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% Discovery of non-Abelian strings in

supersymmetric Yang-Mills and applications

% % Beyond supersymmetry
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= The Meissner effect: 1930s, 1960s
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"...[monopoles] turn to develop a non-zero vacuum expectation
value. Since they carry color-magnetic charges, the vacuum will
behave like a superconductor for color-magnetic charges. What
does that mean? Remember that in ordinary electric
superconductors, magnetic charges are connected by magnetic
vortex lines .. We now have the opposite: it is the color charges
that are connected by color-electric flux tubes."

G. 't Hooft (1976)
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N=2 = add the second gluino + add a scalar

gluon @°(a complex scalar field in the adjoint)

V((Pa) - |Eabc (Pb (PC|2

In the vacuum 3 # O while '= =0 =
SU(2)gauge —U(1) =

Georgi-Glashow model

= 't Hooft-Polyakov monopoles

If |@3|»A, then monopoles are very heavy!
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© First demonstration of the dual Meissner
effect: Seiberg & Witten, 1994 ©

® gluons+complex scalar superpartner
® two gluinos

® Georgi-Glashow model built in

! —» analytic continuation
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© First demonstration of the dual Meissner
effect: Seiberg & Witten, 1994 ©

® gluons+complex scalar superpartner
® two gluinos

® Georgi-Glashow model built in

SU(2) —U(1), monopoles =2

Monopoles become light if |(@3|= /A => At two points, massless!

N=1 deform. forces M condensatition =>

U(1) broken, electric flux tube formed =2

® ® Dynamical Abelization ... dual Abrikosov string

! —» analytic continuation
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- Non-Abelian Strings,
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"Non-Abelian” string is formed if all non-
Abelian degrees of freedom participate in
dynamics at the scale of string formation

Ve

2003: Hanany, Tong
Auzzi et al.

Yung + M.S.

classically gapless excitation

SU(2)/U(1) = CP(1)~0O(3) sigma model

M. Shifman 9

Wednesday, December 5, 12



Prototype model

1 1
d*z { o + —— (F,)* + =|D,a*?
/ 495 M) 491(M) 9%‘ 5

2

4+ Tr (vuq))T (V“CI)) + 92_2 [Tr (@TTCL(I)H 4 % [TI‘ ((I)T(I)) = N€]2

1 . 2 10 S ¢''o"
+ §Tr a™l’ <I>+<I>\@M‘ +327T2FWFM}7 cp:(21 22)

Basic idea:

® Color-flavor locking in the bulk — Global symmetry G;

(Dz.\/ E X I ® G is broken down to H on the given string;
— G/ H coset; 6/H sigma model on the world sheet.
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Prototype model

1 1
d*z { o + —— (F,)* + =|D,a*?
/ 495 M) 491(M) 9%‘ 5

2 2

+ Tr (V) (VF) + %2 Tr (chTacb)} + g LTr (270) - Nfr

16
32 2

1 2 -
| 5T T @ + & V2M| 1+ F;,,FW},

U(2) gauge group, 2 flavors of (scalar) quarks
SU(2) Gluons A% + U(1) photon + gluinos+ photino

Basic idea:

® Color-flavor locking in the bulk — Global symmetry G;

cb=:\/ E X T ® G is broken down to H on the given string;
e G/H coset; G/H sigma model on the world sheet.
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% ANO strings are there because of U(1)!
% New strings:

m(U(1)xSU(2)) nontrivial due to Z, center of SU(2)

wo veex(3)

T=41g
104 0

Non-Abelian \/E ( eO 1)

X ¢+ string center in perp. plane % TU(l)'l—-T3SU(2)
T=21¢&

SU(2)/U(1) +orientational moduli; O(3) o model
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% ANO strings are there because of U(1)!

% New strings:
T1(SU(2)XU(1)) = Z2: rotate by 1 around 3-d axis in SU(2)

— -1; another -1 rotate by m in U(1)
m(U(1)xSU(2)) nontrivial due to Z, center of SU(2)

wo veex(3)

T=41g
104 0

Non-Abelian \/E ( eO 1>

X(Q ¢ string center in perp. plane % TU(l)i'T3SU(2)
T=21¢&

SU(2)/U(1) +orientational moduli; O(3) o model
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S2 Global SU(2) is gone!
U(1) remains intact

Worldsheet theory

A e
\Two vacua= 2 degenerate strings
CP(1) model with T4 9
twisted mass § — /dzx{ i ay(])a ¢ _(Am) (I)(l) - fermions
g&  (1+99)
M. Shifman 12
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A0 A

Z, string junction = Kink Yung + M.S.

Hanany, Tong

— >3
— p’

Evolution in dimensionless parameter m?/€
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§=0 E 20

1/2
Am #0 [Aml> E l
B _J —1/2
A ml g
The 't Hooft—Polyakov Almost free monopole T
monopole
—]
CP( 1 )
ACP(]) <|Aml<E”
—1/2
Confined monopole, Confinediii i

quasiclassical regime highly quantum regime
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* Kinks are confined in 4D (attached to strings).
% % Kinks are confined in 2D:

Kink = Confined Monopole

4D < 2D Correspondence

w  World-sheet theory < strongly coupled bulk

theory inside

2 pﬁ?!\

l/ﬁ’k\ 1
(! J' Dewar flask

A
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1) Confined monopoles in dense QCD
Color Superconductivity (CSC)

» QCD at highdensity — Fermi surface, weak-coupling

» Attractive channel — Cooper instability

[3]c*[3]c = [6]s * [3]a >§M<
(Ta>ij(7'a)kl = %(Ts)ik(ﬁg)lj — %(TA>ik(7—A)lj q q

Dirac sea

Neutron stars?
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2 Ginsburg—Landau effective descriptio

At large 1 QCD 1s in the@phasc. Diquark condensate
3 colors and 3 flavors

. . =iAa =jB
O* ~ eiik caBo (df;A PP+ Py )

At T'— T, gap fluctuations become 1important.

Chiral fluctuations (7-mesons) are considered less important
S = /(14.1‘ {49 (Fa ) + 3Ty (DO(I))T (DO(I))

+ Tr(D:i®)' (D:d) + V()]

with the potential

V(®) = —m2Tr ((I)Tq)) + A ([Tr (@T@)]Q + TIr [(cbfcb)a])
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Gie = vdiag{1,1,1}
where
2:@ _ 47 TC—TNQ
8A 3 T.
The symmetry breaking pattern

(%

SU(3)e x SU(3)p x U(1)p = SU3) oy p

0 symmetries are broken.
8 are eaten by Higgs mechanism.
One Goldstone boson associated with broken U(1)p.

Broken—SU(2)xU(1) " CP(2) model on t
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Low-energy excitations (gapless modes)

Eexci-l-<< my~ er]

Perpendicular plane

OO AHg. = (T/2)(azxperp azxperp) + h.d. "= time derivatives can be rel. or

non-rela’/ Nambu-Goto — String Theory

Kelvin modes or Kelvons
2 NG gapless modes in relat. Estr = TL + C/L

1 NG gapless mode in non-rel. \ Counts # of gapless modes !

M. Shifman 18
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*He-B example?

‘He atoms / O ~~0 / Spin 1/2
Op /
P-wave paring

L=1, S=1 "> Cooper pair order parameter e, < 3X3 mafrix

Spin-orbit small, symmetry of His G = U(1), x SOs(3) x SOL(3)

In the ground state U,(1) x SOg(3) x SOL(3) — Hp = SO(3)s+L

Hence, contrived NG modes in the bulk!
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Amending Abrikosov to non-Abelian

O AHgL = Dkd™Dkd + A(PTP-n?)? " time derivatives can be rel. or non-relat.

OO AHna = okn' okn' + (-u2+cl>*c|>)n‘n‘ +B(n‘n‘)2 + time derivatives

with N%>H?

Y

% In ground state ¢'Pgyrst= N?, hence the mass term of n' = n?-p? >0
and O(3) is unbroken

*% Inside Abrikosov ¢dgrst= 0 hence the mass term of n' = -p? <0
and O(3) is broken down to O(2), while nin' = p2/2p

* *¥¥* Classically O(3) sigma model on vortex, 2 gapless
intferacting modes
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Conclisions

% Non-Abelian strings in N=1 SUSY —

heterotic CP(n-1) models on string; poorly
explored.

% % Unexpected applications in condensed

matter (not explored).
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