Quarks and Triality in a Finite Volume J

Milad Ghanbarpour

Institut fiir Theoretische Physik
Justus-Liebig-Universitat GieBen

August 9, 2022

JUSTUS-LIEBIG-
ﬁ NS HGS-HIRe for FAIR H F H F

G I ESSE N Helmholtz Graduate School for Hadron and lon Research
Helmholtz Forschungsakademie Hessen fiir FAIR

Based On:
MG, L. von Smekal, arXiv:2206.11697

Milad Ghanbarpour (ITP - JLU GieBen) Quarks and Triality in a Finite Volume August 9, 2022 1/18



Confinement/Deconfinement

m pure gauge theory:
m first-order transition (Zs-symmetry):
Polyakov loop (L) <= infinitely heavy charge
m 't Hooft string tension, static quark-anti-quark potential, etc.

Free Energy (Static Quarks) Free Energy (Dynamical Quarks)
m free energy difference
—1AF,
emT2 ~ (L) m naively:
m confinement/deconfinement: In—
/ AFy = ~Tn 2=
deconfined A=
< o9,
AF, — 00 eco.n ine
0, confined
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Naive Approach

m fugacity expansion:

Z(T,p=160T) = > N?Zy(T)

N
m canonical ensemble: ?
1 27 .
Zn(T) = / dge N0 Z(T,i0T)
27'[' 0
Problem

m Roberge-Weiss-Symmetry:

Z(G)—Z(H+2;>

m Zy=0forall N#0 mod3

v
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Goal /Objective

Construct ensemble Zn—1 2moq3 of fractional baryon number, e.g.

N=1 mod3=...,—-11,-8,-5,-2,1,4,7,10,...
Result m
m construction for subvolume u /3
V of lattice. vV

s Flux-Tube Model (easy) ( —3‘/ <3

= full QCD (difficult)

Here J

Wilson Plaquette Action + Wilson Fermions (one flavor)
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Solution for Full QCD

Full QCD (Naive)

b Hva

Path Integral (Naive)

7W = % > ! / DU ¢%Gavee det M

2€7Z3

ReTr (2Up)

ReTr (U
TrUP) =\ Ree (- 10p)
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Solution for Full QCD

Full QCD (Naive)

Hva

‘t Hooft's Electric-Flux Ensemble

Z(l) — % Z Z_l /DU eSéauge

2€73

ReTr (Up) — ReTr (=~ 'Up)
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Solution for Full QCD

Problem

[P17ﬁ]7é0

Solution

Modify H at surface of the subvolume:

H— I

o quark

O anti-quark

Requirements

A~

H' should be
m self-adjoint
® gauge-invariant
m derived from H (only modify at surface)
n []50,172,1?’] =0

v
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Solution for Full QCD

Modified Dynamics J

Path Integral

Ly—1

Z(l) 3L4 Z H 2

{z}

Z({z})

Z({z}) = /DU eSGauze({2}) Jot M

V.
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Flux-Tube Model

Effective Theory

Zogt (T, 12) 3N > ( 11 [1 +2)\Rezxz~]) HQ(Zf)

{zz} ~(@9)
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Flux-Tube Model

Flux-Tube Model!
m flux tube (electric fluxes): I;z 5 € {1,0,~1} (Iigz) = —l@zp)
m quark and anti-quarks: ngq,nz |, T4, g, € {0,1,2,3}
—_—— ——

quarks  anti—quarks

LA. Patel, Nucl. Phys. B 243 (1984) 411; C. Bernard et al., Phys. Rev. D 49 (1994) 6051; J. Condella and C. DeTar, Phys.
Rev. D 61 (2000) 074023
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Flux-Tube Model

Hamiltonian Local Gauss Law
7 = Z l<f7g‘> mod 3
GT
——
=¢ps=¢z
H({l,n}) Zaaﬂ 2|
) t s
+> mngs + iz 9z =nz— Mg
Z,s=1, o >0
]
y y

Flux-Tube Model

Zaux(T,p) = Yy e rHUnD+£ Zqué == ¢z mod 3)
{Ln}
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Ensemble with Fixed Quark Number

Z0 (T = .olay =1 mod 3)[[6(az = ¢ mod 3)
{tn} @

m fix net quark number in partial volume V', e.g. qv =1 mod 3:

qv=...,—11,-8,-5,—-2, 1,4,7,10,...
two additional anti-quarks one additional quark
v
v v

T

q=3k
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Flux-Tube Model

Ensemble with Fixed Quark Number

1)
Zf(lux Z e kZeff ) ¢s = 1mod3
s
) [
Twisted Ensemble HI B
2 e ey
= Z H (1 + 2)Re [e‘lTS(f@szz;] >
(=i} () Temmn ]
x [ [ Q(zz)
7
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Flux-Tube Model
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10

site

(b) w/m = 1/2 (baryonic)

Figure: {(¢;) for L = 20, oa/m = 0.3
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Transfer-Matrix Construction®

Hilbert Space
spin
f}U) ® ... g/q)%a<.|0>e?-l

gauge links site
quark/anti-quark

color

Gauge Transformation Transfer Operator

8(Q) 1) = [) T(f(U) @ [¥r))

= )€ Mo — [ U KUV W) o)

Partition Function

Z:tr(e%N —rh P)disiegizeZ:t (% T4po)

1C. Borgs and E. Seiler, Commun. Math. Phys. 91 (1983) 329-380; M. Liischer, Commun. Math. Phys. 54 (1977) 283-292,
F. Palumbo, Nucl. Phys. B 645 (2002) 309-320; V. K. Mitrjushkin, Nucl. Phys. B (Proc. Suppl.) 119 (2003) 326-328
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Transfer-Matrix Construction

Center Charge and Center Flux

Bt o [0) = 2°[0) T T
Qz [v) = 2[4

4
I
QQ
<
|
v

Flux-Tube States v v

qy = —¢g mod3
Hphys. = @ Higey

{ge} Projection Operator
qz + E eizg =0 mod 3 R .
T PQV (6) = P¢S<_€)
v
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Transfer-Matrix Construction

Asymmetric Transfer Operator | |
+1 ,4_/:—
K(U,U") = S(U,UNTa(U"Tp(U") ! ;
’ r——
. . dd
Modified Dynamics l
A %
R 1 e T+1— —
=2 Y 4T 1T 7
z2€7Z3
7 P / -
T HqV7e g qu,e /| /|

£

7 = 3%4 Z [H 2;6] tr (e;Npo H [QBE:ITD

{ZT€Z3} T
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Dualization

Dualization?

2= [ DD (k.0 exo

{on- ety - mtil

{k} v
x4+ [--0---0- -0---0-
! T
ww' ww’ ! !
[ ] kz,z+ﬂ kz+;1.z za+4 i,z I
0 quark
T - - - €Z,T - --0O- O anti-quark
Nz Nir
Restriction

Z(e):Z/D¢D¢...

{k}

X H 5(QV,T(k)

mod 3)

1C. Gattringer and C. Marchis, Nucl. Phys. B 916 (2017) 627-646; C. Marchis and C. Gattringer, Phys. Rev. D 97 (2018)

034508
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Conclusion

Main Result
Construction of ensembles with fractional baryon number in spatial
subvolume V. [arXiv:2206.11697]

v

Main Features
m Lattice QCD with Wilson fermions + Wilson plaquette action

m construction via dualization and transfer-matrix construction
m Fermion determinant is unchanged. Only plaquettes are twisted.

m Ensemble can be seen as a generalization of ‘t Hooft's electric flux
ensembles. )

Outlook
m Is the construction helpful for understanding
confinement/deconfinement with dynamical quarks?

m Understand percolation properties of flux tube states? Connection to
ensembles with fractional baryon number?
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