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We study the SU(2) gauge-Higgs model in two Euclidean dimensions using the tensor renormalization
group (TRG) approach. We derive a tensor formulation for this model in the unitary gauge and compare the
expectation values of different observables between TRG and Monte Carlo simulations finding excellent
agreement between the two methods. In practice we find the TRG method to be far superior to Monte Carlo
simulation for calculations of the Polyakov loop correlation function which is used to extract the static

quark potential.
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I. INTRODUCTION

It is usually very difficult to extract the emergent, long
distance properties of quantum field theories or many-body
systems from the underlying partition function. A powerful
approach pioneered by Wilson known as the real-space
renormalization group attempts to replace the elementary
degrees of freedom by new averaged—or block—variables at
larger scales. In order to maintain the correct long distance
behavior under one such blocking requires a change in the
effective coupling constants of the theory. If this procedure
is applied recursively one generates a description of the
theory at longer and longer length scales accompanied by a
corresponding flow in the effective couplings.

In the original scheme due to Wilson and Kadanoff, this
coarse graining procedure was carried out on the original
fields and their corresponding Hamiltonian or action.
However, in recent years it has been appreciated that it is
sometimes more efficient to carry out this operation on
alternative representations of the partition function called
tensor networks. Algorithms that attempt to compute the
partition function (or low lying states in a Hamiltonian
formulation) by a recursive blocking of these tensors are
called tensor renormalization group (TRG) methods. In the
last decade there have been many such proposals [1-4]
and intriguing connections have been drawn between
tensor networks such as MERA (multiscale entanglement
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renormalization ansatz) [5] which was designed to capture
the behavior of critical systems and the AdS/CFT corre-
spondence [6,7]. Tensor networks have also been used to
study gauge theories and their real-time dynamics [8—12].
The implication of gauge symmetry in one such tensor
network—the matrix product state (MPS)—applied to the
Schwinger model was discussed and used to calculate the
confining potential in Refs. [13,14]. In addition, the mass
gap of a continuum theory was computed in the Hamiltonian
formulation for several models—the Schwinger model in
Refs. [13,15] and the SU(2) model in 1 + 1 dimensions in
Ref. [16]. General gauge invariant formulations of tensor
networks in two dimensions have been introduced in
Refs. [17,18]. The Hamiltonian formulation and its con-
nection to a possible quantum simulation, has also been
discussed for some models, including fermionic matter
coupled to a SU(2) gauge field [19,20].

In this paper, we will derive an explicit tensor network
representation of a two-dimensional non-Abelian gauge
theory coupled to matter and show how a particular TRG
method—the higher-order tensor renormalization group
(HOTRG) algorithm [3]—can be used to efficiently cal-
culate the free energy and other observables in the theory. We
will compare these results with conventional Monte Carlo
(MC) calculations to test the validity of our tensor renorm-
alization group procedure. A similar study was carried out
for the Abelian version of this model in Refs. [21,22],
along with a study of the Schwinger model in Ref. [23].
Reformulations of models using similar discrete variables
offer an alternative starting point for other sampling methods
such as worm algorithms, e.g., Refs. [24,25].

Our results indicate that the tensor methods are typically
much more efficient than the Monte Carlo method for
the computation of observables in such theories. As an

Published by the American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.99.114507&domain=pdf&date_stamp=2019-06-24
https://doi.org/10.1103/PhysRevD.99.114507
https://doi.org/10.1103/PhysRevD.99.114507
https://doi.org/10.1103/PhysRevD.99.114507
https://doi.org/10.1103/PhysRevD.99.114507
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

BAZAVOV, CATTERALL, JHA, and UNMUTH-YOCKEY

PHYS. REV. D 99, 114507 (2019)

example, for the lattices in this paper, volumes were
typically ~O(100%) lattice sites. For a single data point
found in the figures in this paper the computational time
was O(1) second using the HOTRG, indicating entire data
sets containing hundreds of data point were generated in a
matter of minutes. This is in contrast to Monte Carlo
simulations where calculations of a single data point on
lattice volumes containing ~100> lattice sites can take
~QO(1000) seconds. The computational time being quoted
here is from a modern laptop. Furthermore, tensor networks
are also promising for studying theories with a sign
problem, where the Monte Carlo methods cannot be
applied.

The paper is organized as follows: In Sec. II, we
introduce the model studied in this paper and define
notations. In Sec. III, we outline the tensor formulation
for the model. In Sec. IV we review some analytic limits of
the model and use this to check the formulation and
numerical results. In Sec. V, we compute several observ-
ables and compare them to the our Monte Carlo results.
Finally, in Sec. VI we give concluding remarks and discuss
future directions for this work.

II. THE MODEL

We consider the non-Abelian gauge-Higgs model with
the group SU(2) in two Euclidean dimensions. This model
was studied in Ref. [26] using Monte Carlo methods and in
Ref. [27] with scalar matter in the adjoint representation.
In the continuum the action contains both a Yang-Mills and
a scalar kinetic term. For the pure Yang-Mills term we have,

S, = —'g/dszr(FWF””) (1)

with F,, the field strength tensor in the fundamental

representation and = 1/¢* the inverse coupling. For
the scalar Kinetic term we have,

S = g / &x(D,®)" - (D,®) (2)

with D, =9, + A, the covariant derivative and ® a
complex doublet scalar field. The scalar potential for this
field is given by

W(®) = / Px(DF + A(D — 12). 3)

The different terms in the continuum action map
straightforwardly to their lattice analogs. Here we work
on a lattice with dimensions Ny x N, = V, with N, N the
number of lattice sites in the spatial and temporal direc-
tions, respectively. For the pure Yang-Mills term we use the
standard Wilson action,

s .
Sy = _EZTT[Ux,lUHi.z UiJrQ.lU;.z] (4)

where one takes a product of the gauge fields associated
with the links around an elementary square (plaquette) for
each square of the lattice. Each link variable is defined as
U,, = ¢ with a the lattice spacing, A, , = —igAL T
the vector potential with the SU(2) generators in the
fundamental representation, and x, ¢ =1, 2 the lattice
coordinate and vector direction, respectively. In Eq. (4)
p = /a* is the dimensionless coupling. For the gauge-
matter coupling term we have,

=€

2
So = _gz Zq)lﬂQUx,yq)x- (5)
x  p=1

The @ field can be reexpressed in terms of a 2 X 2 matrix
[28] and the gauge-matter term becomes,

2
So= =522 2 Tl Usuibl (6)
X pu=

where ¢ is now a 2 x2 Hermitian matrix. Since
(,{)M)x =p2l, ¢, can be written as ¢, = p,a, with
pr €ER, p, >0, and a, € SU(2). This expresses ¢, in
terms of the Higgs (p,) and Goldstone (a,) modes,
respectively. This allows the gauge-matter term to be again
rewritten as,

2
p R
So=—3 zx: ;p P T Ut ™

Because the potential for @, only couples same-site fields it
only involves the Higgs mode,

W= p2+A(pl-1)> (8)
The partition function for this model is then,

z= / D{UID[p|Dla]e~Sr5s—W (9)

where the integration over U and a is the SU(2) Haar
measure, and the integration measure over p is given by
padp, over [0,c0).

III. TENSOR CONSTRUCTION

Starting with the lattice action composed from
Eqgs. (4), (7), and (8),
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S=58,Upl+ Z{pi +Apz = 1)

__pr+ﬂpXTr[ x+;4U a ]} (10)

we work in the limit 4 — oo, which forces p — 1 leaving
only the Goldstone modes. At this exploratory stage of
studying a non-Abelian gauge model using TRG, this limit
simplifies the formulation. Keeping A finite allows the
Higgs field to fluctuate far from one. The tensor formu-
lations with noncompact variables have been explored in
Refs. [29-31]. The action can be simplified and the
Goldstone modes removed by making a gauge transforma-
tion. We choose the transformation

Uy = Uy =a, ﬂ,U a,

(11)

which only changes the x term. It now has the form

2 2
52 al., U g (12)

where the prime has been removed for convenience.

Each term in the action is a class function and we can
expand the partition function in terms of characters of the
gauge group. In general

NI>§

FRTHV) = S X (v) (13)

where F, are coefficients of the orthogonal characters of the
group, ¥, and r labels the irreducible representations of the
group. This is the analog of a Fourier series representation
when the group is O(2) or U(1). The reason this is useful is
that the trace of the matrix representation of the product of
group elements, is equal to the trace of a product of matrix
representations of group elements, i.e.,

X' (U, UyUs...U,) = D, (U UyUs...U,)

= Dy, (Uy)D} (U)...D5,(U,) - (14)
with D}, (g) the matrix representation of the group element
U in the irreducible representation r, and a sum over
repeated indices.

Then the next step is to expand the Boltzmann weights in
terms of characters [32],

_ p
¢S = exp [ ZTr Uy, UMQULZIULZ]

- HZF leU +i.2Uj;+§,1Ui,2) (15)

and

e%:mggiwm4

=D F.(xx(U.,) (16)
with
F.(2) :2d,12LZ1(Z), d,=2r+1. (17)

Now, the character of the product can be broken up into the
trace of the product of the matrix representations of the
individual elements,

4 (leUx+12Ux+21UT2)

= Dtrlb(Ux.l)DZC(UX-&-i,Z)DZZ(Ux-&-Q,I)D:iZ(Ux,Z)

=Dy, (U 1)Dy (U y12) D (U y51)Dg(Usp) - (18)
where summation is meant for repeated indices here, and

(Uyu) = Y Din(U

n=—o

(19)

With the partition function now written in terms of matrices
which are located on the links of the lattice and are
completely factorized, we can gather all of the link
variables that are associated with the same link and perform
the Haar integration over all of the original group element
variables. In two dimensions, there are two plaquettes
associated with a single link, as well as the additional
link variable coming from the gauge-matter coupling term.
Thus there are a total of three matrices associated with each
link on the lattice, and the integral over each link has the
form [33]

z / dUD},, (U)D3ih, (U) D3, (V)

1
_ rany rymy
- Cr]mltmcrln,{m-

n=—c 2

(20)

Here lem j,m, are Clebsch-Gordan coefficients. For com-

plete clarity we work this out for both the horizontal
(spatial) case and the vertical (temporal) case. We use a, b,
[, r for “above,” “below,” “left,” and “right” respectively to
denote the index location with respect to the link the tensor
is attached to. For a horizontal (spatial) link we find,

3 / AU, (V) Dt (U) D (U)

n=—o0

— L Clomel

TpMpy
romgon C

[

(21)

n=—c b

while for a vertical (temporal) link we find,
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3 [ AUDH (0D, (WD)

n=—o

1 Ty,
- Z d_cr,m,,f(mcr,m,arm (22)

n=—c 'r

Instead of a simple flux rule connecting the link and its
two neighboring plaquettes, we have the Clebsch-Gordan
coefficients connecting the three representations, which are
weighted by F,(k). A tensor at the link would then have
the form

(s)
K
(rﬂmalmnr)(rhmblmhr>( )
— V m Fphip,
- Z Z F b Z;C’”Crimg,(m (23)
rb 6=0 n=-c0

on the spatial links, and

(7)
(romygmuy ) (rpmpqmp) (K>

—Z Z Fo(k)CrimitonClimiton (24
r r 6=0 n=—c
on the temporal links. Here the notation (rmm') is defined
as the product state r ® m ® m’. The Clebsch-Gordan
coefficients enforce that m,, —my =n=m,, —my,
which enables us to sum over »n. In addition, by the triangle
inequalities on ry, 7, and o, we can rewrite this as

(s)
(ramalmar)(rbmblmbr) (K)

1 rptr,
— F (x Crhmb[ X Crbmbr 25
d Z o-( ) ramnlg(mbl_mal) ramara(lnbl_mal) ( )

"o Gzlrb_ra‘

and

(7)
(rimygmyy ) (rymgmpy) (K)

+r
‘l I 1
— rem Mg
d Z F”<K) Crzmlhff(mrh—mlh) x Crzmm”(mm—mzh)' (26)
"t o=|r,—r]

(g ) (1 gy ) (rama i, ) (rympymy,)

This tensor forces the surrounding tensors to share a
common irreducible representation at that plaquette, and
directs the magnetic quantum numbers around the plaquette
loop. Here the subscripts “a,” “b,” “1,” and “r”’ are with
respect to the center of the plaquette. This tensor can be
seen in Fig. 2, where the Kronecker deltas enforce the same
trace as in Eq. (18).

miq Myq

miy My

MaiTaMegr

3
-------.x-----

=3

3

- Gb &b &> & ------------*-------
)
(]
)
LT My H
(]
FIG. 1. An illustration of two A tensors. Here the dashed lines

represent the original links of the lattice. The A tensors have two
indices, each of which is a product state of three indices. The
subscripts “a,” “b,” “1,” and “r”’ denote the relative position of the
index to the link the tensor is attached to, corresponding to
“above,” “below,” “left,” and “right.”

In this construction, the conventions we are using based on
the Wigner D-matrices is the following: For cm left

Jimy jamy?
and above correspond to subscript 1, and right and below
correspond to no subscript. These conventions match the
Abelian case [21], and give a charge mygp — mye and
Mpelow — Mabove- A Visual representation of these tensors
can be seen in Fig. 1.

Similar to the Abelian case [21,22], at each plaquette we
have a factor of F,.(f) which demands that the incoming
representations all are the same. However, in addition the
magnetic quantum numbers (the matrix indices) must be
closed around the plaquette as they were in the original
formulation. Then, not only is there a demand that all four
incoming representations are the same, but that neighboring
magnetic quantum numbers are the same. On the plaquette
we have the tensor,

ifrp=r.=r,=r,

- {Fr<ﬂ)5mlnvma16’narvmr115mrbvmbr5mblsmlb r a =r (27)
0

else.

The final partition function is now written as

2(p.x) = Tr K]:[Bm ») (gww)] (28)

where the product over B tensors is over each plaquette
associated with a site, and the product over A tensors is
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FIG. 2. An illustration of a B tensor. The black lines on the
outside are Kronecker deltas, and the brown cross is a diagonal
tensor which forces all four rs to be identical. The dashed lines
are the original links of the lattice. The subscripts “a,” “b,” “1,”

[

and “r” denote the relative position of the index with respect to
the center of the plaquette, corresponding to “above,” “below,”
“left,” and “right.”

over every link. The trace is over all tensor indices, which
have been suppressed. This can be further simplified by
defining a single local tensor built from the A and B tensors.
Since the A tensor has two product-state indices, it can be
interpreted as a matrix. This matrix allows for a factorization
of the form A = LL”. Since each plaquette is bounded by
four links, and each link is associated with a single A tensor,
we can assign four L matrices to a single B tensor throughout
the lattice, and define a fundamental tensor 7,

Tiju(B.x) = Z Bopys(B)LoiLgiLyiLsi (k). (29)
ap.y,6

A graphical representation of this fundamental tensor, along
with the decomposition of the A tensor, can be seen in Fig. 3.
By contracting the T tensor with itself repeatedly in the
shape of a square lattice, we reproduce the partition function
from Eq. (28). The partition function can now be written as,

2(6.x) = Tr D:[Tm .9 (30)

where again the trace is over all tensor indices.

From this point on we use normalized coefficients,
unless otherwise stated, of the form f,.(z) = F,(z)/
Fy(z). For this model, these functions have the following
large, and small argument behavior,

k

-----.€J

L{A\J

l

FIG. 3. Left: A graphical interpretation of the matrix factori-
zation of the A tensor into the product of two identical matrices,
A = LLT. The dashed line in between represents an intermediate
sum over states. Right: The fundamental tensor 7';; is built by
contracting four L matrices together with a single B tensor at a
plaquette. Forming this tensor sums over all the r and m variables
on the lattice, and instead one is left with the sums over the
intermediate indices from the L matrices. See Eq. (29) for details.

fr(z) = dr<1 _2;’(2;7Z—|—Z)> +0(z7?) asz— o0
= d,<1 —“’127;2)> +0(z72) (31)

with 1, = 2r, and

4-rd,

A2
oty o)

fr(z) = 2" asz—0. (32

Looking at the large argument behavior we see that the
leading order is just the eigenvalue for the quadratic
Casimir operator for SU(2).

IV. THE CONTINUUM LIMIT, =0, AND =0

In this section we discuss how the continuum limit is
approached from the lattice model, as well as some limiting
cases for the model. By looking at the continuum action for
the pure Yang-Mills case, Eq. (1), we see that # must have
dimensions of length squared. This indicates that the
important ratio is ﬁ/ Vinys- Thus the continuum, fixed
physical volume limit is set when f/ Vonys = ¢, with ¢
some constant, and V., a dimensionful spacetime
volume. This limit can be calculated on the lattice if we
take f/V = ¢ with f — oo and N, N, — oo. In this limit,
the gauge coupling, g, becomes arbitrarily weak as the
lattice volume is taken infinitely large.

A. f=0 limit

In this limit the partition function becomes a product of
one-link integrals,

114507-5



BAZAVOV, CATTERALL, JHA, and UNMUTH-YOCKEY

PHYS. REV. D 99, 114507 (2019)

Z: /D[U]e%Zw/{%a]A.y)

- H / de.ﬂegﬁ(Ux'”)
in @
= H / do, ,sin (—) exp |:K‘SII17X”:|
2 2sin(6,,/2)
1 (x

IR ()

= (Fo(x))*". (33)

By setting # = 0 in the tensor formulation, the B tensors
immediately imply that the only nonzero contributions to
the partition function will be the r = O representation on
each plaquette. This enforces that the link tensors also
simplify to the ¢ =0 representation. This immediately
gives Eq. (33).

B. k=0 limit

In this limit the partition function becomes that of pure
SU(2) gauge theory. This model is also solvable and the
simplest way to see this is using the character expansion
from before. Since the matter-gauge coupling is turned off,
there are only two link variables to integrate per link. The
integral associated with each link has the form,

1

By St Brs (34
dr rr=mn ~nm ( )

/ de,yDan(U)D:nTn’ (U) =

which is Eq. (20) without the additional Wigner D-matrix
from the matter-gauge term. This forces each irreducible
representation of SU(2) on each plaquette to be the same
across the whole lattice, and for each representation there is
a degeneracy of d,. The partition function takes the form,

z=rip) S () (35)

In the tensor language when « = 0, the only contribution
from the A tensors is the o = 0 representation. This forces
the Clebsch-Gordan coefficients to simplify into Kronecker
deltas, reproducing the integral from Eq. (34).

It is useful to consider the physical interpretation of the
half-integer r numbers. Notice that the r fields are asso-
ciated with the plaquettes of the original lattice and seem to
naturally play the role of dual variables. In fact, looking
at the A tensors from Egs. (25), and (26), the o field is
summed-out of the partition function, leaving only a model
in terms of the plaquette variables, and the m variables.

To further understand the r fields, consider the limit of
p — oo, which is similar to the continuum limit. In this
limit the partition function becomes,

~ (Fo(p )VZ< O +2>> . (36)

If we further consider that only the leading order is
important, we can rewrite the partition function as,

r

(ﬁ))vzr:exp {—a—er, Ari +2) ] . (37)

with U = 1/ap where a is the lattice spacing. We see this is
nothing more than the Hamiltonian for the pure Yang-Mills
case. The Hamiltonian in this case is

N,

UN.\- S S
:Ez(ggz S E-E (38)

i=1 i=1

|

with C2 the quadratic Casimir operator for SU(2) and E the
electric field. Therefore we see that the r fields on the lattice
are the discrete quantum numbers of the electric field of the
non-Abelian gauge field.

Note that since there is only one direction to travel in
space, the electric field is the same everywhere, and so the
quadratic Casimir element only takes on one value across
all of spacetime. The energy density then takes simple
values,

NIQNIQ NIQ

(rIC?|r)

A (A, +2)

1
(0,3,8,...) forr:O,E,l,.... (39)

C. The mass gap

Using the tensor construction from Sec. III one can
construct a transfer matrix, T, by contracting tensors only
along a time-slice. Here we use the HOTRG to approximate
the tensor contractions [3]. By blocking along a time slice
and constructing an approximate transfer matrix, we can
diagonalize this matrix and extract the relative eigenvalues
of the Hamiltonian through the relation,

T=e9, (40)
where a is the temporal lattice spacing, and H is the

Hamiltonian. This allows us to calculate the mass gap, M,
in units of U in the continuum from,

M _E -E,
fo()EE

where 4, are the eigenvalues of the transfer matrix ordered
from largest to smallest as A, 4, ... This can be seen for the
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1757
< e N;=4
<« s
1_5(%2222.1:-##:‘ “ = N.=8
. “ A Ns=16
gt T, T, :
g . . . o Ne=32
u_?l.OO‘ R * * « * Ns=64
I A e - * < N,=128
u:0.75< ] AAA 0’ . <
= n A *
A *
0.50". ..l.. AAAA::Q *
oo, llll....=zz!,
0.25 A .'..Oo-oooooau:
0.0 0.5 1.0 15 2.0
K

FIG. 4. The mass gap density as a function of x while taking the
continuum limit. Here #/N? = 0.01 is held fixed as the volume is
increased. We see the gap approaches the correct x = 0 value of
3/2 as the continuum limit is taken.

mass gap as a function of « in Fig. 4. Looking at the xk — 0
limit in Fig. 4, in units of U, this matches Eq. (39) for the
first excited state. This figure shows the progression to the
continuum limit as the size of the lattice increases, keeping
the ratio /N? fixed to a constant, 0.01.

This is a pleasant property of the TRG. One is able to
calculate approximate, relative eigenvalues of the transfer
matrix, and hence of the Hamiltonian for the system.
Typically the eigenvalue spectrum must be calculated in
other ways in sampling methods, e.g., Monte Carlo, while
in the TRG one has direct access to their relative size.

V. OBSERVABLES AND COMPARISON WITH
MONTE CARLO

To check the tensor formulation, as well as explore the
model in greater detail, we computed expectation values
of operators using the TRG and Monte Carlo simulations
and compared them. The MC simulations implemented
the Hybrid Monte Carlo algorithm maintaining about
70%—-80% acceptance for all the ensembles. The MC runs
were carried out for at least 50000 molecular dynamics time
units (MDTU) while measuring the expectation values
every two MDTU. To compute the averages, we set a
thermalization cut of at least 10000 MDTU (i.e., 5000
measurements) for all ensembles. The resulting sample
average and errors were calculated using the standard
jackknife binning procedure.

The initial truncation on the TRG state space was at
rmax = 1, limiting the local Hilbert space to 14 states (one
from the trivial representation, four from the fundamental
representation, and nine from the adjoint). Changing the
initial truncation to rp,, = 1/2 gives valid results for
smaller values of the couplings; however, as x and S
become larger, higher order terms in the character expan-
sions, Egs. (15) and (16), become more important, and
r = 1 needs to be included. The final number of states kept
was Dyong ~ 50. This was typical for the runs in this paper;
however, smaller bond dimensions were considered
(between 20 to 40 states) and tested until a bond dimension

with consistent convergence to the Monte Carlo data
was found.

The observables we consider are the average plaquette,
(p), the expectation value of the gauge-matter term, (L),
and its susceptibility, y,, and finally the Polyakov loop, (P)
and its correlation function Gppr. These expressions are
given by

10InZ
0 =5 42)
and
10InZ
L) =50 ()
with Ly = >, Tr[U,,]/2, and
182z 1 ,
Xx _VW_V«%_ (Ly))?)- (44)

The Polyakov loop and its correlation function are dis-
cussed in the next section.

In Fig. 5 we have computed (L) using both MC and the
TRG and compared them while taking the continuum limit.
In this section we have taken /V = ¢ = 0.01 throughout,
however other ¢ values were tested. Smaller values of ¢
simply correspond to a slower convergence to the con-
tinuum limit. We see for small x rapid convergence to the
continuum limit; however, for larger « there is convergence
to the continuum limit for sufficiently large volumes.

The susceptibility y, can be seen in Fig. 6 as one takes
the continuum limit. We see the peak does not tend to
diverge but rather settles as the volume gets large, although

o V=42 i
LOT o v=g2
— 2
ol 4 V=16
& V=322
=3 0.6 * V=647
=
0.4 1
0.2
0.0 1 T T T T T T T T T T T
0.0 02 04 06 08 1.0 1.2 14 16 1.8 2.0
K
FIG. 5. Calculation of the average trace of a link variable,

Eq. (43), using the TRG and comparing with MC. Here the
continuum limit is approached by keeping the ratio §/V fixed at
0.01 while increasing the volume. The colored markers are from
the TRG calculations which were done with a local state space
truncation at r,,, = 1 and Dy,,q = 50. The Monte Carlo data are
the black hollow markers.
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0.7

o V=42
T " V=82
0.61 *“,,* ok, A V=162
’o,.:* e V=322
AALAL — 642
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FIG. 6. The gauge-link susceptibility, Eq. (44), as a function of
k as one approaches the continuum-limit. Here $/V = 0.01 is
held fixed as the volume is increased. We see convergence as the
volume gets sufficiently large indicating a crossover behavior.
The colored markers are from the TRG calculations which were
done with a local state space truncation at ry, =1 and
Dyona = 50. The Monte Carlo data are the black hollow markers.

the TRG data is somewhat noisy for x = 1.4 for the larger
volumes. This is indicative of a crossover behavior which
matches previous expectations [26]. The small k regime to
the left of the peak is associated with the confining regime,
with the pure Yang-Mills model in the limit of x — 0
having confinement. At larger « to the right of the peak we
are in the Higgs regime.

In Fig. 7 we see the average plaquette as a function of «
as one takes the continuum limit. The average plaquette
can be computed directly from In Z by taking a numerical
derivative as in Eq. (42). As can be seen from the figures,
we find good agreement between the two methods.

A. Polyakov loop and its correlation function

The Polyakov loop is defined as,

P, = Tr[H DU, 5, } (45)

1.0

* * * * * * * * * * *
" Vv=8?
¢ 0 0 06 6 6 06 6 06 0 O , yo1p
0.81 o V=322
V=642
—~ 0.6
= A A A A A A A A A A a4
0.4 1
21 . » @ s @ m @m @ @ @ =@

0.0 0.2 04 06 0.8 1.0 1.2 1.4 1.6 1.8 2.0
K

FIG. 7. The average plaquette, Eq. (42), as a function of x as
one approaches the continuum limit. Here /V = 0.01 is held
fixed as the volume is increased. The colored markers are from
the TRG calculations which were done with a local state space
truncation at r,, = 1 and Dy,,q = 50. The Monte Carlo data are
the black hollow markers.

with the gauge fields, D", in the 1/2, or fundamental,
representation and was investigated for the Abelian-Higgs
model using a tensor formulation in Refs. [22]. When
constructing the tensor formulation for the Polyakov loop,
this adds an additional group element on a loop of temporal
links. These links have a special integration different from
the above. We use the Clebsch-Gordan series on the first
and last D-matrices, and then use the series again and
integrate for the three remaining D-matrices,

Z /dU Dmlbmla mmmrngnDz

n=—o

= Z d_ Cr’mo‘n

Fmm'n " Tr

M orme ormt o (46)

r’'m'on Vlmlbzl V/’”la%]

If one continues like above and does the n sums at each link
we get,

|
c 2
§ / au Dmlhmla thnnDij
n=—c
_ 1 ey CrMra
r’'mo(m,—m) "~ r'm'c(m,,—m)
P’mm’ " Tr
Cr’m Cr’m’ (47)
rmpyi T rmydj?

and then doing the m and m’ sums we get

1
Z/dUDm,bm,“ mmmy},Dan%j

n=—c
1
5+
2
— 1 My
o d, 7 (myp i) o (my,—myp—i)
r=f-r|
X Crrmra r/(mlh+i> Cr/(mlu+j>' (48)

v (mg+j)o(mp—my—i) = rymyti rimgsj
With this expression for the integral of four Wigner D-
matrices, we can write down the impure A tensor associated

with those temporal links which contain the Polyakov loop.

A0 (x
(rlmlumlb>(rrmm rb)l]( )
+r r+r
rD DD DIV ASers
o v (myy+i)o(m,—my,—i)
R e
rom v (i) ~r (mgg+j)
x C'yitra . C 1.7 49
v (myg+j)o(mp—my—i) > rymy,gi T3] (49)

The computation of A for P’ is done in a similar fashion
using the Clebsch-Gordan series. The i and j indices of this
tensor should be contracted with other A tensors along the
temporal direction and then traced over with periodic
boundary conditions.
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For the Polyakov loop correlation function, we have
Gppi(d) = <POPZ>- (50)

where d is the separation between loops. This involves the
insertion of two Polyakov loops, each winding in different
directions representing a static color and anticolor charged
pair. The calculation of this observable only requires the
impure A tensor constructed before. The correlation func-
tion is defined to be related to the static quark potential
through,

Gppi(d) = exp [-V(d)/T] = exp[-aV(d)N ],  (51)

where T is the physical temperature. In the confining
regime, one expects a linear potential for V, while in the
Higgs regime one would expect, after some distance, that
the pair breaks and only a constant potential is realized.
An important computational feature is that the correla-
tion function is suppressed exponentially in the temporal
lattice extent. This makes calculations of this quantity using
Monte Carlo methods extremely difficult, since, for even
modest lattices, one loses the signal to the noise unless long
runs are carried out. On the other hand, the TRG at its heart
is simply a multilinear algebra calculation, and while state
truncation introduces systematic errors, in principle such
small numbers are not an issue. However, comparison of
the Polyakov loop and its correlation function in regimes
where both the Monte Carlo and the TRG can be used
(N, =~ 1) indicate that at larger « values (x 2 1), the TRG is
less quantitatively accurate, but retains correct qualitative
features. In Fig. 8 we show the relative error between a
calculation of G using the TRG and MC at a fixed value of
k = 2, for a separation of d =4 on a 8 x 1 lattice. We see

£ 0.0070 1
o
=
Q
& 0.0065 1
G}
|
0 0.0060
S
S

0.0055 -

40 50 60 70 80 90 100
Dbond
FIG. 8. The relative error of the Polyakov loop correlation

function between the TRG and MC. This is for a larger value of
Kk =2, o0n a8 x 1 lattice with a separation of d = 4 between the
two loops. We see the TRG solution converges slowly to the MC
value at larger final bond dimension. The TRG calculations were
done with r,, = 1, and #/V = 0.01 was held fixed.

4 1 - V=82
—4— V=162
3 —— V=322
—— V=642
2N
© 2
14
0+ T T T T T T
0 5 10 15 20 25 30

d/a

FIG. 9. The static charge potential, V, from the Polyakov
correlation function in the continuum limit. Here we took /V =
0.01 fixed as we increased the size of the lattice. These runs were
done with the gauge-matter coupling x = 1/2, which is well in
the confining regime of the model. This is characterized by a
dominant linear potential across the whole system.

relatively slow, but consistent convergence to the
Monte Carlo number.

In Fig. 9 we have plotted the static charge potential as a
function of lattice separation. Here we take the continuum
limit and keep the ratio #/V = 0.01 fixed while increasing
the size of the lattice. This figure is at a relatively small
value of ¥ = 0.5, which according to Fig. 6, puts this
run well in the confining regime. Here we see that the string
breaking at small volumes is dominated by a linear
potential in the continuum.

This is to be contrasted with Fig. 10 where data was
collected at a relatively larger x = 2 value. Again, Fig. 6
puts this kappa value in the Higgs regime. A noticeable
difference in the potential in Fig. 10 is the much earlier
onset of string breaking. We notice that at small volumes,
regardless of k, string breaking occurs at short distances;

Lay == —m— V=82
V=162
V=322
V=642
0.0~ T T T T T T
0 5 10 15 20 25 30

d/a

FIG. 10. The static charge potential, V), from the Polyakov
correlation function in the continuum limit. Here we took /V =
0.01 fixed and varied the size of the lattice. The gauge-matter
coupling « is 2, which is in the Higgs regime. This is marked by
string breaking at small distances between the static charges.
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however, as the continuum limit is approached the Higgs
and confining regimes clearly separate.

1. =0
The f = 0 limit is trivial, but provides a simple check.
Looking at Eq. (27) we see that the only surviving
representation on the lattice is the r = 0 representation.
Equation (49) then demands that only the 6 = 1/2 con-
tributes to the A tensor. The Clebsch-Gordan coefficients
reduce to Kronecker deltas, and A is diagonal in i and j,

A 06) = 2 11008, (52)
Then
2 (fRNN L (k) Ve
m=3(0) —FE) -
while,
(B
G ppr _4(11 (K)> . (54)

An example of this collapse for the Polyakov loop can be
seen in Fig. 11 across a few system sizes.

2. k=0

This limit is only slightly more complicated. In this case,
for periodic boundary conditions, the Polyakov loop must
vanish identically, as we would expect in the pure Yang-
Mills theory. This is because, on either side of the Polyakov
loop, all the representation numbers for each plaquette must

06l ~°°° I2(K)/11(K) ’r-,r"
-

0.5 1 /.,-"
“E 0.4- rael
q e
a 037 a
= X

0.2 1 A

2
0.1 L
el
0.04 =
1 2 3 4
K
FIG. 11. The Polyakov loop calculated using the TRG com-

pared with the exact analytic calculation for the case of infinite
gauge coupling (# = 0). The x-axis is the gauge-matter coupling
k, and the y-axis is the rescaled data compared with the exact
dashed line from Eq. (53), with /;, and I, being the modified
Bessel functions. A few system sizes are plotted indicating a
complete factorization of the Polyakov loop in this limit as
expected.

be identical, for the same reasons they were in Sec. IV B.
However, the Polyakov loop inserts a static charge of value
r = 1/2, and looking at Eq. (49) we see that only the 6 = 0
representation survives, forcing either r;,, or r. to be
incremented (or decremented) by 1/2. Since space closes
in a circle, the representations cannot all be equal, and half
are incremented by 1/2, simultaneously. Therefore, the
Polyakov loop vanishes.

The correlation function on the other hand remains finite.
This is because the Polyakov loop and its adjoint bound a
region were all the constraints are satisfied, even with
periodic boundary conditions. In this limit the A tensor
associated with the Polyakov loop only allows for the
o = 0 representation in the sum. This forces the represen-
tations on the plaquettes separated by the Polyakov loops
to be shifted from each other by 1/2. Similarly, the m
quantum numbers associated with the matrix indices are
forced to conserve their U(1) [or O(2)] charge across the
Polyakov loop boundaries, which will be either +1/2. The
Clebsch-Gordan coefficients reduce to Kronecker deltas.
Because k =0, similar to Sec. IV B, all the plaquette
representation numbers in the bounded region must be the
same, just as it must be outside the region as well. However
the two regions can differ by Ar = 1/2. The correlation
function can then be written as

Gd,f) =+ [(fo(ﬁ)) (N,~d)N, < f%(ﬁ)> an,

Z dO d%
rJrl
S (L) (1)
+ = Jr\P)
rEI;Z r'Er:-; ( d, dy
(55)

for a separation of d between the two Polyakov loops.

VI. CONCLUSIONS

In this paper we have derived a tensor formulation for
the SU(2) non-Abelian gauge-Higgs model. Using this
tensor formulation, we have calculated observables using a
renormalization group procedure known as the HOTRG,
compared the results with Monte Carlo calculations and
found good agreement. In addition, we have studied the
Polyakov loop and the correlation function between a
Polyakov loop and its adjoint. The latter yields the static
quark potential in the model. While the system being two
dimensional cannot exhibit a true phase transition the
matter susceptibility, nevertheless, shows signs of a cross-
over around x~ 1.2. The behavior of the correlation
function suggests a confining regime for small x values,
and a string breaking or Higgs-like phase for larger «.
We have also calculated the mass gap as a function of the
matter-gauge coupling. This is possible because the
HOTRG method allows for a straightforward construction
of the transfer matrix by blocking only along a time slice.
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From this approximate transfer matrix, the relative energy
eigenvalues can be obtained. The crossover seen in the
thermodynamics and static potential is also visible in the
mass gap which exhibits different behaviors as « is varied.
One additional, important point to emphasize is that the
TRG algorithm is able to calculate quantities like the static
quark potential that are essentially impossible to calculate
straightforwardly with Monte Carlo methods over large
ranges of the parameter space because of an exponentially
small signal which is swamped by noise. This problem is
reminiscent of theories with a sign problem and indeed one
of the principle advantages of tensor network methods is
their ability to completely avoid sign problems.
Recasting the non-Abelian gauge-Higgs model in terms
of the irreducible representations of the gauge group could
allow a rotor formulation of the Hamiltonian of this model

in the continuous-time limit. There are already indications
of the final form in Eq. (38) for the kinetic term, although
further work is needed to describe the matter-gauge
coupling term. Such a formulation could provide a straight-
forward, gauge-invariant means to formulate the model for
quantum simulations in the future.
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