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Thanks First Outline of the  Talk
e To the organizers of QCD-TNT workshops e The Taming of the Shrew
for Inviting me to Trento already for the third time. wherein the problem to be solved Is introduced that Ipc
e To Je Greensite simple but de es solution for years.
for collaboration on this and many other topics. * As You Like It (or As We Like I)
e To Hugo Reinhardt and Adam Szczepaniak et al. which Introduces some popular Ansatze and provjd

| | | some justi cation for one that we like most.
for cooperation on a part of the material that will be pre

sented in my talk e Measure for Measure

e To Pierre van Baal wherein it Is shown how one can meastimething” and

| learn from itsomething.
for the sentencBNVho thought so much can be said

about nothing.” In his lecture“The QCD vacuum’” ® The Comedy of Errors
at theLattice'97 conference, that inspired the subtitlg C which showcases some results, discusses pitholes,
this talk. compares the results to the Ansatze.

e To Willlam Shakespeare e All's Well That Ends Well (?)
for having written enough comedies for my subtitle @an wherein some optimistic and pessimistic conclusion$
section hames. formulated.
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El%y The Tamingofthe Shrew

Formulation of the Problem

e [n the Schrodinger representation, one would like to nd the vacuum wave functional (VWEF):
5 .

0 IU‘A(X); d), (X); S, (X); C, (X); B, (x); t, (X); AZ(X)
A=1234 1=123; a=12::::8; =0:123

e Adamn'dl cult, hopeless task:

— with six avours of quarks with three colours, each represented by a Dirac spinor of four components, and witr
four-vector gluons104 elds at each point in space and time (not taking gauge invariance into account).

e Some simpli cations:

—omit quarks;

— usetwo Instead othree colours;
— discretize space;

— (maybe) go tbower dimensions.
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Typeset using IATeX with baposter.cls QCD-TNT-IIl, ECT*, T rento , September 2-6, 2013 Presented by Stefan Olejn ik



El%y The Tamingofthe Shrew

Formulation of the Problem

e [n the Schrodinger representation, one would like to nd the vacuum wave functional (VWEF):
5 .

0 IU‘A(X); d), (X); S, (X); C, (X); B, (x); t, (X); AZ(X)
A=1234 1=123; a=12::::8; =0:123

e Adamn'dl cult, hopeless task:

— with six avours of quarks with three colours, each represented by a Dirac spinor of four components, and witr
four-vector gluons104 elds at each point in space and time (not taking gauge invariance into account).

® Some simpli cations: H oAl = Ey ofA] Schrédinger equation
— omit quarks; . A d o2 a 2)
— usetwo Instead othree colours; H = dX > Af;‘(x)z T ZFij(X)
— discretize space;
— (maybe) go ttower dimensions. @+t g abLAE [A]=0 ot Gauls'law

Ay
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El%_ﬁj The Tamingofthe Shrew

What We Know: Free-Fleld Limit

e [f we setg! 0O, SchE reduces to that of (3 copiesafc-
trodynamics and the solution is well-known:

—

2 7 !
=0 ap
W ZNenk i axaym o A
Xy

RN (O

e The ground state Is (must bgauge-invariant , e.q.

n. = -
+

o[A] = N exp dx d% F2(x) KGI D ?] F(y)

SN | o

a J. A. WheeleiliGeometrodynamics, Acad. Press, NY-London, 1962.
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El%_ﬁj The Tamingofthe Shrew

What We Know: Free-Feld Limit What We Know: Dimensional Reduction
e [f we setg! 0, SchE reduces to that of (3 copiesadc- e At long distances —magnetic disorder” :
trodynamics and the solution is well-known: { Z n i)
. 7 o 2 o[Al=Nexp 1 dBTr FXx)?
o[A] = N expg ;0% d F(x) = R (y)%
= xy e Dimensional reduction:
| o W(C) = hIr{U(Q)]i®>***= @ TuE)] ©
e The ground state is (must bghuge-invariant , e.g. (©) V)] N V)] =
no — -I-I- - D=2+1 _ (2) (2)
1L o - ™ AT U (C)] = o rUQ)]
_ 1 a a _
Al = Nexp 3 dxdly Fje) KGTD ] Fi(y) ATT[U(C)]i°=** ::: arealaw ) connement!

But this cannot be the whole truth: some unwanted cors
guences (e.g. Casimir scaling at all distance scales).

a J. P. GreensitéNucl. Phys. B 158 469 (1979).
a M. B. Halpern, Phys. Rev. 19,517 (1979).

a M. Kawamura, K. Maeda, M. Sakamoto, Prog. Theor. PI®/.939
(1997), arXiv:hep-t607176.

a J. A. WheeleiliGeometrodynamics, Acad. Press, NY-London, 1962.
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El%_ﬁj The Tamingofthe Shrew

What We Know: Free-Fleld Limit What We Know: Dimensional Reduction

e [f we setg! 0, SchE reduces to that of (3 copiesadc- e At long distances —magnetic disorder” :

trodynamics and the solution is well-known: { Z n i)
O Z . S o[Al=Nexp 1 d*Tr Fjx)?
g:
o[A] = N expg ;0% d F(x) P— Fﬁ(y)%
Xy e Dimensional reduction:
| - W(C) = HTr{U(Q)]i®%t = © TquEcy ©@
e The ground state is (must bghuge-invariant , e.g. (©) V)] N V)] =

Tr[U(C)iP=*t = ¥ muE)] ¢

dx d% F2(x) KGI D ?] F(y)

ATT[U(C)]i°=** ::: arealaw ) connement!

But this cannot be the whole truth: some unwanted cors
guences (e.g. Casimir scaling at all distance scales).

a J. P. GreensitéNucl. Phys. B 158 469 (1979).
a M. B. Halpern, Phys. Rev. 19,517 (1979).

4 J. A. WheeleiGeometrodynamics, Acad. Press, NY—London, 1962 | & M. Kawamura, K. Maeda, M. Sakamoto, Prog. Theor. PI#/§.939
(1997), arXiv:hep-tfp607176.
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lgﬁj AsYou Like It (or AsWelLike It)

Weak Coupling Expansion

e Just for illustration how complicated the problem Is (even s 2 dimensions):

a S. Krug, A. Pineda, arXiv:1301.6922 [hep-th]; PoS (Con nement X) 055 (2013); arXiv:1308.2663 [hep-th].
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E%jj AsYou Like It (or AsWelLike It)

The Proposal of Samuel

e Almost 20 years agdsamuel proposed a simple form, In-
terpolating between strong- and weak-coupling limits, and
estimated with its use th€@™ glueball mass to be abqut
1.5 GeV:

U Lah

o[/A] = N expH 3

SIS TIITTTITIDDING

e However, there may be a problem with this form: the adjoint
covariant laplacian needs to xularized.

a S. Samuel, Phys. Rev. Bb, 4189 (1997), arXiv:hep-@®604405.
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El%ﬁj AsYou Like It (or AsWelLike It)

The Proposal of Samuel The Eigenvalue Spectrumof D 2
e Almost 20 years agdSamuel proposed a simple form, in-{ e D “ has a positive de nite spectrum, nite with a latti¢e
terpolating between strong- and weak-coupling limits, € regularization, with the lowest eigenvalue tending to in nity

estimated with its use th@ ™ glueball mass to be abqu for typical con gurations in the continuum limit.
1.5 GeV:

all b values, L from 32to 72
0.06

data ~ ®
fit: 1.21/b7 % e
0.05 _
0.04 |°
.
> 0.03 )
: : : .02+ 0 T
e However, there may be a problem with this form: the adjol R S
: : T ® ...
covariant laplacian needs to myularized. 0.01 | O
O | | |
10 15 20 25 30
b

a S. Samuel, Phys. Rev. Bb, 4189 (1997), arXiv:hep-@®604405.
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l%gj AsYou Like It (or AsWelLike It)

The GO Proposal In D = 2+ 1 Dimensions
e \ith somewhat dierent motivation, we proposed a simpl{ e The analogous form of the VWF seenmmiay good ap-
form with a seemingly small, but crucial ce@rence from thdt proximation to the true ground state of the theory:
of Samuel. .
— analytic arguments,
U
7 2D — direct computation of some physical guantities in ensembles of t
o[A] = N exp %l d3x d3y I:ié} (X) : Fﬁ (y) MC con gurations and those distributed according to the square
D 2 4 M?2 = ¥ the GO VWF,
R
Y — consistency of measured probabilities of test con gurations with ¢
whereD ,JA] andD ? = D D are the covariant derivatiyje pectations based on the proposed VWF.
and covariant laplacian in the adjoint representation:
N 2 ab S h2 ab 3 ab U vb k A' a J. Greensite, SO, Phys. Rev. T¥, 065003 (2008), arXiv:0707.2860
- XY K (X) y;X+K K a(X ) y:X K
Xy - [hep-lat].
) h i i
— 1 a J. Greensite, SO, Phys. Rev. 1, 074504 (2010), arXiv:1002.1189
U abx) = 371 Uy (x) PUY(x) Y (2010)
Ihep-lat].
Dé — D 2 0 . . ~ i
a J. Greensite, H. Matevosyan, SO, M. Quandt, H. Reinhafd
o the lowest eigenvalue oD 2), andm a free mass param- A. P. Szczepaniak, Phys. Rev. &3, 114509 (2011), arXiv:1102.3941
eter. [hep-lat].
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lggj AsYou Like It (or AsWelLike It)

Zero -Mode, Strong -Fleld Limit

e Keep only the zero-mode of the A- eld, I.e. eldnstant In space, e The solution Is:

varying in time , and assum@ large (jgAj* m?). Denote:
Ro = 50—
Y2 — N2 2 2 2
= Al + AS + AB

S?= (A1 A+ (A A3+ (A3 Ay SINEE . N
h P B . 7S* 3v?Z 1
V2= K& (K, K3) To=0+0gV 75 —5 =0+0 ¥
The lagrangian and hamiltonian, in a nite volume V, are: A= (e Ay A= (aa5Ay) Az=(agpagAl)
7 2A 2 1 |
L = 1v§< @8 @A« QZSZ% VR, @V O( ) a ¥ 2 : “abelian valley”
2 ’ A gA V
H = — + SV S? e In the proposed VWF o = exp( Q) we have, In this limit:
o\ @& O 9 ab a3 b3 a3 b3’ )
Q 2gV(Ai Aj)? — — t — A Aj)
Natural choice 4=V expansion:
- FRi+V IRy +::: A A) (A A
0 ex2p[ VRo+ R +V IR, 3...] o; gV( . J)\(  Aj) WAZ O (1)
T vg t & R, ZSZ%—O
0 & O J - o gV(Ai  Aj)(A A))° gVva' o v 1
‘ ‘ ‘ Q207 Qs orm A orm

and the same result as above Is obtained In the leading order.
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El%ﬁj AsYou Like It (or AsWelLike It)

The Approach of Karabali , Kim & N air

e Matrix parametrization (d= 2):
() —
Aj = A; op T
= AMM ' oMM+ = AM( M)_1 oM( M) *

h |
A} Y= ( M)( M) 1+ Mo +AM ( M) 1

Introduce:

A S(A1+iA) @ j3(@+iI@ @ 3(@ i@
AlV= @ M)( M)+ [@+AM]( M)*
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l%gj AsYou Like It (or AsWelLike It)

The Approach of Karabali , Kim & N air

e Matrix parametrization (d= 2):

Introduce:
A S(AL+iAy) @ ;(@+i@) @ ;(@ i@
Al)= @ M)( M) +—f@4+AMIH—M-
A= (@M 1 ) MU) = M

det(M) Is a function ofz x+ 1y;
one can choos#et(M) = 1;M 2 SL(N; C):

H MYM Is gauge invariant, = [H]:

e Jakobian of the transformation leads to appearance of a WZW-Iliké term
INn the action.

e \Wavefunctional expressed In terms of still another variable:

F Tr T{@)H 1
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l%gj AsYou Like It (or AsWelLike It)

The Approach of Karabali , Kim & N air

e Matrix parametrization (d= 2): e |t is argued that the part bilinear in eld variables has the form:
V4 / ' b O
() — 1 | 1 1
Aj = A | ol A] expg > X dy BAX) Bb(Y)g%
29 r 2+ m?+m y
= AMM ' oMM+ 1= AM( M) oM( M) *
h |
() — _ 1 _ . 1
Aj = ( M)g( M) 2+ Mo+ AM (M) e \We will test also_the followingKKN Iinspired” form:
U
Introduce: 7 . "
A 1A+iA) @ l@+i@ @ i@ i@ o[Al =N expg z dx Py Fj() —— P (v)
+ mc+ m’/
AUV = @ M)( M) +—f@+AMHM) - 9y

A = (@A)M 1 ) |\/|( ) = M
e However, such a form haver been proposed by KKN In their papégrs

det(M) Is afunction ofz X+ 1y; it's just our own speculation.

one can choos#et(M) = 1;M 2 SL(N; C):
H MYM Is gauge invariant, = [H]:

e Jakobian of the transformation leads to appearance of a WZW-like te
INn the action.

e \Wavefunctional expressed In terms of still another variable:

a 1
JTr TH(@)H a D. Karabali, C. Kim, V. P. Nair, Phys. Lett. B34, 103 (1998), arXiv:hep-18804132.
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El%_ﬁj M easurefor M easure

The Relative Weight M ethod

e The square7d VWEF Is given by the path integral.
1 Y
(U9 = > IDU]  4#(Uo) [Ui(x;0)  U%x)]e Y
X;|
e Therelative weight method enables one to compute ratjos

[u™ = c[U™] for con gurgfions belonging to a nitg
setU = Ui(’)(x);j = 1,2;::.;M (close In con g'n space)

e Use MC simulations with the usual update algorithm (4.9.
HB) for all spacelike links at,t O and for timelike links.

e Update the spacelike links att 0 all at once selecting ompe
con guration from the setJ at random and acceptject It
via Metropolis. Then:

Ny

2[U)
o0 ~ T N
O[U |  Nwt!d m

N, (Npm) IS the number of times the n-th (m-th) con guration
IS accepted, and} Is the total number of updates.

Page 9a
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Elé_hj M easurefor M easure

The Relative Weight M ethod An Example
e The square7d VWEF Is given by the path integral: e [f the VWEF Is assumed to be of the form
1 Y 21Ul = N e RIUI
JUy== [DU] g(Uo)  [Ui0) Uxe IV Ul =Ne
X then the measured values ofog(N,=N) should fall on ¢

e Therelative weight method enables one to compute ratio{ ~ Straight line with unit slope as function of R R[U M.
cz)[U(”)]ﬁ CZ)[U(”‘)] for con gur%tions belonging to a nitg

Non-abelian constant conf'ns, b=2.3, 204 lattice

setU = Ui(j)(x);j = 1,2;:::;M (close In con g'n space) 6 _
ata =
e Use MC simulations with the usual update algorithm (d.c L 5F i§
HB) for all spacelike links at,t O and for timelike links. S
e Update the spacelike links att 0 all at once selecting one z
con guration from the setJ at random and acceptject it g 2 L
via Metropolis. Then: Tl
211 1 (0) T . , , .
—O[U | - lim Nn "0 1 2 3 4 5 6
(2)[U(m)] Niot!l Ny R

| ' - lOQ(N,=N1ot) VS. R, = n for U with = 0:14 = 3:21(5)_
Nn (N m) IS the number Of times the n-th (m-th) con gura’un g(tt)—NAC

IS accepted, and{ Is the total number of updates. , | |
a J. Greensite, J. lwasaki, Phys. LetRF3 207 (1989).
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E%jj M easurefor M easure

Non-Abellan Constant Configurations
J

Unac = UJ0)= 1 @) 1+ia™

) 1=4
a’= —n n=12:::::10
6L3

Abelian Plane -Wave Configurations

( r
. . 2 . .
Uaspw = U= 1 a’x) 1+iay(x) 3
. . )
Ug)(x) = Ug)(x) =1 ; n = (N1 Ny N3)
r

() _ nt n 2 | o

= COS —N X ; = 1:2; 10
A 3 1 J
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E%jj M easurefor M easure

Non-Abellan Constant Configurations
J

Fits for Non-Abellan Constant Configurations

Unac = UJ0)= 1 @) 1+ia™
l0g(N™=Nyq) = Rgn) = N
) 14
a’= —n n=12:::::10
6L°3

Abelian Plane -Wave Configurations Fits for Abelian Plane -Wave Configurations

( (j) | () oy 24 4 i a(0) 0g(Np ' Nior) = Ry = sCnt nj) 1 (0)
Uapw = UJ(X)= 1 &’ (X) 1+1a;(X) s .
) bk?(n) .. dim. reduction
() () | . % ck*(n)
U,'(x) = U (X) =1 ; n = (N1, Ny; N3) () = -pm ... GO proposal
- n n) + m
r— 2
(i) _ nt nl 2 _ A % 1@L¢ .. “KKN Inspired”
Ay = 3 oS ——N X ; J=1,2;:::;10 ~ k(n) + M2+ my

X
. 2 N
with k*(n)=2 1 COST' :

Page 100
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l%ﬁj The Comedy of Errors

Callibrating the Method : Non-Abelian Constant Configurations

e Not useful to distinguish between DR and GO wave-functionals:

x x 1=0 ab 2

a 2 2 b
B (x) D zg+m B'(Y) =S
Xy 11
X y
[ 1|6f1 Iatticé
—= 20" lattice
[ s b
10 | — AF
-
e 2
01 | | | | |
0 0.5 1 1.5 2 2.5 3

b

Memory refresher from the paper of Greensite and IwasakMariation of with , data from16* and 20" lattices.
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l%ﬁj The Comedy of Errors

Abelian Plane Waves: How ! (n) Is Extracted

h | |
e For eachn we choose a suitable pair of parameterand n;! (n) is theslope of  log(NW=Ny) vs.2( n+ nj).

e Two examples of results:

. 4 .
Abelian plane waves, b=2.4, 24" lattice, n=(0,1,0) Abelian plane waves, b=2.5, 30% lattice, n=(0,1,5)
4 | | | | | | 3 | | | | |
e d(??95 0.194 Y
........ -U). -+ _ : R | _ o
3.5 | ’] L bal 0.975+2.07 x T
2 3 . : ~ 26| _
Z e Z-H .
Z 2.5 1 - - - 24 ¢ . -
(@) e @)) .
2 27 . : 2 22¢ :
15 & 7 2 - ” |
1 | | | | | | 18 il l | | | |
10 12 14 16 18 20 0.5 0.6 0.7 0.8 0.9
x=0.5(a+d), a=17.5, g=2.5 xi=0.5(a+d), a=0.73, g=0.11
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l%ﬁj The Comedy of Errors

Abelilan Plane Waves: Linearity Check

e Eight data sets with dierent pairs of parameters, and n; the neighbouring sets share a common point, values are adju
So that the value In that point Is the same In both sets.

Abelian plane waves, b=2.3, 24% lattice, n=(0,2,3)

16 | | | | | | | |
14 | _
1o L j....__.--' _
/'.I\_' _gﬁ“
S 10 ¢ et -
Z ,,,,,
> 8 :
>
S 67 ﬂ..--""'r _
| T
4 r 3.__..-"'.EEETE -
2 - = -
O | | | | | | | |

O 1 2 3 4 5 0 / 8 S
xi=0.5(a+g), 8 data sets

The slope varies by about 1% only, between 1.523 and 1.539.
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J

The Comedyof Errors

Abelilan Plane Waves: DR and GO Fits

dim. reduction

GO proposal

Abelian Plane Waves: “KKN | nspired ” Fits

(n)=

ck*(n)

2(N) + M2+ m,

“KKN Inspired”

% bk2(n)
L (n) = § ck?(n)
- P T e

b=2.5, 30% |attice

b=2.5, 304 lattice

9 | I I 9 | I I [
— = data = data , 2112,
8 2.58 k*/(k°+0,76°)"% - 8 3.16 ko/((k2+0.448%)1240.448) :
7 | e O O77+1 97 k i 7 L 3 98 k /((k +O 00225 ) +O 946) |
6t : 6t -
5t - 5t :
= = =
4 r ) - 4 |
3+ ,,xé;:é’ - 3 r _,@,,;E"";;V B
BT g},’%,,
2 T . P - 2 L rg/,@“' _
1r EI:TT—EEE' ’:Ef;’ | ) 1 r =" L - —
O BT =1 -8 | | | | O - = il | | | |
0 0.5 1 1.5 2 0 0.5 1 1.5 2
K K

l vs. k, DR and GO ts.

I vs. Kk, “KKN Inspired” ts.
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l%gj All 'sWell That Ends Well (?)

Abelilan Plane Waves: Best Fit

e [mprovement witha single additional t parameter

ck“(n)
' (n) = p—————= 1+ |dk(n)| ::: aguess h=2.5. 307 lattice

k2(n) + me 7 " . ' '
—=—— (data
6L 1.13 k? (1+0.881 k)/(k°+0.32%)1/ P

e This would correspond in the continuum limit to
1 — 1l 5 B | i
yA TT "EE'
_ 1 d d a 21 b 4 r -
o[A] = Nexp 3 dxdlyF()KZID “F(y) .
3+ ,@"/' i
B

2 | | EE'E N
1 L | =5 = i

O ....... = - | | | |

0 0.5 1 1.5 2

k

I vs. k, best£ guessed) t.
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lggj All 'sWell That Ends Well (?)

Consistency of NAC and APW D ata

e For small-amplitude constant con gurations one can de

rve:
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e Are values of yac extracted from data for sets of non-abelic
constant con gurations consistent witlRCapyw =Mapw OD-
tained from data for abelian plane waves?
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Scaling behaviour @Pcapw =mapw ) f( ); the band showsyac ( ) f( ) = 0:0269(3)
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lgﬁj All 'sWell That Ends Well (?)

Scaling Behaviour of the Best-Fit Parameters

120

L4} 30 - =30 -
190 | 100 r
1 @ 80
, 08f @ g 50 .
&
0.6 -
40 r

04 r
0.2 t 20T
0 ' ' ' ' 0 ' ' ' '

2.2 2.3 2.4 2.5 2.2 2.3 2.4 2.5

b b
(?) B ()
¢ )!' "const., O mpn / m( )=f( ) ! " const.,, O

Page 1/

Typeset using IATeX with baposter.cls QCD-TNT-IIl, ECT*, T rento , September 2-6, 2013 Presented by Stefan Olejn ik



lgﬁj All 'sWell That Ends Well (?)

Scaling Behaviour of the Best-Fit Parameters
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%ﬁj All 'sWell That Ends Well (?)

Summary: Pluses Summary: Minuses

e There Is a method to measure (on a lattice) relative probgpljilie The method works reasonably well for con gurations rath
ties of various gauge- eld con gurations inthe YM vacuu close in con guration space.

e Both for NAC and for long-wavelength APW the measured e Neither the DR form, nor our proposal, nor the “KKN ip-

probabilities are consistent with the dimensional reductign spired” forms of the VWF describe data satisfactorily| f
form, and the coeclients for these sets agree. larger plane-wave momenta.

e The data are nicely described by a modi cation of our pro-e The con gurations tested so far, NAC and APW, are rathe

posal, and the correction term may vanish in the continyu atypical, not representatives of true vacuum elds.
limit.

e One would need a method of generating con gurations (d

a J. Greensite, SO, “Numerical study of the Yang—Mills vacuum wdveg-  tributed according to the proposed vacuum wave functione
functional In D = 3+ 1 dimensions,” in preparation.
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