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Abstract
In this note, we discuss various properties of the matrix-product state. We follow
Ref. [1,2].
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1 Introduction

Let us consider a collection of L qudits, each of which has a Hilbert space of d-dimension. The
full Hilbert space is H = HEE ... A generic wavefunction takes the following form

qudit®
) =" Yososoy 0102 1) 1)
{o}
where |o) ,0 = 1,--- ,d denote the basis states. Generally, we need d* complex numbers to

specify such a wavefunction. Applying quantum operators on it requires even more resource.
Are there better and more efficient ways of representing a wavefunction? In order to do that,
let us add more physical ingredients to constrain the wavefunction:

e Symmetry. Usually the state has symmetries. Therefore, we can represent our state
within a sub-Hilbert space that has a definite symmetry charge.

For example, if it satisfies a global Z; symmetry, we can divide the total Hilbert space into
the Z,; symmetric subspaces and represent our wavefunction only within one subspace,

e.g.
|qj> = Z¢0102“‘0L ’0102 o JL> (2)

Hz,

where Hy, denotes one of the Z; symmetric subspace. This can reduces the necessary
resource by d times.

Note that this procedure works for mixed states as well.

e Entanglement (locality). If the state is the ground state of a local Hamiltonian, then it
generally does not have an extensive amount of entanglement. We can also phrase the
statement in a reverse way, a state which always has a large entanglement for any of its
subsystem does not have a good notion of locality. This provides us a second way to
organize our data.

For example, let us divide our system into A and B with k and L — k qudits respectively.
To utilize the entanglement structure, let us write down the Schmidt decomposition

¥) = Z Ulor--o).aar,arVar,(opsior) |01+ Ok) 4 ® |Oki1 -+ 0L) g (3)

o,a

Suppose our state is such that the entanglement between A and B is only log 2.! Then it
is most likely that A only has few large diagonal element. For simplicity, we assume the
simplest scenario diagA = (3,1,0,---), then we only need less than 2(d4 + dp) instead of
dsdp numbers to specify the state!?

For a mixed state, the Schmidt decomposition fails and we need to look for other ap-

proaches.

Ithe exact number is not important, rather we only require it not to scale with the system size L
2If we further notice that U and V satisfy UTU = I, VVT = T after the truncation, we can further reduce
the required amount of resource.



The matrix product state (MPS) is a systematic way to organize the wavefunction via its
entanglement structure and is extremely sufficient in one-dimension. The MPS representation
of our generic wavefunction is

) = ZA[1]01A[2]02 ... Allor o109+ 0p) (4)

{o}
where AWk is a y,_; X yi matrix. At the two boundaries, we have yo = xz = 1 and thus
Aot and AlMor are vectors. We will call the indices of matrices as the “bond” indices, and

the label of matrices o as the physical indices. Eq. (4) also has a diagrammatic representation
that is usually more convenient to work with

T e N Y Y S [ . 5)
[ ¥ ) @E-O-O-0-w

Eq. (4) also implies that the MPS representation has a gauge redundancy, namely, we can locally
redefine A by some square matrix X

A[k}ak N A[k]O'ka’ A[k+1]ak+1 N Xk—lA[k’—i-l]Uk,_,_l (6)

without changing the actual wavefunction. Another canonical form that makes a more direct
contact to Schmidt decomposition is

Ty = Z o Al pRlez A[2] | por—1 pL-1(LloL oy or) (7)
{o}

where A* is diagonal and encodes the Schmidt coefficients when we bipartite the system at the
bond (k,k+ 1). A diagrammatic representation is the following

Oro oo redredsadd )

Tl Al P2 A2 iz

In the rest of this note, we will discuss how to obtain this MPS representations, their
properties, evaluation of correlation function. We will also use concrete examples to illustrate
the general ideas.

2 Matrix product state

In this section, we introduce various definition of the matrix product state, the left and right-
canonical MPS, the canonical MPS and so on. Then we discussion the evaluation of correlation
functions. Finally, we use the ground state of the AKLT chain as a concrete example to illustrate
the general ideas.



2.1 Definitions, canonical forms

In this subsection, we show that any generic wavefunction (1) can be written in an MPS form.
The essential ingredient is the Schmidt decomposition or singular value decomposition.> There
are various equivalent way of doing it, and we will present three of them. In the following
discussion, we imagine that the L qudits are arranged on a one-dimensional chain as depicted
below so that it is meaningful to talk about left and right.

—@ @ @ L 4 @ @ *—

Left-canonical MPS In this approach, the SVD starts from the left end. In the first step,
we reshape the wavefunction into a matrix of dimension d x d*~!

Vo1, (02-01) = Yor2-01,

where (o9 ---0y) is regarded as a collective index. We can perform an SVD and have

Vo (0s01) = Z Usya1Mar,a0 (VT)U«h(UQ'“UL)
a1

_ E o1
- Aa1 wawm'fm
ay

On the second line, we rename U as A, rename AV as a new wavefunction only for site 2, - - , L.
In the next step, we reshape ¥4,0,..0;, INto a Matrix ¥(a,0,),(05.-0;) and apply SVD again

¢(a102),(03-~0L) = Z Ua102,a2Aa2,a2 (VT)az,(U’s“'JL)
as
=Y AT, Yasoson
a2

where we apply our naming system again. Note that we always put the physical index o;
of A upstairs in order to distinguish it from the internal (auxiliary) index a;, which are put
downstairs. We can repeat this procedure until the last site, for which we have

_ E T)
¢KGL72UL—1%UL - LQGL—2JL71LGL71/\QLAJ’GLfl(‘/ arp—1,0r
ar—1
_ E orL—1 oL
- j4aL—2aL—1/4aL71
ar—1

Note the special definition of the last matrix A?Z, which is actually a vector. Therefore, we can
write the original wavefunction (1) as follows

|\If> :ZAalAaz,__AUL |0102"‘0L> (10)
{o}

3Singular value decomposition. For any n x m matrix M there is always an SVD
M =UAVT (9)

where U and V are n x n and m X m unitary matrices and A is a diagonal matrix, whose diagonal elements are
non-negative.



or equivalently in terms of the wavefunction components

_ E o1 o2 .. A0L-1 oL
wUW?““’L - A17a1Aa17a2 AaL—z,aL—1AGL7171 (11)

a1,a2,,ar—1

This is called the left-canonical MPS and graphically represented by

0000664 1

This fits into the general form (4) we write down before. Generally the dimension of A% will
keep increasing and reaches the maximal at ¢ = L /2.

The way that we construct the left-canonical MPS is deterministic and free of ambiguity.
However, this not the only way. One can also choose QR decomposition to construct another
left-canonical MPS. Physically, they are equivalent. Numerically, QR decomposition is faster
but does not give the spectrum of the singular values.

Note that A7 is the unitary matrix U in each SVD, it satisfies the so-called left-normalized

condition

D (A)TAT =1 (13)
One may worry that this condition can be violated on the last sight, because A?% is defined
differently. Actually, it also satisfies (13) as long as |¥) is well normalized. On the contrary,
we generally have

D ATA) £T

It has the following consequence. Let us group the first k& qudits as our subsystem A and the
other L — k qudits as our subsystem B, then we rewrite the wavefunction as a sum of bipartite
forms

W) = Z |ar) 4 |ar)

ag

g = D(ATAT AT o n) s lary = D (A A% oy o)
{o} {o}

(14)

One can check that |ay) , are orthonormal while |a;) 5 are not.

Right-canonical MPS There is nothing specific in starting SVD from the left. Similarly, we
can start from the right and preserve each V1 as the matrix B°. This yields the right-canonical

MPS

(0) =) BL, Bl |10y on) (15)
{o}

If we bipartite the system, the right components are orthonormal.



Mixed-canonical MPS As the name suggests, this is a mixture of the left and right-
canonical MPS. We start SVD from the first site (left) and stop at the k-th site, then the
wavefunction becomes

77Z)0'10'2"'0'L = Z(ACHA@ T Aak>17akAak7ak(VT)akua'k+1"'0'L

= Z(AUIAUQ t AUk)l,ak¢akUk+1“'UL

Then, we do SVD from the L-th site (right) and have

0 Bok2 ... BoL (16)
ak0k+1"'0'L ako'k+1 Ak+1 ak+17ak+1 Apt1, ak+2 ar,—1,1

or equivalently

_ Z A%t A%2 ... A%k A BOk+1 BOk+2 ... BOL |(7102 - 0L> (17)

By construction, A is the Schmidt coefficient if we bipartite the system at bond (k, k + 1).

Canonical MPS So far we have explored three different MPS. In view of the DMRG, it will
be useful to have a representation, with which we are able to access the Schmidt coefficients of
all L — 1 possible bipartitionings of the system simultaneously.

Such a notation has been introduced by Vidal and takes the following form

\I/> _ Z o Aoz A2 L por-1 A=t or |O’1 ... 0'L> (18)

where I'’s live on the sites and A’s live on the bonds. Furthermore, A* is a diagonal matrix
and records the Schmidt coefficients if we cut our system at the bond (k, k + 1). Namely, the
Schmidt decomposition for the bipartition at bond (k,k + 1) is

U) = Al ar) , |ax) 5 (19)
ak
where
jax) 4 =) (L7 AN AR oy eon)
{o}
|a) g = Z (ngHA[kH] T A[L_HFGL) |Okt1---0L)
{o}

are orthonormal.
Let us show that the generic wavefunction (1) can indeed be brought into the form (18) in
a procedure that is analogous to the one that produces the left-canonical MPS. The first step
is the same as before
¢U1~~-UL :'lvba'l (o2-+0r)

= Z FUI Agl a1 VT al 020,



In the next step, we apply SVD again to the wavefunction 9, ,2..,. = AE},M(VT)GW...UL, but
we will use the singular value matrix Al obtained before to write the result as

¢a102 ol = Z Uaalzag ag ag VT)GZ 030
2
= Z A(L1,a1 ai%LQAElQ] as (VT)(I?»UB"'UL

= Z Aglj,al FL,OF,LQ ¢a20'370'4"'0'L

al

Repeating the steps produces (18). By construction, the left-hand side of Al is product of U’s,
the right-hand side is V1. This gives the orthonormal condition we want.

2.2 Correlation functions of MPS

In this section, we discuss the evaluation of correlation functions of MPS. We will assume that
our MPS describes a quasi-one-dimensional system.

Results in the previous section are completely general and useful in certain numerical cal-
culation such as DMRG and TEBD. In order to develop better analytical understanding of the
MPS wavefunction, it is convenient to consider more specific and simpler MPS wavefunctions.
For example, we are usually interested in states defined on a closed chain that preserve transla-
tion symmetry.* Then, it is intuitive to assume that such a state is described by the following
translationally invariant MPS

= ZTr (AT A% ... ALY |oy0y - - - 0p) (20)
{c}

in which different sites are assigned with the same set of matrices. The appearance of trace is
because of the periodic boundary condition. In the presence of boundaries, we need additional
data to specify the boundary degrees of freedom. In the simplest case, the boundaries can be
captured by two vectors vy and vy to write the MPS as

Wy p) = D VLATA - A% |00+ 0) (21)
{o}

In the following, we will consider the correlation functions of the translationally invariant MPS
(20). We can also regard it as the correlators defined deep inside the bulk of the MPS with
open boundary condition (21).

We will see later that it is convenient to introduce an auxiliary quantity, called the double
tensor

EM =" A" @ A% = (22)

Ok

A*
———
——

A

4Even when there is symmetry breaking, we can still enlarge our unit cell so that there is still a translation
symmetry for the enlarged unit cell.



which can also be regarded as a matrix with collective indices. It becomes Hermitian if we

collect the indices as
k Ok % AC
B =) ATHTAT (23)

Ok
In the evaluation of the correlation functions, it is also useful to group the indices as
[k] « . 15}
s = ) AUF ATy = (24)

Ok PY_‘A'_é

For a translationally invariant MPS |¥) with periodic boundary condition, the norm of a

state is®
(U|W) = Tr BX = Z)\L (26)

where A, are the eigenvalues of E, and they are usually ordered as A\ > \g > - --
The expectation value of an operator that acts on a single site k is

B Tr(E[O]EF1)
where we have defined
=D Oy M @ M (28)
Ok},

We can introduce the eigenvectors |v,) of E and have

= LZ (V| E[O]]vn) Ay (29)

In the thermodynamic limit, we only need to preserve the largest eigenvalues and the result

simplifies to
deg

1

0O) = — v |EOl|v,), L >1 30
<>A1;<|[]I> (30)
where deg > 1 denotes the degeneracy of the largest eigenvalues.

Similarly, the two-point function of a local operator is

Tr(E[Oy] B+ E[0;] EF-i++—1)

o o (31)
DY )\L > (Wl E[O]|vm) (vm] E[O]|vn) My F AL
nomn n,m
5Without translation invariance, the norm of a state is
(YY) = Tr (EMEP] . E[L]> -



where we rewrite the result using the eigenvectors of E. In the thermodynamic limit, we only
need preserve the largest eigenvalues for A\, and have

(O;0k) :Ai% (Z <vn|E[O]|vn>> + A% Y (0l E[O|vm) (0| E[O]|vn)

n=1 n#m (32)
1 deg A j—x—1
P Y (5) Bl CalO) £
n=1 m>deg

Note that we have separate terms with different physical meanings:
e The first term is the disconnect two-point function.

e The second term does not decay even at long distance and only appears when the largest
eigenvalue of F has degeneracy. Physically, it implies symmetry breaking and the state
|W) is in a macroscopic cat state.

e The last term exponentially decays with the distance. The correlation length is controlled
by the gap in the spectrum of F.

3 Example: AKLT ground state

In this section, we consider a concrete example, the ground state of the AKLT Hamiltonian.
It is one of the simplest examples of one-dimensional SPTs. First, we will show how to write
down the MPS wavefunction by using the idea of projected entangled pair state (PEPS), which
also illustrate the physical meaning of bond indices. Then, we will evaluate some correlation
functions to extract some of its physical properties. Finally, we will examine how the symmetry
acts on the wavefunction.

3.1 Construction of the ground state wavefunction: PEPS

Let us consider a one-dimensional chain of spin-1's. The AKLT Hamiltonian entangles every
nearest neighboring spins in a special way

1

_ 2 1
H = ZQPi‘,]zﬁ 32 Z i s 3 (50 si)” (33)

where (PZJ;QI)2 = I is a projection operator, which projects each neighboring spins onto the
total spin-2 subspace. It has a lattice translation symmetry, on-site SO(3) symmetry and
time-reversal.’

Let us give an explicit construction of the ground state wavefunction. For simplicity, we
choose to work with periodic boundary condition. The construction consists of three steps

50ne may instead claim that the symmetry group is SU(2) instead of SO(3). The reason we prefer SO(3) is
that the local operators and thus local excitations (in the bulk) are in the linear representation of SO(3).



1. Decompose each spin-1 into two spin—%’s. Let ay, b, denotes the two spin—% in the k-th
unit cell. The Hilbert space is enlarged in this step and we need to finally project the
state in the enlarged Hilbert space back into the physical Hilbert space.

2. Let two neighboring spin—%’s that are in different unit cells form a singlet. For example,
for by, and a1, their wavefunction takes the form

0 1
|¢>k,k+1 = Z Zbkﬂkﬂ |bk7 ak+1> ’ X= ( 1 \6§> (34)

b ,ag41

Under periodic boundary condition, the full wavefunction becomes

) = SheeZhnas - Sy a1, 01) @ Jaz, ba) -~ |, by) (35)

3. Project the pair of Spin—%’s in the same unit cell onto the spin-1 subspace. Let us introduce
the projector

P/=t =3 "M, o) (ab|, MT = (1 0) MO = (L \/%) M= (O 1) (36)

o,a,b

Applying it onto |¥), we get the desired ground state

[1F7 %) =3 Tr (MO SMoS - M7HS) |0y05 - 01) (37)
k o2

where the appearance of Tr is a characteristic of the periodic boundary condition, the
wavefunction is also manifestly translationally invariant.

We can further simplify the representation by introducing A% = MY

~ 1 ~ _1 ~
(D), a2 ), a0 (38)
0 0 0 3 VG 0

and rewrite the wavefunction as

|U) = ZTI" (20111“2 - 'E”L> |oyog---or) (39)

Note that A” is a 2 x 2 matrix, we call that such a wavefunction has a bond dimension equal
to 2.

3.2 Physical properties

In the following, let us examine some physical properties of this wavefunction.

10



Normalization |¥) is obtained by performing projection of a normalized wavefunction and
thus is not normalized. Indeed, let us check its normalization

(W|w) = ST (A7 A A )y (A7 A A7)
{o}

(40)
— Ty (Z Aval,* ® gal) . (Z EOL’* ®Q AVUL>
Let us follow the general discussion and introduce the double tensor
1 1
4 . 2
o 1 o
2 4

which has eigenvalues %, —%, —}—1, —}L. The wavefunction norm can be written in a simple way

in terms of F and its eigenvalues A,

mnm>=quL::§éAﬁﬁil(g)L (42)

n=1

So we can rescale A% to A% = %ﬁa to insure the correct normalization. And the ordinary
AKLT wavefunction refers to the one written in terms of A%, i.e.

Warrr) =Y Tr(A7A% - A7) |oy0y -+ 0p) (43)

where the matrices are

20% +10Y 1 20% —i0Y
At = |z——F A'=——06° A =—y/Z—— (44)
3 2
This representation is not unique. We can also rotate the local basis such that the matrices
take simpler form

1
A" = —o% AV =—0oV¥, A*=—0" (45)

V3

and the corresponding basis states are the eigenvalue-0 eigenstates of the spin in the x,y and
z directions respectively

+) = 1=) ) +1=)

|z) = T? ly) = ZT,

Correlation function Let us begin with the one-point function of a spin operator O;, where
Oj = 54, 8y OI 5,

2) = —10) (46)

(Varrr|Oj|¥akrr)
(Vakrr|Vakrr)

0,) = (47)

11



Using the double tensor E, we can write it as

(0;) = Tr(i[?}i“), E[0] =) 0,0 A7 ® A7 (48)

o,0’

Let |v,) denote the eigenvectors of F, then we have

S M 0l BIOYw) 131
- 1
Zn 1A1’LL/

Let us consider a simple example O = s, = diag(1,0,—1) and have

(0;) = vi|E[O]]vy) (49)

0 00 2

e o |0 000
E0=s]=) (s)ecA7" @A = o o (50)

200 0

Then, its one-point function vanishes, because v; = (== 7 0,0, f) )
Let us then consider a two-point function of the local operator O
\\J 000, | ¥ Tr(E[O|E*E[O|EF—*—2

(040,) = (Vakrr|O00x|Varrr) _ Tr(E[OEE[O] ) (51)

<\IJAKLT\‘I’AKLT> Tr EF

We can apply the same method by introducing the eigenvectors |v,,) of E and write

(0001} = 55 T ( ) (0a B0 0m) (0| EO] 1) (52)

’I'L nnm

Noting that for the AKLT MPS, the three subleading eigenvalues are degenerate, we have

(000,) — (%) T (i—) S (B[O vm) (v ELO] o) (53)

m=2

We can recognize that the first term is the disconnected piece, so the connected two-point
function is exponentially decaying.

This is a special example, where the largest eigenvalue of F is not degenerate. Let us
consider what happens if it has degeneracy. Then it implies long-range order.

Symmetries The Hamiltonian has an SO(3) symmetry and we want to examine how it acts
on our MPS wavefunction. Because the wavefunction has a translational invariance, it suffice
to check how it acts locally, namely

R(g)aU’AU, (54)

where R(g) is the fundamental representation matrix of a group element g € SO(3). Note that
A? consists of Pauli matrices which behaves as SO(3) vectors in the adjoint representation of
SU(2). Thus, we have

R(g)oo A7 = U, AU} (55)

12



where U, is a SU(2) matrix that corresponds to g € SO(3). Namely, the symmetry action can
be pushed from physical index to the bond index. In this example, the symmetry action on
the bond index is in the projective representation of SO(3). This is a generic feature of the
one-dimensional symmetry protected bosonic topological phase.

One of the physical consequences of such a fractionalized symmetry is that we can instead
consider the following correlation function

(s H e 5% (56)
j<t<k

which is a two-point function of s* but dressed by a string of w-rotation. With the insertion of
a string, one can verify that it no long decays with the distance k& — 7.

4 Mean-field theory with MPS

In this section, we will apply the MPS to improve the mean-field theory solution to the one-
dimensional transverse-field Ising model (TFIM). For simplicity, we will consider a translation-
ally invariant MPS with bond dimension y = 2.

Let X,Y,Z denote the Pauli operator and |0), |1) denote the eigenstates of Z with eigen-
values +1. The Hamiltonian for the TFIM is

H=-]Y ZiZp—hY X (57)

In the simplest mean-field approach, the ansatz wavefunction is a local product state with zero
correlation and a single variational parameter, which can be written as

(cos0]0) + sin @ [1))*» (58)

It interpolates between a symmetry breaking state and a symmetric state when 6 increases
from 0 to /2. Now, we want to promote it to a y = 2 translationally invariant MPS

) :ZTr(AJlAJQ"'AOL)|<7102“'0L> (59)
{o}

where each A7 is a 2 x 2 matrix. The simplest ansatz (58) breaks the Z, symmetry explicitly.
We will assume that the MPS ansatz (59) obeys the Zy symmetry, which will allow us to give
strong constraints on it.

4.1 Number of parameters

Naively, it seems that there are eight complex parameters that we can tune. However, it turns
out that only two of them are actually physical.” This has to do with the gauge degrees of
freedom in the MPS wavefunction, which does

A — MA°M~', M € GL(2,C) (60)

"We thank Yi-Zhuang You for helpful private discussion on a related problem.
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This “gauge symmetry” combined with the physical symmetries gives a strong constraint on
the number of independent physical parameters. The most general form of A” is

A =+ X + Y + 57 (61)
where ¢ ; 5 3 are complex numbers. Now, let us remove the redundant ones:

1. First of all, we can apply a gauge transformation A° — MA° M1 to remove the Y term,
where M = all + bX and a?® + b* = 2abcs/cy. For the other two parameters ¢y, c3, their
signs can be changed arbitrarily by gauge transformation with X or Z.

2. Second, we require the wavefunction to respect the on-site Z, symmetry, which says
3IM € GL(2,R), X,, A% = MA M (62)
If pick the gauge where M = X, the matrix A? is restricted to
A’ =col+ 1 X + (—1)7¢3Z (63)

One can also pick a different gauge where M = X, then the matrix takes a slightly
different form
A% = Co]I + (—1)001X + CgZ (64)

The two gauge are related by an Hardamard gate. It is sometimes also convenient to
write the matrix A in the eigenbasis of Pauli-X. In the two different gauges, it takes the
following form

X-gauge: At =V2(col+ e X), A™ =237

65
Z-gauge: At = \/§(CO]I +e3Z), AT = V2e, X (65)

3. Then, note that the Hamiltonian is real, which allows us to write a purely real wavefunc-
tion. Thus, we can choose ¢y ;3 to be all real and further c¢; 3 are positive.

4. Finally, note that we can always rescale the matrix by a constant and take care of the
normalization at the end of the calculation. Therefore, we only have two independent of
parameters.

This also provides some freedom in the choice of parametrization. For example, one
convenient parametrization that will be used for the numerical calculation is

A% =T+ c(sin0X + (—1)7 cos02) , c>0,0<9<g (66)

In the numerics, it is found that only the regime ¢ € [0, 1] is physically more interesting.
In this regime, another form is convenient for understanding the physical meaning of
parameters in the ferromagnetic phase

A° — ep(sinOX—i—(—l)" cos02) (67)

Equivalently, we have c; < ¢ in this regime, so we can also parametrize A (in the
Z-gauge) in a similar way and have

At =V2e7 A” = V28X (68)

which will be useful for understanding the physical meaning of parameters in the param-
agnetic phase.

14
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Figure 1: The four eigenvalues of the double tensor E at different values of ¢ and 6.

4.2 Physical meaning of the parameters

In this subsections, we will identify the ferromagnetic and paramagnetic phase in the parameter
space. Then, we extract the physical meaning of the parameters, for example, which part
describes the domain wall tension and so on. We want to show:

e When 6 = 0, the wavefunction is in the ferromagnetic phase, tanh™* ¢ is the line tension
of domain wall.

e When 0 > 0, the wavefunction is in the paramagnetic phase, csin 6 is the probability of the
Zy charge creation, tanh™*(ccos ) is the virtual energy cost for the charge propagation.

The general analysis in Sec.2.2 tells us that the symmetry breaking is associated to the
degeneracy of the largest eigenvalue of the double tensor. This provides a simple way to
identify the ferromagnetic phase. The double tensor is defined as Fo, 55 = >, A7 A7 5 and
can be written as a 4 X 4 matrix in this case

14 ¢ cos? 0 csiné csin @ 2sin® 0
csin f 1—c?cos® 2sin’ 0 csin 6
E=2 csin f 2sin’ 0 1—c?cos?0 csinf (69)
2sin? 6 csin @ csin 6 1+ ¢ cos? 0
It generally has four different eigenvalues

1 24+ 4(c?2 -4 20 2 460

)\1—2+02—02008(26)+C\/ 6+ 3c? 4+ 4(c )2008( ) + % cos(46)

Ao =2 (1 + ¢ cos(26

A3 =2(1 — c?)

16 + 3¢ + 4(c? — 4) cos(20) + 2 cos(40)
2

A =2+ — c?cos(26) — C\/

Their values at general ¢ and 6 are plotted in Fig.1 and we can see their relative ordering
A1 = Ao > A3 > Ay, The largest eigenvalue have a two-fold degeneracy at § = 0, which means
that the ferromagnetic phase is on the line § = 0 and the paramagnetic phase occupies the rest

15



of the parameter space, i.e.

/2
paramagnetic

ferromagnetic

0 - c

Now, let us figure out the physical meaning of each parameter in two phases. We will
switch between different gauges and parameterization to simplify the analysis. In the end we
will translate the conclusion to the (¢, 8) representation.

e In the ferromagnetic phase, domain walls have a extensive energy cost and are strongly
suppressed. Namely, the weight of a domain wall configuration in the ground state wave-
function is exponentially small in the length of the domain wall. Now, we want to un-
derstand how our MPS wavefunction reproduces this physical picture. It is convenient to
work with the X-gauge and use the matrix in the eigen basis of Pauli-Z. We also assume
¢ < 1 and adopt the following parametrization

A% — ep(sin 0X+(—1)7 cos02)

Let L denote the total length of the system, then the weight of a single domain wall of
length x is

Tr ((A%)E"(AY*) 1 —cos26 n 1 + cos 26
~ e
Tr(A%)L 2 2
Thus, only when 6 = 0, the probability is exponentially small in the length of the domain

wall and we have a ferromagnetic phase. This is also consistent with the eigenvalue
analysis. Furthermore, the line tension of the domain wall is p = tanh™' ¢.

B | (71)

e In the paramagnetic phase, it is more convenient to describes the physics using Z, charge.
The wavefunction is required to be Zy symmetric and can only contain pairs of Z, charge.
Not only the pair creation but also the propagation of each Z, charge is suppressed.
Namely, the weight of a pair of separated Zs charge should be exponentially small in
their distance. Now, let us reproduce this picture using our MPS wavefunction. It is
convenient to work with the Z-gauge and use the matrix in the eigen basis of Pauli-X.
We use the following parametrization (assuming ¢ < 1)

At =/2e?, A =28X

Let L denote the total system size and x the separation of a single pair of charge, the
weight of such a configuration is

Tr ((A*)L*w*QA*(Aﬂ“A*)

Tr(A+)L
As long as a # 0, the weight is exponentially small in z and the wavefunction is in the
paramagnetic phase. This is also consistent with the eigenvalue analysis. § = csin# is

probability of creating a Z, charge, a = tanh™'(ccos#) is the virtual energy cost for the
charge propagation.

~ /626—2a(a:—1) (72)
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4.3 Mean-field analysis

In this subsection, we finish our mean-field analysis. We will obtain the phase diagram by
optimizing the energy for a given J/h and plot the order parameter. We will see that the MPS
variational wavefunction exhibits a first-order transition at J/h = (1 4+ v/2).

The expectation value of the Hamiltonian is

(PIH|Y) _Z (V| Z:i Zi 41| W) (W].XG| W)

H)w = - () ()

() (73)

And the order parameter is defined to be the square root of the two-point function of Pauli-Z

_ Y2 Z 0| W)

The general analysis in Sec.2.2 tells us that, when the double tensor has a unique largest
eigenvalue, these expressions take simple forms in the thermodynamic limit. The one-point
function of a local operator can be simplified to (30) and thus the Hamiltonian density can be
written as®

lim

L%m% _ {ﬁ (=J (|E[Z1Zs]|v1) — hay (ui] E[X][v1))  Ar > Ao 75)

2 (—=J (1 |E[Z1Z5)|v1) — hAy (01| E[X]|v1)) A1 = Ag

>

The two point function is simplified to (32) and thus the order parameter can be written as’

A A
_— 01 1> A2 (76)
(Uil E[Z]|va) | A=A

For generic value of J/h, the energy density in the parameter space and the corresponding
saddle point is shown in Fig.2. For small .J/h, the saddle point is close to the corner ¢ = 1,6 =
7/2. As we increase J/h, the saddle point gradually moves downward and lands on the real
axis when J/h =~ 1.2, which is shown in Fig.3 (a). At the same time, the order parameter
jumps to a nonzero value, which is shown in Fig.3 (b). Therefore, in contrary to the ordinary
mean-field result, the MPS mean-field theory yields a first-order transition!

The transition point can also be determined exactly. Let us focus on the vicinity of the
transition point and fix h = 1 for simplicity. Then, 6 is small, which allows us to do a Taylor
expansion of the energy density in . Plugging the expression of eigenvalue and eigenvector
into (75) and performing the Taylor expansion, we find that

E(J,c,0) =~ Ey(J,c) + Ey(J,¢) 6* + Ey(J, c) 0* + O(6°) (77)

Let us inspect each term:

8To derive the expression for A\; = Ay (0 = 0), just notice that (vi|E[Z1Zs]|v1) = (vs|E[Z1Z5]|vs) and
(v1|E[X]|v1) = (v2|E[X]|va). Thus, we can simply extend the expression for Ay > Ay to the degenerate case by
adding a factor of 2.

9There are a few intermediate steps to derive the expression for A\; = . First, we need to write down the
analytical expression of the eigenvectors and then one can find that (v;|E[Z]|v;) =0 for all i = 1,--- ,4. Thus,
only the off-diagonal elements (v;|E[Z]|v;),i # j can be nonzero. The leading contribution comes from the
two-fold degenerate vectors with the largest eigenvalue. Further using the fact that E[Z] and v;=1,2 are real,
we get the expression.
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Figure 2: Energy density in the parameter space and the saddle point. In this plot, we choose
J/h = 0.5, which is the critical point in the ordinary mean-field theory. Using the MPS mean-
field ansatz, the saddle point is above the real axis and does not exhibit the symmetry breaking
order.

e The first term is independent of # and is what the ordinary mean-field theory gives

—1+c =42

Eo(J, C) = <1+02)2

(78)

Optimization with respect to ¢ for a given J yields a transition point at J = 1/2, which
is exactly the ordinary mean field result. When J > 1/2, the minimal of Ey(J,c) is at

2J -1
o =\ 371 (79)

e Now, let us consider the quadratic term

2(2*T — 82T + O+ 6¢* + 72 — 27 + 2)

Bahe) =~ (@ +1)

(80)

One can find Es(J,c) < 0 for 0 < J < 1 and therefore the wavefunction can lower its
energy by having a nonzero 6, i.e. no symmetry breaking. The quartic term is always
positive and forbids # from being too large.

When J exceeds 1, Fy(J,c) starts to have a zero c,(fezao on the positive ¢ axis. When
2, > cfgzn, the system does not have to lower its energy by having a nonzero 6. Thus,

the transition point is determined by
1
C,(22€)7‘07 = 07(727,377, = Jiransition = 5(\/5 + 1) (8]_)

After the transition point, the minimal of Ey(J,¢) becomes the global minimal and we

have
2J —1 1
- (V241 2
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(a) Position of saddle point (b) Order parameter

Figure 3: Position of saddle point and order parameter. The transition point is J/h ~ 1.2. The
order parameter shows a discontinuity, which implies that the transition is first-order.
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