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Motivation: Sign problem of QCD

@ Expectation value of observables:

— 7 [ Pla.u1 0,05 145
@ Use Monte-Carlo method.
Generate configurations with probability:

1 —
Eefsw,qw]

@ At finite density: e=5(*) is complex for 1 > 0

e 30 = |e=5W|e?®  —  sign problem
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Motivation: Sign problem of QCD

@ Way out:

@ Taylor expansion in terms of /T (not exact).
@ Complex Langevin (exact). [G. Aarts, FA. James]

@ Rewrite the partion sum using new variables: Dual representation (exact).

P. de Forcrand (2010) (review LQCD and sign problem)
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Motivation: Sign problem of QCD

@ Way out:

@ Taylor expansion in terms of /T (not exact).
@ Complex Langevin (exact). [G. Aarts, FA. James]

@ Rewrite the partion sum using new variables: Dual representation (exact).

@ Test new methods using full QCD is too complicated!!

@ Use “toy models”:
@ SU(3) spin model (last excited QCD) [v. D., C. Gattringer (2012)]
@ Relativistic Bose gas [C. Gattringer, T. Kloiber (2013)]
@ Z3 gauge-Higgs model [C. Gattringer, A. Schmidt (2012)]
@ U(1) gauge-Higgs model (this talk) [ .D., C. Gattringer, A. Schmidt (2013)

P. de Forcrand (2010) (review LQCD and sign problem)
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The U(1) Gauge-Higgs model

@ In the continuum
s = / Az {—p(@) B + iAy (2)][0 + i, (2)]6(2)
+ [m? — 12)|6(@)?} + iuN + / d2iF,F,
4
@ On the lattice

So = 5 Wy + Ui

x v<p
SH = K Z |¢$|2 - Z [67“6“4(%; Uw,u¢m+ﬁ + (3;1(5,,4¢: U;—197V¢z+17]
x x,v
¢ € C e
U:I:,D = eiAV € U(1)7 AV € [—7T,7T] a‘ UilX)
Uewp = UspUsro,Uzis,Us, U9
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Dual representation-1

Rewrite terms of partition sum:

@ A single nearest neighbor term:

1S,y i ,— 10y a\lz
> - . (e H )
€ HOvd T Us oy butn — Z 7'([]1’”)[,_”(QS;)ZJ_,,(QZ)I_’_&)]J_V
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Dual representation-1

Rewrite terms of partition sum:

@ A single nearest neighbor term:

1S,y i ,— 10y a\lz
> - . (c H ) »
€ HOvd T Us oy butn — Z 7'([]1’”)1,_”((25;)1‘1_,, (¢m+f/)l“/

lp!
law n

@ A single plaquette term:

Pa,vp
UpwUspio, pUsy 5, Ux 72 ﬁ *
66 s to.pYatp v, = | [Um,uUr+ﬁ,PUz+ﬁ,u
p(L‘,I/;r

[7—* Pz,vp
]
x,p

Px,vp
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Dual representation-1

Rewrite terms of partition sum:

@ A single nearest neighbor term:

1S,y i ,— 10y a\lz
> - . (c H ) »
€ HOvd T Us oy butn — Z 7'([]1’”)1,_”((25;)1‘1_,, (¢m+f/)l“/

@ A single plaquette term:

Px,vp

UnwUsin gU%0 s U* B .
HeresesVianiVis = 3 O U, U5 U2
Px,vp:

[7—* Pz,vp
x,p

Px,vp

Partition sum:

(87;16,,4)I,,.,/ﬁpw,,,p . i}
Z = Z H | /dUzde¢Id¢xF(Uﬂ¢7¢ 7Z:1‘,r/7px.up7’{)

{p,l} Lz,vp Zv'lﬂlf!pflf-,llp-

Y. Delgado (KFU) Worm algorithm Excited QCD 2013 5/19



Dual representation-2

@ Integrate out U(1) fields — new degrees of freedom:

@ Links: I, € Z

o Plaquettes: p,.,, € Z

@ New partion sum:

Z o > WIp.1] Cs[l] Crp. 1]
{p,i}

@ Wip, l]: positive weight factor (sign problem solved).
@ Cgll]: site constraint — matter loops.

@ Cr[p,1]: link constraint — gauge surfaces.
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Site constraint

@ Site constraint (matter loops):

4
CS [” :H 1) (Z[lx,y - lmﬁ,u])

v=
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Link constraint

@ Link constraint (gauge surfaces):
4
CL[ al] :H H d < Z [pm,up - px—,r},l/p] - Z [pac,py 7pr—pﬂ,pl/] + lm,u)
z v=1 pv<p pv>p
+
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MC simulation

@ We used two algorithms:

@ Local Metropolis update

o Worm algorithm

@ Advantages of the worm algorithm:

@ Most suitable algorithm (for constrained variables).
@ Local updates of the configurations.

@ Smaller autocorrelation time in critical regions.

N. Prokof’ev and B. Svistunov (2001),
Y. Deng, T. M. Garoni and A. D. Sokal (2007).
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Local Metropolis Update

@ Plaquette update:
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Elements of the WA

@ Take smallest unit of the local update:
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Updating scheme

© One link is inserted at a random position of the lattice L.

V3
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Updating scheme

© One link is inserted at a random position of the lattice L.

@ The worm may insert a new segment at L,,, healing the constraints at this
position and then move to one of other three links of the segment.
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Updating scheme

© One link is inserted at a random position of the lattice L.

@ The worm may insert a new segment at L,,, healing the constraints at this
position and then move to one of other three links of the segment.
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Updating scheme

© One link is inserted at a random position of the lattice L.

@ The worm may insert a new segment at L,,, healing the constraints at this
position and then move to one of other three links of the segment.
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Updating scheme

© One link is inserted at a random position of the lattice L.

© The worm may insert a new segment at L,,, healing the constraints at this
position and then move to one of other three links of the segment.

© The worm ends modifying the link occupation number at L,,.
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WA vs. LMA

Verify correctness of WA (1 = 0 case).
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WA vs. LMA: k = 5.8 = 0.65,V = 8%

Close to the 1st order transition
@ (U) function of plaquettes.
@ (|¢[?) function of links.

T,int ;
i cubes: 25%
1000 E
100 ¢ _
10 4
L <U> 2 <U> 2
LMA [ TV SWA 1O swa
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WA VS. LMA: k=8, =1.1,V =8

Configurations dominated by closed surfaces (links are expensive).
@ (U) function of plaquettes.
@ (|¢[?) function of links.

T,int i
[ cubes: 99%
1000 E
100 _
10 E
1 <U> 2 <U> 2
LMA [0 LMA SWA [0] SWA
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Scalar electrodynamics with two flavors

@ Conventional action on the lattice:

Se¢ = —5ZZRerqu+MVUw+VMU*

x pu<v

Sy = Y |r' ey +k7 |¢i|2]

_ Z Z( path (bl*U 7M¢m+A+e—6H4/L ¢1* Ur_ Mu(ﬁiﬁ)]

z L op
Z Z wap? 2% Tk —8pap® 2% ~ 2
- ( G Us Oy + € O Unp &7
z L p

@ Dual form of the partition sum:

> oW ) e ) Cs (1)
{p,1*,12}
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An admissible configuration

time

iispace

Chemical potential favors flux forward in time.
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Phase diagram at i = 0, ! = ?
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Summary

@ Considerable progress was made towards rewriting several systems in
the dual representation, where the sign problem is solved.

@ We have proposed an extension of the worm algorithm to simulate
abelian gauge theories.

@ Outlook:
@ Implement the worm algorithm for the 2 flavor case.

@ Phase diagram at finite density.

o Dual representation of non-abelian theories??
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@ We have proposed an extension of the worm algorithm to simulate
abelian gauge theories.

@ Outlook:
@ Implement the worm algorithm for the 2 flavor case.

@ Phase diagram at finite density.

o Dual representation of non-abelian theories??

Thank you for your attention!
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