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1. Introduction

Exactly rewriting lattice field theories in terms of new, so-called "dual variables" is a strategy
that has been developed and used in recent years to overcome complex action problems for lattice
field theories at finite density. The Boltzmann factor is decomposed into local factors which are
then expanded, such that subsequently the original degrees of freedom can be integrated out in
closed form. The partition function turns into a sum over configurations of the expansion indices
which constitute the dual variables. For several models it was found that this strategy leads to a
representation of the partition function with only real and positive weights, such that a Monte Carlo
simulation in terms of the dual variables solves the complex action problem.

However, mapping lattice field theories to a dual representation is interesting beyond a pos-
sible application for finite density simulations. The dual variables have to obey constraints which
give rise to an interesting geometrical interpretation of the dual variables: The gauge field degrees
of freedom are described by surfaces that can either be closed surfaces or are bounded by loops that
represent the matter fields (see, e.g., the reviews [1, 2, 3]). The structure of the constraints and thus
the geometrical structure of the dual degrees of freedom is of course determined by the symmetries
of the theory in the conventional representation. While for U(1) gauge fields the geometrical struc-
ture is simple and well understood (see, e.g., [4]), for non-abelian gauge theories no clear picture
has emerged yet (for different non-abelian dualization strategies see the references in [5]).

In this contribution we discuss a new approach for the dualization of non-abelian lattice gauge
theories, where the traces in the Wilson plaquette action are decomposed into color sums over
colored loops around plaquettes, so-called Abelian color cycles (ACC). The ACCs commute such
that the same dualization strategy as in the U(1) case can be applied. We present the ACC approach
for the gauge groups SU(2) and SU(3) and discuss the corresponding constraints.

2. ACC dualization for SU(2) lattice gauge theory

The Wilson action for SU(2) lattice gauge theory reads:

selv) = P Y Tr U Uiy Ul Ul s 2.1)
X U<V
where U, ;, € SU(2), living on the links of a 4-dimensional lattice, are the dynamical degrees of
freedom of the theory. We decompose the action into a sum over ACCs, by explicitly writing the
color sums for trace and the matrix products,

ﬁ - b r1b d d
SolU] = =5 Y Y UNUX, UL UST (2.2)
X,U<V a,b,c,d=1

The ACCs are the products Ux“fZL U ffr avU fjv* u Uff\’, * of the matrix elements of the four link elements
and are labelled by 4 color indices a,b,c and d. Since each color index has 2 possible values we
have 2* = 16 different ACCs, which are complex numbers and therefore commute with each other.

It is convenient to introduce a geometrical representation for the link elements as arrows on a
4-dimensional lattice with 2 layers representing the two possible values of the color indices. More

specifically, the element U;"L is represented by an arrow connecting the layer a at site x to the
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Figure 1: The 16 possible abelian color cycles attached to a given plaquette. In the dual represen-

tation their occupation is given by the corresponding cycle occupation number pﬁbﬁi € INy.

layer b at x+ fi. Complex conjugation corresponds to reversing the arrow. With this convention
the ACCs U;‘Z U)ﬁ’fr n, Vdej‘;‘ uUf‘f, * correspond to paths in color space closing around plaquettes. In
Fig. 1 we show all 16 cycles that are generated when varying the color labels a,b,c,d.

Using the ACCs we can now rewrite the partition sum as follows:

2
_ /D o—SalU] — /D AUt Ul U
X.U<Vabcd 1
2 had p,‘ abcd
o D Z (B/z i V Uab Ub(, Ud(, * Uad * Pxuv
abcd; XUE XA,V X+, u Y x,v
X/J<Vabcd lpabcd 0 px

abcd

11 ﬁ/{icd' ]H/deuH Uah) (Uah*) N _ 23)

X,U<Vab,c,d Pxu

)

{r}

In the first line we rewrite the exponential of the action, which is a sum over plaquettes and over
color indices, into a product over plaquettes and color indices, such that we obtain individual
expontentials for all ACCs. In the second step we expand each of these exponentials in a Taylor
series, introducing individual expansion coefficients pjff’lfﬁ € Ny for each ACC, which we refer
to as cycle occupation numbers. Finally, in the last line we reorganize the factors and introduce
the sum over all configurations of cycle occupation numbers, 3,y = L y<v Hib@d:l Z:;'_”ﬁ'vf:O‘
After reordering the factors of link elements it is convenient to introduce the exponents for U;ZZ

assb

b b b Fabed  _ b
and Ug[" as N{| = Yypuey px vt Xpusp pia,gpu and N;H = Lviu<v pis_?/’“v +Ypwsp Pipp »
where the label s stands for the independent summation of the color indices replaced by it, e.g.,

abss __ abed
px/.tv Ld lpxuv

In order to compute the remaining integrals over the gauge links in the last line of (2.3), we
choose an explicit parametrization of the SU(2) link variables

cos O,y e%n  sin@, , ePu
UX u -

, )60, €10,27), 0y, Beu €10,7/2]. 2.4
e, ) 0w 028, apu Rl @

The corresponding Haar measure reads dU, , = (2n*)~'d Or uSin Oy cos O, ydo dfcy. All
gauge integrals can now be computed in closed form and one finds for the partition sum,

Z = Y Wglp] Waulp] (—1)Ees’u H5 =I5 (5 = T2 (2.5)
{r}
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Figure 2: Lhs.: Graphical illustration of the contributions from the cycle occupation numbers to
the J-flux using the example of the J;i element. For a description of the plot see the text. Rhs.:
Geometrical illustration of the two constraints in Eq. (2.5) for the fluxes ijfil on all links (x, ). The
first constraint (top) requires the sum over all 1-1 fluxes to equal the sum over all 2-2 fluxes. The
second constraint (bottom) requires the sum over 1-2 fluxes to equal the sum over 2-1 fluxes.

where W [p] is the weight factor collecting the coefficients of the Taylor expansion (the term inside
the square brackets in (2.3)). Evaluating the gauge link integrals in (2.3) gives additional weight
factors Wy [p| from integrating the 6, ,,, which are related to beta-functions (see [5] for their explicit
form). Both, Wg [p] and Wy [p] are real and positive. However, note that the partition sum (2.5) also
contains the explicit sign factor (—I)ZW 7 which origins from the minus sign in the 2,1 matrix
element in the parametrization (2.4) of our SU(2) link variables. The two Kronecker deltas come
from the integration over the phases o, , and B, and give rise to two constraints on each link.
These constraints link together components of the currents J;‘_”L defined as

ab __ pajab ~ab abss ssba assb sabs
Jow = Ney =Nyy = Z [Py =P uv]— Z [PXpn =P pu] - (2.6)
ViU<v piU>p

The ijf;l sum over all cycle occupation numbers that contribute to the flux from color a on site x to

color b on site x+ f1. In lhs. plot of Fig. 2 we show four of the plaquettes attached to the link (x, 1)
and illustrate how they contribute to Jﬁi as an example. On the link (x, i) the flux from color 1
to 2 is kept fixed and represented with solid arrows. For every plaquette attached to the link this
flux gets contributions from four different cycle occupation numbers, which are summed over in
the definition (2.6), and illustrated with dotted lines. Thus ijfil is the total flux from color a on site
x to color b on site x+ fi.

With this interpretation of the Jﬁﬁl it is now clear how to interpret the constraints given by the
two Kronecker deltas in (2.5): For every link of the lattice, the fluxes on the two color layers have
to be equal, and the fluxes between the two layers have to match, as represented in the rhs. plot
of Fig. 2. Moreover, the constraints allow for a simple interpretation of the sign factor: Since by
the constraints the J)%L flux equals the J)}i flux, configurations that have an odd number of flux
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crossings contribute to the partition function with a negative sign.

In its dual form (2.5) the partition function is a sum over configurations of cycle occupation
numbers pﬁﬁf@’ € Ny attached to the plaquettes (x,u < V). At each link (x, ) the pf;blfﬁ have to
obey constraints which are expressed in terms of the two Kronecker deltas that relate components
of the fluxes Jfﬁl at each link. It is easy to see that a large class of admissible dual pure gauge
configurations are closed surfaces made of cycle occupation numbers such that at each link the
fluxes compensate to 0, or are such that nontrivial 1-2 fluxes cancel with 2-1 fluxes and 1-1 fluxes
with 2-2 fluxes. The latter possibility also allows for non-orientable surfaces that are absent in the
case of U(1) gauge fields. All these surface configurations have positive signs.

However, configurations with negative sign are not excluded completely by the constraints. We
were able [5] to construct such configurations by stacks of 4 occupied ACCs on a single plaquette,
i.e., these configurations appear at &'(3*). So far we did not find any other genuine configurations
with negative sign that could not be decomposed into factors with the negative sign 4-stacks among

them. This local nature of the negative sign contributions hints at a possible resummation.

3. The ACC construction for SU(3)

For SU(3), we follow the same procedure as in SU(2). Starting from the Wilson action:

SclU] = g Y, ReTrUeyu Uip v Ul Uty s (3.1)
xX,u<v

we explicitly write the trace and matrix multiplications as color sums,

Sol Z Z U UL U U U Uy Ut ] L G
x U<V ab,c,d=1

As in the SU(2) case we refer to the products of link matrix elements as ACCs. Note that for SU(3)
we explicitly have an ACC and its complex conjugate, while in SU(2) there is no such pairing due
to the pseudo-reality of SU(2). Again we write the Boltzmann factor ¢Sl a5 a product over
plaquette coordinates (x, it < v) and color indices (a,b,c,d) and for each combination of indices
obtain two Boltzmann factors for the ACC and its complex conjugate. Both are expanded, giving
rise to two sets of expansion indices njﬁf’ﬁ‘vl € INp and n,“c”ﬁ‘v’ € INg. After reorganizing the products
over link matrix elements we find the representation that corresponds to (2.3) in the SU(2) case,

ab< d + r—lubcd

Z= Z H H W] H/de Uab) (U;Z*>Nﬁi 7 (3.3)

{nj} [HH<Vab.cd "LV

where
abcd __ abss —ssba —assb sabs
Nx»# - Z nxuv+nx vuv"’ Z Ny pu - p.pu > (3.4)
Vi<V piu>p
~yabed —abss ssba assb —sabs
Ney' = Y alhn+ms o+ Y nln s - (3.5)
viu<v p:u>p
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For integrating out the SU(3) gauge links Uy ;; we choose the parametrization [6]:

cicre? 516/ c15p €
Uep = | sas3e 97195 —510h03 604927103 ¢ c3ei® —cysye 91105 g, 50 oi02-103+08
—spc3e 0100 g 0r5q N TI02H0s 0 0l0s oo ea T 01102 g oo g @ 10304 HIgs
(3.6)
where ¢; = cos 0, 5; = sin 6"}, with 61} € [0,7/2], and ¢; = ¢}, with ¢, € [0,27], and Haar
measure dU, , = (2m3)~ de, c?sl dOrca57 dBscsss dy ddn dos doy dos. In the following, it will
prove convenient to perform the change of variables:

abed —abed __ _abcd abcd

nxvﬂv B nx«,liv o px*,l‘lv ’ p_)C“U,V € Z’ (3'7)
abcd —abcd abced abced abcd

e uy +nx,/,tv - ‘px,uv‘ + 2lx,/.tv ) lx,/,tv € No, (3.8)

and to introduce the fluxes J;’f;i = N;‘_IZL - sz” and Sf;”’“ = Nﬁlﬁ +N;lil given explicitly by

I =Y 1 = = Y P =% oul s (3.9)
Viu<yv pU>p
b X ssb Ds:s ssb ssb sab. X sabs
SO = Y U+ 1508 |+ 280 + 8% o)1+ Y 11pEsal = 133 ol 4+ 20850 = 5% 5]
Vi<V piU>p

The geometrical interpretation of the J;‘i is the same as for SU(2), i.e., they represent the total flux
from color a on site x to color b on site x 4 fI, where now the color indices can be 1,2 or 3.

To obtain the final result for the partition sum we substitute the parametrization (3.6) and the
Haar measure in (3.3). An additional step is still required in order to be able to perform the Haar
measure integration, because some of the elements UJZ’ZL of the matrix (3.6) are not in the simple
form Uf,lf; = rfle e""’%, but are sums Uff"l = pf_’lileiqgﬂz + co;‘lzl ¢!P%i For the latter we make use of the
binomial theorem (x+y)" = ¥{_ (7)x*y"* and rewrite the integrand in (3.3) as

Nab N"b Nv?‘bu N;[L Nah Na sab sab _ qab
()™ (v = X 8 (o)) (o)™ (o)™ et o),
3 ) mf: 5 >
7#

mab

migh, =0 mh, =0 N TIx 1
(3.10)
This procedure introduces new sets of dual variables, mﬁf’u and ﬁfﬁﬁl. For the sums and differences
of these we use the shorthand notation ]fjb# = mfjb# — mjj”u, sfjb# = mfjb# +m§jﬁi

Inserting the matrix elements from (3.6) and performing the gauge field integration one finds
z=Y Y Wylp.l)Walp.Lomm] (—1)Za bt i TS (1, 403 — T —I33)
{p.1} {mm} H

X ST I =T =) S I =T — T8 S+ — I — T8 . (D)

The partition function is a sum over configurations of the cycle occupation numbers pgﬁfﬁ S/

and the dual variables lff;fg € N, mﬁf’ﬁ‘v’ and m)‘jﬁfﬁ . Each configuration comes with the real and
positive weight factors Wg[p, 1] and Wy([p,1,m,m] which collect the coefficients of the Taylor ex-
pansion and the combinatorial factors from the Haar measure integral. Again we find a sign factor

12 23 31 23 31 . .. . . .
(—1)Lewdentcuteu=ixu=ivu which comes from the explicit minus signs in (3.6). The pﬁﬁfz have
to obey constraints which are expressed in terms of the four Kronecker deltas in (3.11) that relate
components of the fluxes J;{Z at each link. The geometrical interpretation of the constraints is

illustrated in Fig. 3 using a straightforward generalization of the SU(2) graphical representation.
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Figure 3: Geometrical illustration of the constraints in Eq. (3.11) for the fluxes Jff; on all links
(x, ). The constraints in the top row imply that the flux out of a color has to equal the flux into
that color. The bottom row of constraints governs the exchange of flux between two colors. In the
absence of exchange all three colors must have the same flux. Note that the diagrams are over-
complete and only four of them are independent, corresponding to the four constraints in (3.11).

4. Concluding remarks

In this paper we have presented a new method for finding a dual representation for non-abelian
lattice gauge theories, based on strong coupling expansion. The key ingredient for the success of
the dualization is a decomposition of the gauge action in terms of abelian color cycles (ACC) which
are loops in color space around plaquettes. The ACCs are abelian in nature, i.e., they commute, and
the dualization proceeds as in the abelian case. The link integration can be performed explicitly
and all expansion coefficients are known in closed form — they are simple combinatorial factors.

For the case of SU(2), in [5] we presented an extension of the dualization with ACCs by
including staggered fermions. A remarkable fact is that in the leading terms of the coupled hop-
ping/strong coupling expansion the minus signs cancel such that in this limit also a dual simulation
is possible without the aforementioned resummation. The exploratory results presented here for
SU(3) aim at a first assessment of the structure of constraints to be expected for that group.

An interesting open question is whether the dualization strategy based on ACCs allows for a
full dualization in the sense that new gauge fields are introduced on the dual lattice such that the
constraints are automatically fulfilled. While for U(1) lattice field theory such a dualization is well
known (see, e.g., the review [7]), the non-abelian case is less understood. Maybe the ACC strategy,
which is patterned after the abelian approach, leads to progress towards such a full dualization.
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