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e Why bother?
Polyakov loop:
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0

1/T
thO(t,:f)} e SU(N,)

‘*

(trP(Z))p ~ e~ Fa/T

> o N S 8 %
‘ (P)=0 (P) # 0
é — .- 8"
space e » § * NN A ’_’
Disordered Ordered
EEE— * | ?uurngifjlmismﬁum

und Forschung

T —
H F H F 3 August 2021 | Lorenz von Smekal | p. 3



JUSTUS-LIEBIG-

CRC-TR2n Quark Free Energies T EES AT

e imaginary chemical potential:  u/T = i6
fugacity expansion

— Fourier series
ZN0) = Z(T,V,i0T) = Y €N’ Z,(T,V,N,)
Nq
grand canonical at imaginary y canonical ensembles

e in QCD, periodicity:
ZI((9 + 271'/3) = ZI(Q) period 217/3

Roberge & Weiss, NPB 275 (1986) 734

— only every 3 Fourier coefficient # 0:

Z.(T,V,N,) =0, for N, # 0 mod 3

e Polyakov loop paradox
Kratochvila & de Forcrand, PRD 73 (2006) 114512
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...we’ve just changed the temporal b.c.’s without changing the spatial ones!

e change b.c.’s to account for Gauss’ law

back up — pure SU(N) gauge theory: (d+1)-dim spacetime

]_ . = T~ —
e 2mwie-k/N
Z.(€) = T E e Zy (k)
kezd, _
’t Hooft’s electric flux ensembles 't Hooft’s twisted b.c.’s

(mirror charges) (no of center vortices mod N)

dual t
Ze(€) 1 T < > 1
— —{tr(Po(2)P! (% + EL >
Ze(O) N< r( Q(Ll?) Q($+€ )) no-flux
— —=
6 n
LvS, NPB (PS) 228 (2012) 179 L
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o effective Polyakov-loop theory (1 flavor Wilson)

Dot = / ( H dL; J(L;) Q(L )) T[T (1+2\ReL;L?)
(4,7)
leading order hopping expansion

static fermion determinat - site factors Fromm, Langelage, Lottini, Philipsen, JHEP 01 (2012) 042

Langelage, Neuman, Philipsen, JHEP 09 (2014) 131

Q(L) = (1+hL +h>L* +B3)* (1 + hL* + B2L + B*)”
where
h(,u) e(’“‘ m)/T Pietri, Feo, Seiler, Stamatescu, PRD 76 (2007) 114501
h(p) = h(—p)
e reduce to Potts model tabulated in
maintain leading moments of kT
reduced Haar measure Tm,n = dL J(L) L™"L

Uhimann, Meinel, Wipf, J. Phys. A 40 (2007) 4367
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e reduced Haar measure of SU(3)
describes Polyakov-loop distributions Smith, Dumitru, Pisarski, LvS, PRD 88 (2013) 054020
Endrodi, Gattringer, Schadler, PRD 89 (2014) 054509

of pure gauge theory very wellupto 7' < 7T

Im(L)
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replace group integrations )

LozeZy /dLJ(L)f(L)%%Zf(z) P
g =

reproduces T,,, with m+n <4

Im(L)

-1

-2

e check strong coupling limit
A— 0 -1 0 1 2 3

9 Re(L)
/dL J(L)Q(L) = 1+ 4hh + 4h® + 4h® + JOh>1h? -
+ 6h*h 4+ 6hR* + h® + RS + 20R3R3
+ 6h°h2 + 6h2R° + WRh R + 4hOR3 + 4h3RS

575 , 1676 9
+ 4h°h° + h°h —
—1+4R>+h% forh—0
only difference from 7>, =2 missing one of two h2h? o.k. in heavy-dense limit
m~pu>T

scalar mesonic tetra-quark states in 3® 3 3 ® 3
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e for QCD at strong coupling

with static fermion determinant

1
Loff = SN Z H (1 -+ 2)\Reziz;-‘)><
{zi€Z3} (i,5)

(H (14 hzi + B2z + h?)* (1 + hat + B2z + 53)2)

7

=N Z eXp{ Z2fyReziz;}><

{z:i€Z3} (1,3)

(I]:(14—hzi+-h2z§4—h?)2(14—sz4—ﬁ?zi4—53)2>

7
" 1o (1+2)
= —In
with 7 =3 1— A

e Roberge-Weiss symmetric
from global Z3 symmetry

Zeg(T, = 40T) = Z1(0) = Z!5(0 4+ 27 /3)
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¢ flux-tube model representation (dual)

Zea(T,pw) = Y exp{-B(H (n,z)—qui)} analogous to:

{n’l}phys
Patel, NPB 243 (1984) 411
here with: string tension Bernard, DeGr_and, DeTar, Gottlieb, Krasnitz,
/ Sugar, Toussain, PRD 49 (1994) 6051

= Condella & DeTar, PRD 61(2000) 074023
H(n,0) =) ollgpl+ ) mnis+is) ondella & DeTar (2000)

(4,5) 0,8

fluxes represented by link variables: l(i,j> < {—1, O, 1}

(anti-)quark occupation numbers: Ni.s © {0, Ceey 3} and ’ﬁi,s c {O, N 3} spin s ={1,|}
e Z3-Gauss’ law: _
3 Li; o — (n; s —nys) =0 mod 3
. . (,9) : ;
(Poisson equation) —!
VX! S

flux from volume net-quark number
around site i sz — qi mod 3 = qf modulo 3
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Prokof’ev & Svistunov, PRL 87 (2001) 160601
e simulate with worm algorithm Korzec & Vierhaus, 2011, CPC 182 (2011) 1477
example with light quarks / crossover Delgado, Evertz, Gattringer, CPC 183 (2012) 1920
Rindlisbacher, Akerlund, de Forcrand, NPB (2016) 542

o

14 ¢ V=3 E V=32
w Ok V=243 s V=243 =
g 5 V =16} —e— 3 V=16 —a—
Z 1.2 ¢ V=8 5 4 ® V= 8 o
—_— E D
B E < 2.8
2 : 3
.5 1 v amm T E = 06 |
R HE
Z 08 ] T
o E 1)
— £ [
£ 06 ¢ ] 5 22
s ¢
= E oo 2 b
S 04 - ] g
- : 18-
£ o02¢ E
g 0 | m=0050=03p=0 16 | m=0.050=03, =0 |]
OE"H‘HHmH‘H‘H\HHH‘HMHHH‘ 1.4:"‘H‘H‘\HH‘H‘m"H‘HH\HHH‘H\HHH‘H\HHHH‘M

4.5 5 5.5 6 6.5 7 7.5 4.5 5 5.5 6 6.5 7 7.5

e measure with fully-dynamic connectivity algorithm

Holm, Lichtenberg, Thorup, J. ACM 48 (2001) 723
Alexandru, Bergner, Schaich, Wenger, PRD 97 (2018) 114503
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e deconfinement crossover Patel, NPB 243 (1984) 411
percolation of Zz-fluxes EE7asaarsa
Le V=16 —a— -
E V == 243 —a—
' at least one V=32 —a
0.8 | winding cluster
0.6 —
0.4 —
i 29 0.2 f
e percolation?? ;
| m=20.050c=03, =0
4.5 5 5.9 6 6.5 7 7.5
i 8

FIRST ORDER

second order

1 1

1i . 5 8 ? 7 8 <— percolation: g =1

spatial dimensions d
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e heavy quarks
becomes 1st order

: | e yea 1.08
” 1 g S V = ]_63 —
E V= 8 - 1.07
% [ <
S i S 1.06
= 0.8 ] z
E E < 105
- £ ]
E 06¢L ] =
= g = 1.04
g 8
’E 04 F E E 1.03
E 2
& g 102
g 02F E ®
= m=1000, 0 = 0.3, p = 0 101 ¢ m=1000,0=0.3,,u=0|

0 t I 1 1 1 1 I I I 1 1 1
4.8 5 5.2 5.4 5.6 5.8 6 4.8 5 5.2 5.4 5.6 5.8 6
B 8

¢ ok, still Potts!

percolation with Zy-Gauss’ law = N-state Potts

Gauss’ law makes the difference
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e interfaces in flux-tube model | L
dual stacks of links E ***
d=1 d=2 d=3

e flux through interface

5= 2. luw
(uwyes: e
¢ add constraint to fix E._J : 2 2 Z Z :
qbg —e S(%;y)
0%
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¢ flux-tube model with interface

o= X ool -a(atm L)} (3 5 o) (3 35 )

{l,n} Z€Z3 2€73
flux constraint Gauss’ law
1 —e
SRR G TR 310 S 1 (ED SRR
zZEZ3 {l,'n,} zZEL3

e back to dual Potts model

Z ( H e_BUl(i,j)|> »%s (H Z,fk> with interface:
k

G L ines
=11 (1 +2)\Re (zWS(<iaj>)ziz;f)) ws((6,9)) = {1, (j i) € 5°

0, otherwise
(i,9)
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e Z3-Fourier transform of interfaces

1
Z5Bp) =5 >+ Z5(B.w)

Z
Z3-flux ensembles 2€23 Zs-interface ensembles

e generalize to combinations of interfaces

with total flux e interfaces
D e
- . : :
- - : :
.. 1 - - : :
NS N : :
7 - oL T = S :
V g V -T— V """ .—>—r>—|I
:VS/: A >
M A ot :
:‘_: . - : :
- o : :
- o ° : - -
<~ P
»le ole
o Lu/2 R with total flux e = 2
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e Potts model representation

total charge in sub-volume

V:igq=1 mod3 total charge in complement

V:qg=2 mod3

¢ compare. total flux: ¢35 =1 mod 3
L=6,0=03,T=01m=1
B saturation 36
" no flux ]
L SRS half fiIIing ......................... 18
g 0
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e compute quark numbers in sub-volumes:
net-quark number sl

2 — vV —— -

(n)

1k

I I I I I I
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
20 -

(n)

~10

—20

=30

I I I | I I I
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
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—0=0.3mq, p=0, T=0.101mg

total — with flux separate — with flux

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

0.4f J

0.0} M= op I 4. _.:

-0.2F ] -1

total — zero flux separate — zero flux

M [mQ]
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—0=0.3mg, = 0.5mq, T =0.101mq _

total — with flux separate — with flux
15F b 3k
10} é 2F ]
05F I I; 1} ]
DOF l-_-_-—_--———-l | SESESESEN—— | % OF L I.I |.
-05¢} . -1k
-1.0} _2t
-15 -3
total — zero flux separate — zero flux
15F : )
. 5
g
i IV | SUR— ;
: -3k
Hlmel
i —— | e
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_a=0.3mQ, M= Mg, T = O_lOlmQ L

total — with flux separate — with flux
af : Ik :
2F : 2k ]
1E ] 1k ]
OF . OF .
~1F p - p
— —
. -3F
total — zero flux separate — zero flux
t
7 3 3
] ] 2L ]
1 ] 3 ]

w1 mgl
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—0=0.3mq, g =1.5mq, T=0.101mq .

total — with flux separate — with flux
2f : 2} i
()i- ] 0f ]
-2} -2
if 4
-6 -6
total — zero flux separate — zero flux

] i 2t ]
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¢ define for quark in volume V:

AFy(B,V,u) = =T In (

Z5y' (B 1) )
Z57"(B: 1)

e still (1+1)-dim

Potts model representation,
flux-tube model parameters

(V=LI2)

L=64,0=03,m=1

p=0

2.0+

¢ independent of L!

no asymptotic string tension

1.0+

AF [mq]

0.5

0.0 . ! ! { ! ! ! { ! ! ! I ! ! ! I ! ! ! ]
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e still (1+1)-dim

AF,(B,V,p) = =T In (

AF [m]

Bundesministerium
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e heavy-dense limit of QCD

static fermion determinant — unchanged

¢ reintroduce plaquette action

with closed centre-vortex sheets

. multiply by z~!

multiply by z
B ety by =7 L

v
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Gattringer & Marchis, NPB 916 (2017) 627
Marchis & Gattringer, PRD 97 (2018) 034508

¢ dualization of Wilson quark determinant

introduce site and link variables
Serke yr ke, € {0,1}

e integrate original SU(3) link variables U complicated weights

, /
ZBp)= eXp(auZZ( e —ﬁ,ﬁ)) W (k, k)
{s,k,k} T w,w’
[ pivs TTTT (-52v2) “TIIL(%ess) " (57 )
r w w'
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Gattringer & Marchis, NPB 916 (2017) 627
Marchis & Gattringer, PRD 97 (2018) 034508

¢ dualization of Wilson quark determinant

introduce site and link variables
Serke yr ke, € {0,1}

e integrate original SU(3) link variables U

2B,m) = Y exp(apy (na(k) = 7a(F) ) W(k,E)

{s,k,k}

| piny 111 (<o) T (Fes) ™

w’' u

/ —
ww ww
ks N Ko, u

e constrain quark numbers in V

Z5v (B, 1) = Z [H5(Z nw)emod?))] exp(a,uz —nx> (k, k)

{s,k,k} eV

< [ DD I | .
(at all times t) / ¢ ¢
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e as before arrive at

1
ng(ﬁ,,u) - 3N: Z ] _Zt_e ZgV(ﬁalLLa {Z})

{z€Z5} 1
and show that Z5y (B, p,{z}) = /D[ ] e~ 56 (Udz}) o =Sk (9, Usp)
: : |
. only in gauge action
1% Vv v
I multiply by z u u u
c c : .
[ q] : %4 :
1y 1C 1 multiply by 27!
1C 1C
] c t
C Q _
CRRRRRRRRRNC 4 4
] C %2
c c

‘> 1
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e Electric fluxes in the pure gauge theory

from FT of ’t Hooft’s twisted b.c.’s

e Free energy of quark in Volume V

heavy-dense QCD « flux-tube model

e Deconfinement < Percolation (with Gauss law)

oder parameter for finite density

e Full QCD — dualization

closed center-vortex sheet in gauge action — fermion determinant unchanged
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e Transfer-matrix formulation

fermion determinant needs modification as well!

e Puzzle!

Equivalent? If not, which one is right?

e Time for large-scale simulations?

expensive — find efficient ways

e Entanglement entropy?

so far known only in pure gauge theory

Thank you for your attention!

HFHF
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