality
e Araki duality

Beta-dual space
Coherent duality

De Groot dual

Dual abelian variety

Dual basis in a field extension
Dual bundle

Dual curve

Dual (category theory)
Dual graph

Dual group

Dual object

Dual pair

Dual polygon

Dual polyhedron

Dual problem

Dual representation

Dual g-Hahn polynomials
Dual g-Krawtchouk polynomials
Dual space

Dual topology

Dual wavelet

Duality (optimization)
Duality (order theory)
Duality of stereotype spaces
Duality (projective geometry)

Duality theory for distributive lattices

Dualizing complex
Dualizing sheaf
Eckmann—Hilton duality
Esakia duality
Fenchel's duality theorem
Haag duality

Hodge dual
Jonsson—Tarski duality
Lagrange duality
Langlands dual
Lefschetz duality

Local Tate duality
Opposite category
Poincaré duality

e Twisted Poincaré duality
Poitou—Tate duality
Pontryagin duality

S-duality (homotopy theol
Schur—Weyl duality

Serre duality
Spanier—Whitehead duali
Stone's duality
Tannaka—Krein duality
Verdier duality



Duality is Multifaceted
In Physics as well.

Particle/ Wave Duality- concept changing
Kramers- Wannier Duality- Narrative

and we will encounter more



QFT- Electron Positron scattering

> B R P,
(a) s-channel (b) t-channel

Add all such diagrams



BUT PION AND NUCLEON SAY - NOT FOR US

: R R~

> bR P,
(a) s-channel (b) t-channel

Either Or like particle/wave



NATURE CRIES OUT - WE WANT

(a(s) +1)---(a(s)+n) 1
n! a(t)—n

r(-a(s))r(-a(t))

Als,t) = r(—a(s)-a(t))

—B( a(s), a(t))—- >




Nature cries out - we want a dual model!

Find a framework
String Theory




What do we want?



25496 3187 36728 4591 37512 4689

37528 4691 413896 5237 42968 5371
46312 5789 46712 5839 47136 5892

47328 5916 51832 6479 53928 6741

54312 67389 54712 63839 56984 7123
58496 7312 59328 7416 59368 7411

63152 7894 65392 8174 65432 8179
67152 8394 67512 8439 71456 8932

71536 8942 71632 8954 73248 9156

73264 9158 74528 9316 74568 9321
74316 9352 75368 9421 76184 9523

76248 9531
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A Story /Narrative
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This brings Dualities

SHIRO MIFUNE
BRASIRA KUROSAW




Dualities in QFT

Z(N) Lattice Theories
with Global d=2, Local
symmetries in d=4

Z(T) = Z(c/T)

Narrative : order or disorder parameters serve a simpler
effective description



Oblique Confinement

Typical phase diagram. The number of oblique confinement phases depends on #, and the
Coulomb phases (y) are absent for small p.



Dualities in QFT

Electric- Magnetic Type Dualities
Add a 6 parameter and get
on the lattice with Z(N) and

N=4 SUSY d=4 an
SL(2,Z) symmetry/duality

on 0 +i/g



How to decide if
theories are really dual
to each other?



Mostly compared partition functions.
What is needed to establish DUALITY

1 point functions, 2 point functions, 3 point
functions

IN CFT, Other theories
Local operators, Non local operators, lines ...
boundary effects, change the world volume, the
geometry , the topology.
How does this effect the dualities.

In string theory sum over all genera



- The Magic of String Theory



T Duality

Large R or 1/R

Local Momentum Modes
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It is a gauge symmetry

Can the symmetry “break”?




5

(n4)”
n,— 1

<( @, + )ﬁ >cxact =

Eq. (4.11) now reads
Nis = N1 — 704 (4.15)

Two types of duality relations arise. One can simply interchange the two
parameters:

Nas = Mwss Thas — M- (4.16)

This i1s a perturbative duality, preserving the nature of the world-sheet theory
genus by genus up to a transformation of the type (2.16), which interchanges O |,
and O _. This transformation has a line of fixed points corresponding to n =17 .
The target space theory is of course also preserved up to a similar transformation.
Another duality transformation is suggested by (4.15)

- + — —
Mas > 1 = Mass Mas = Mwss

Mws = Mass s = 1= M (4.17)

or both.

TOPOLOGICAL THEORY WITH S, T DUALITY 2



U Duality SL(d,Z)xSL(2,2)

: (3,2) of SL(3,Z) x SL(2,7),
: 10 of SL(5,7Z),

5: 16 of SO(5,5;7),

2 27 of Eg6)(Z),

: 56 of E7(1y(7Z),

: 240(C 248) of Egsy(Z).
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Magic of String Theory

With extended objects
Surface of a Sphere=Torus in some topological models




Magic of String Theory

d d
;jll‘hﬂ DNESIAN
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With extended objects
1=3, 4=10



SU(2) dim=3, rank=1
dim G=rank G (k=1)







Magic of String Theory

commutativity [X,y]=0
With extended objects

Non
commutative
[s,t] #0




Magic of String Theory

Qlﬁf\! n““r’H!

a Y ag
—-\

With extended objects



Magic of String Theory

Singularities are a reflection of a breakdown of an
approximation.

Gravity has magic cloaks to hide its secrets

HORIZONS







= n)
\ Y1/






A role for
Non Local Operators?!




Dualities in String Theory

Geometry

Topology

Number of dimensions, small and large
(non-)Commutativity

Singularity structure

Associativity

ONE UNIFIED ARENA??
A DUALITY INVARIANT FORMULATION?
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CANT GET OUT OF MY MIND
THE WORLD SHEET AND TARGET SPACE AS ONE UNIT

chass(0'3 T) = chass('r, o), (56)

namely, the classical piece of the mapping from a Riemann surface 3,(7) to a target space T (o)
is equivalent to the mapping from a Riemann surface 3,(o) to a target space T24( 7).

The result (5.6) can be useful in proving the invariance of genus-g partition functions under
generalized target space duality. Notice that there is an 1somorphism between Sp(2g, Z) (the group
of modular transformations of the Riemann surface) generated by [235]



N=4 describes also a theory of a string m;oving in a
background a AdSs X S® And a black hole in AdSs X S°

The AdS/CFT Correspondence

[ Maldacena 97 |

D=4, N=4, SUSY Y.M. SU(N)

't Hooft coupling: A = Ng2,; 1/color number: Tt‘ theta angle: €y

N =4 SYM was conjectured to be dual to a string theory:

lIB Superstrings on AdSs x S°

oo BE G s K s -
tension: or = VA coupling: gs = 5 axion: (C') = bym




ADS/CFT

ALSO BACK TO QFT!
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IR DUALITY

System 1 System 11

QCD and a Chiral Lagrangian of Pions

49



IR FREE

3N, -I-

i Conformal
:( Two A.F Dual Descriptions

3N
2

%Méf IR Free, S=1I N=1 SUSY more structure
N —2J- )
‘- Emerging U(1) gauge symmetry
N+1 No Chiral

Symmetry Breaking in d

N. == Modified Moduli Space conformal Window

N.-1 -I-

No Vacuum

0 Confinement <AA> # ()

Discrete Vacua



(Np, Np)

/ / y =
/ / T

D6 NS5’ NS5

Figure 33: This is the dual configuration to that of a N=1 SUSY gauge the-
ory with No=3 and Np=5 (Fig. |39). The configuration shown has No=5-
3=2, Np=>5 and, in addition, NI% color singlet massless particles.
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LOTS AND LOTS OF DUALITIES - A WEB

11-D Supergravity

EB X EB Heterotic

QO(32) Heterotic

Type I

Many many more



Shortly Before arriving in Stockholm, Klein
received a letter from his good friend Pauli
which reads 1n part:

| ; . Iam not M the opinion that /{Irzcé}zg new laws c/ nature and indicating
) by

new divections c/ vesearch (s one cf-yaat qreat sttmgt%_f,
a/téougé you have a/ways aéue/apecf a cettain ambition in that divection. .. | 4

I ,ﬁ /{}za/ macé moee éeam_‘g}ﬂ/ !Aase c/ yout papers WAIE'A &a/ WI?A

; - app/zk’atzbm cf known theovies such as ﬁt exampé. v
! .
tée paper wd‘é W&étka aéaat fée new scat‘t‘ew}zg /{szu/a el

¢




From Nature to the
LHC, SUSY?
STRINGS?

MSUGRAICMSSM : 0 fep + 5 + E .. G=gmass | b
MSUGRA/CMSSM : 1 lep +js + E, ..., § =0 mass
Pheno model : 0 1ep + 'S + Er v Gmass (mi<2 TV, i) ATLAS
b Pheno model - 0 lep + 15 + E, . Tmass  mg<2Tov, loni) Preliminary
5 Gluino med.%" (G-»a@%) : 1lep+js+E; ... Gmass  (mii) <200 oV, m(i) « b lomiEh
@ GMSBSNLSP& 2IengS)+l's+E,,,” gmass {ni<1s)
2 SggM (Lb Né;; I's +E Le207 1", 8 TaV [1210.1314) 140Tad GmMass anss i)
inc YY + Gmass  (mi) > 50 Gev) 7
3 GGM (wino NLSP) -1 + lep + £/~ e ol Lot = (4.4 - 20.7) fb"
£ GGM (higgsino-binc NLSP) 1+b+Er 287, gmass  (mf)>206e% (3=7.8TeV
GGM (h NLSP):Z + +Ern mass xm»qamso\'l it
________________ Graving L - ondet £, e
< . Olep+3bjs+E RS Gmass (mf)<200Gev)
gg § g~-t1iq g%’§-lep +p(0-3bt§”'s + E: e | 107 w8 TV (AT A CONF2013-20m) W0GaV. Gmass (o i) 8TeV, all 2012 data
E °§ g—-u; :0lep + multif's + £, ] rgass (MG} <300 GoV)
............... Gotly :0lep+3bis +Eo ., = mass  (mf} <200 GoV)
%3 _555—~b7} Olep +2-bets + £, B D mass  (n) < 12 Gov)
25 bb, b -+’ §S-Iep +(0-3b-)j's *E,,m L2071, 3 TV [ATLAS-CONF-2013-307) = 400 bmass  (mix)-2m5)
-] g 'ﬁ'(igb'ﬁ] 1—'b‘2 1/2lep (+bjet) +E, tmass (=) <55Gev)
5 £ (medium), t-bi Tlep+b-et + £, |tw207m’ 2 eV (ATLAS-CONF-2013-237) 1804100ev ' Mass (MG} = © GeV, mE) = 150 GeV)
32 E ' {medium :—-bx 2lep+E,,,,, |t=ta0m’atev amas-conFa02167] NN ¢ mass (i) « 0 Gov.mil-m) « 10 Gov)
g = e T (heavy), T+t : 1 Iep +hejet + £, | 107 m’ s eV (ATUAS-CONF-20123437) 200610Ge¥. t mass (i) -:r.-
5 g ft (heavy), T-+t%" : 0 lep + 6(2b-)jets + E, ey | L7225 1 3 TeV (ATLAS-CONP-2013-224) 320460 GoV Tmass (m&)»
S 1t (natural GMSB) - Z(-») + b-jet + £ ey | VT ATV ATUAS CONF 20134251 W0GaV. 1mass  (mi)> 15000‘!
e TR TAZ 2o 1 lep + et + £ |t Ao SOOAI T, mass  (mi) = o) 190 el
TLI-R :2%ep +E, g | L7717 Tav 12082004 EssesEe 1mass {mé) = 09 :
=3 X.I (x.—-lv(lv) 2 Iep +E, e |7 T TV 1200208 | 10340Gev 7 mass (M) < 10 G, mj_.\}l-;:"fj_'l smlim
W g v |07 8 ToV (ATUAS-CONF-2013428) 180-330 GeV l| MAss  _ (m) < 10 GeW. i) « Y} ¢ o )
2 2 —-'[VII(%) E[l("J 3 lep +E L2070, 8 TaV [ATLAS-CONF-2013-436] G0GAV! F mass  (m) = mB.mG) = 0.mii0) as above)
- W5'Z% 3ep +E Cevny | LTIV 8TV ATLAS-CONF 20134351 GV % MAss  (mi)a (). M | O, septons decoupled)
E é Dlrecll palr prod. ('AMSQ) bng-lwedx % mass (1 <=fi) <10 24)
: Stable g, R-hadrons : low §, &y g mass
o GMSB, stable T : low Tmass (s<unf<2y
§ E GMS8, % ~»yG : non-peinting photons ¥ MAss  (04<s) <208
S A X, -qqu .RPY) e h;avy_d!spla_ced. vertex Gmass (1 mm <cr< s o deonusied)
pp-+V.+X, ¥, -»e+u resonance ¥V, Mass (4,010,400
LFV : pp-»¥ +X. ¥, —-e(u)«n resonance V.Mmass (4, «0.10.4, <005
~ Blllneat RPV C_:aMSSM 1lep+7js+Er., G=gmass (cr, <1mm)
& )«_v-‘ _.w?r 7, -reev, euv tdlep £ E | L0750 8 eV [ATLAS-CONF-2013-236] 760 GoV x mass (o, u:maav,;.h_,m
X - .l-mv oy, 3lep+1t+E,,m La20.7 15, 3§ TeV [ATLAS-CONF-2013-236] MWOGeV ¥ mass .n-x>~a:ow:
§-» qqa - 3-jet resonance pair G mass
.............. z .‘.’T‘.-ff-.’.t!ﬁ. 2SS-lep + (0-3b-)js + £ |iaanris’ sy (areas-conron-son) 880GeV| G mass (any mfi)
Scalar %h..mn 2-¢t resonance Bair | 1ets w7 v 120200291 ieessToal  sgluon mass -nu Vet from 1110.2630)
WIMP interaction (D5, monojet' + £ M gpale  m, <80 Gov imitcr< g7 GoviorDs) |
R 1 L | b oy 1 b | 1 1 L | L b 03 1Y | 1 ol B b ) L

ATLAS SUSY Searches* - 95% CL Lower Limits

Status: March 26, 2013

10" 1

*Only a selection of the available mass limits on new states or phenomena shown.
All limits quoted are observed minus 1o theoretical signal cross section uncertainty.

10
Mass scale [TeV]



Happy Birthday dear Formula

2L O™

Fifty years..for advice , we need it .



