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Bosonic String Formation in QCD

OUTLINE

picture in space and time
main physical properties of the string

fixed end spectrum

Casimir energy

paradox ?

closed string spectrum (one unit winding)

- spectrum
- Casimir energy
- paradox ?
- closed string spectrum (one unit winding)
(left for discussion)
- exercise in quantum mechanics

What is this stuff?

AntiQuark

Casimir energy of ground state
1. On-lattice QCD string spectrum Excitation spectrum

Goldstone modes and collective variables
2. D=3 Z(2) gauge model Effective theory?
Microscopic variables (loop equation)?

duality Geometric interpretation?

String theorists interested in QCD string problem
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Bosonic String Formation in QCD

M assl ess Goldstone modes?

Local derivative expansion for their interactions?

M assive excitations?

Breathing modes in effective Lagrangian?

String properties ? Bosonic, NG, rigid, ...?

D=3 Z(2) Gauge Group

N=1 “massless excitation”
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120x120 spatial lattice R=8

48

bag-like dipole flip-flop
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Bosonic String Formation in QCD

28

48

[:1:]

&8

128

D=3 Z(2) Gauge Group
N=3 massless excitation
120x120 spatial lattice R=60

massless string-like oscillations

20

48 68 a8

28

48

68

88

28

48 68 80

1ea

120

Julius Kuti, UCSD (KITP QCD-Strings Conference 11/15/04)




Bosonic String Formation in QCD

a
28
48
SESESSSSS HHH i
[:1:]
1)
160
120
] 20 48 68 an 188 128
L]
D=3 Z(2) Gauge Group
28 N=1 “massive excitation”
120x120 spatial lattice R=8
- Bag-like breathing mode
60 it
88 WE :
188
128
[:] 20 48 (2] 88 1ea 120

Julius Kuti, UCSD (KITP QCD-Strings Conference 11/15/04)




Bosonic String Formation in QCD

28

a8

[:1:]

80 ES

a 20 48 68 a8

1ea

120

Julius Kuti, UCSD (KITP QCD-Strings Conference 11/15/04)




Bosonic String Formation in QCD

Z(2) Center Group
N=2 massive excitation

120x120 lattice R=60

massive string-like oscillations
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OUTLINE

picture in space and time
main physical properties of the string

fixed end spectrum

Casimir energy

paradox ?

closed string spectrum (one unit winding)

- spectrum
- Casimir energy
- paradox ?
- closed string spectrum (one unit winding)
(Ieft for discussion)
- exercise in quantum mechanics
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Bosonic String Formation in QCD

Three exact quantum numbers
characterize gluon excitations:

N~
angular momentum
projected along
quark-antiquark axis +—
A
+ -

g g (gerade) CP
. CP U (ungerade) CP

Sstates(A=0) 2

P states (A =1)

D states (A =2)

Gluon excitations are projected out with
generalized Wilson loop operators

the spatial straight line is replaced by
linear combinations of twisted paths

!

B R
J_LJE/JLL,
1, A
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Bag-like nearly spherical symmetry

OPE
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aj/a;=2"5 |

05+ I
2=0.976(21)

R~2fm-3fm

-
04 nllj . Onset of string ordering

short distance

degeneracies,

R/ag
03 1 1 L 1 1 1 1
0 2 4 6 8 10 12 14
0.9 T T T T T
aEr p25 Short distanceregion

ag~0.2 fm

0.8 | Gluon excitations R<0.5fm approximate spherical symmetry
Bag-like “non-string” picture

string ordering
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- singlet

Crossover transition region
difficult to interpret
model dependent
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SU(3)

V(r) = or + const
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LA | Evidence for string
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Loop equations
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Quark IOOPS " ADS string theory
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Massless Goldstone field <> collective string coordinate
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Higher dimensional ops
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Fine structure in
string formation

Nambu-Goto levels
in black

Fine structure R~2-3 fm

around R ~ 0.5 fm

1. Very few stable modes

2. Non string-like distortions
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Bosonic String Formation in QCD

« Why the precocious onset of Cy~17?

» Where does the central charge C=1 reside?

Answer to second question will determine whether early
onset of Cy;~1 isatruesigna of string formation,
or just an accident

smart enough
for string theory?

a

We turn to the D=1+1 lattice for learning how to do the sum:

2L 1 T
E_(L,a) = —-—+0(a
(L8] ma? 2a 24L o)
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end effects

2L 1
La)=—-———"
T 2a 24L
Casimir Vanishing correction
“String tension” < ina->0 limit

=

reg (

effective conformal charge
massless scalar lattice field

— 3 d’E(L,a
12+ Ceff(L) - _%L d(l_2 ) Dirichlet boundary

full spectrum

08 r
.................. upper half spectrum

0.6

0.4
lower half spectrum

02 r

0 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

But what to do about the killer end effects?
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Bosonic String Formation in QCD

String-soliton with unit winding
Fine structure again —» not end effect!
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N=3 String Level

A Ap=1Al
v Vv p=1B2 _
> D> p=1B1

0.5

<
=
I

o
)
I

String check list
M assless Goldstone modes

Local derivative expansion for their interactions
from fine structure in the spectrum

Massive excitations

Breathing modes in effective Lagrangian

String properties ? Bosonic, NG, rigid, ...
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Bosonic String Formation in QCD

OUTLINE

picture in space and time
main physical properties of the string

fixed end spectrum

Casimir energy

paradox ?

closed string spectrum (one unit winding)

- spectrum
- Casimir energy
- paradox ?
- closed string spectrum (one unit winding)
(left for discussion)
- exercise in quantum mechanics

Wilson Surface of 3d Z(2) Gauge Model

IE —%In(tanh B)

roughening transition
Kosterlitz-Thouless
universality class
critical region
continuum limit (QCD)
_ _ _ effective (p’ field theory
Semiclassical Loop Expansion

Soliton Quantization
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Bosonic String Formation in QCD

Wilson line of Z(2) gauge group becomes a

seam of flipped linksin dual (Ising) representation

Multispin coding of Ising bitsin Monte Carlo

Parallel * Parallel

Effective Schrodinger equation . 2 z
based on fluctuation matrix of string soliton M=-0°+U ((psoliton)

Order parameter profile from Mean Field R/a =100 T

-in long flux limit spectrum is
expected to factorize

- trandational zero mode of soliton

- Goldstone spectrum

@(z) [exp(iox)
—p :gn, n=123..
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Bosonic String Formation in QCD

Order parameter profile from Mean Field R/a =100
s good analytic/numerical

055 . handle on the Z(2) model
0.5
0.45 - . L.
o in addition to MC
03
0.25
0.2
0.15 80
01 & 0
0.05. . 50

Order parameter profile from MC simulation R/a =100

N=1“Bag” excitation from MC simulation R/a =10

a=0.04 fm
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N=8 string excitation from MC simulation R/a =100

0.15
0.1

0.05

0.15
0.1
0.05

-0.05
-0.1
-0.15

Analytic (soliton quantization and loop expansion)

0.06
0.04

0.02

-0.02

-0.04
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Bosonic String Formation in QCD

Most important step in deriving correction terms in effective action
of Goldstone modes in Z(2) D=3 gauge model:

massive scalar

! D@EGE 9,808

Goldstone p=— =—— — — ¢ Goldstone

H &

T
whengq=—nll M
0,80,&n R
nll RIM/mt

non-local terms

resonance = 10 Odt OdS} (X9, x)(T %11 X)z

FOUR LOWEST STRING LEVELS
Z(2)

first NG term

4 |-
x=JoR dimensionless scale variable

inchides next term b5 o
/"in NG prediction = U~ NG
universal EN i Xl 12x2 o X2
Expand energy gaps for large x
Eo) a(N b(N)
e

X

first term
in field theory

RAE/m

First correction to asymptotic spectrum
appears to be universal

Higher corrections code new physics
like string rigidity, etc.

Similar expansion for string-soliton
o2 o with unit winding

=0.45fm
Datafor R < 4 fermi prefers field theory
description which incorporates end
effects naturally

x /2
R

0 2 4 6 8 10 12 14 16
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Z(2) Casimir energy

1.2 T T T T T T T
Cq(R) effective conformal charge B:0.23
1.15 .
Z(2) d=3
1.1 G .
2-loop NG a~0.0675 fm
1.05 = : .
1-loop Zf2) .~ i, — 6=0.022798(2)
1 i . '
0.95 L . 1-loop NG
LW - Casimir paradox similar to QCD
09 .
Cu(R) = (24"R%/m)*(AE - o)
0.85 ; .
R=0.4fm
0.8 ! .
i Z(2) Casimir
075 F . i
v R/a
07 Ll 1 1 1 1 1 1 1
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M assless Goldstone modes

Local derivative expansion for their interactions

Massive excitations

Breathing modes in effective Lagrangian

String properties ? Bosonic, NG, rigid, ...?
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Conclusions:

Fine structure in QCD string spectrum
Progress on string-soliton spectrum

. Casimir energy paradox:

Is bulk behavior and related resonance
spectrum the clue?

Effective low-energy string theory?
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neither was
seen before
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