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Abstract: For every Matrix Product State (MPS) one can always construct a
so-called parent Hamiltonian. This is a local, frustration free, Hamiltonian which
has the MPS as ground state and is gapped. Whenever that parent Hamiltonian
has a degenerate ground state space (the so-called non-injective case), we con-
struct another 'uncle’ Hamiltonian which is also local and frustration free, has
the same ground state space, but is gapless, and its spectrum is RT. The con-
struction is obtained by linearly perturbing the matrices building up the state
in a random direction, and then taking the limit where the perturbation goes
to zero. For MPS where the parent Hamiltonian has a unique ground state (the
so-called injective case) we also build such uncle Hamiltonian with the same
properties in the thermodynamic limit.

1. Introduction

One of the aims of condensed matter physics is to understand the low tempera-
ture behavior of locally interacting quantum systems. For that, one has to solve
the Hamiltonian which is postulated to capture the physics of the system un-
der study. This means obtaining a good description of its ground state which,
in turn, allows to make predictions on the observable properties of the system.
However, solving a Hamiltonian is, except for very few models, completely out
of reach analytically and in general also very hard even numerically. This has
motivated a reverse engineering approach, where one designs particular wave-
functions which try to capture some of the physical properties of the system,
such as symmetries or frustration, and tries to find appropriate Hamiltonians
for them for which one can give a rigorous mathematical treatment.
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A first paradigmatic example of this approach is the AKLT state [1], intro-
duced by Affleck, Kennedy, Lieb and Tasaki in 1988 as a way to understand
the one dimensional antiferromagnetic spin-1 Heisenberg model. In this case,
an associated nearest neighbor Hamiltonian was already introduced in [1] and
its spectral gap rigorously proven —as opposed to the gap of the rest of Hal-
dane’s phase where only numerical evicende is known. The AKLT construction
was generalized later in 1992 by Fannes, Nachtergaele and Werner [11]. They
constructed the family of Finitely Correlated States, nowadays known as Ma-
trix Product States (MPS), and found a gapped local Hamiltonian (called the
parent Hamiltonian) for each one of them®. The other paradigmatic example is
the Resonating Valence Bond (RVB) state, postulated in the seminal work of
Anderson [2] in 1987 as a way of explaining high-Tc superconductivity. This, to-
gether with the fact that such state on a geometrically frustrated lattice would
be a topological quantum spin liquid, has attracted the attention of theoretical
and experimental physicists for many years [4]. In this case, only very recently
[30,33], and using the 2D version of the MPS parent Hamiltonian described in
[21,26], an associated local Hamiltonian has been found and the properties of
that Hamiltonian are still under study.

The interest in this reverse engineering approach (obtaining Hamiltonians for
a target quantum state) has boosted in recent years thanks to the role it plays in
quantum information theory and in the problem of classifying quantum phases of
matter. In the first case, one identifies valuable resource states: GHZ states [13],
cluster states [6], topological codes [15], ..., and tries to find ways to engineer
them and stabilize them for long times. In essentially all these cases, the desired
states are MPS or their 2D generalization (PEPS), so the parent Hamiltonian
construction [11] gives us already a solution. In the second, to show that two
quantum states |1g), |¢1) are in the same phase, one must engineer a smooth
path of gapped Hamiltonians Hy, A € [0, 1], so that [¢)o) is a ground state of
Hy and [¢1) is a ground state of H;. Here, the parent Hamiltonian construction
was the the way to engineer the paths of Hamiltonians which led to the final
classification of 1D phases presented in [8,16,23,27].

This parent Hamiltonian, despite being so useful as the main general reverse
engineering construction, has a clear weakness, as pointed out by Chen et al in
[7]. Tt is in general not robust against perturbations in the matrices which define
the MPS. This issue is crucial for the applications described above. In this work,
we analyze this problem and solve it in full detail by (1) identifying the Hamil-
tonian (we call it uncle) which is being perturbed when perturbing the MPS,
(2) analyzing the properties of the uncle Hamiltonian and (3) characterizing for
which perturbations this uncle Hamiltonian coincides with the parent.

In particular, we show that the parent Hamiltonian is robust if and only if the
MPS is injective [20]. When this is not the case, which corresponds to systems
with discrete symmetry breaking [20] (block-injective MPS), the uncle Hamilto-
nian has the following striking properties: (1) It has the same -finite dimensional-

1 The very same year, White introduced the Density Matrix Renormalization Group
(DMRG) algorithm [31], which turned out to be extremely successful as a way to derive ground
states from 1D gapped local Hamiltonians. It was only realized later that DMRG was a way to
find the closest MPS to the target state, indicating that the family of MPS was indeed large
enough to describe the low temperature physics of all gapped 1D systems. This was finally
proven by Hastings in [14] (see also [29]) and later, with exponentially better parameters, by
Arad, Kitaev, Landau and Vazirani in [3].
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ground space as the parent Hamiltonian, (2) it is also frustration free, but (3) it
is gapless and its spectrum equals [0, +00) in the thermodynamic limit, whereas
parent Hamiltonians always show a spectral gap. These properties hold for any
block-injective MPS, and for gemeric perturbations. Unlike the parent Hamil-
tonian, the uncle Hamiltonian may change continuously under perturbations of
the MPS even in the presence of a discrete symmetry.

As a by-product we obtain new examples which shed new light on the prop-
erties inherent to critical systems and phase transitions, in the line initiated in
[32]. Notice that all our examples are generic, as gapless as they can be since the
spectrum is the whole positive real line, but they are frustration free and there
is no power-law decay of correlations within the ground space. Indeed, modi-
fying our construction, for any injective MPS (which always has exponentially
decaying correlations), one can obtain simple frustration free models with the
same spectral properties but with the given MPS as unique ground state in the
thermodynamic limit — however, the finite dimensional ground spaces do not
coincide in this injective case. Finally, our analysis could help in the design of
MPS-based algorithms to simulate systems with discrete symmetry breaking in
1D or, more generally, systems with topological order in 2D.

The paper is organized as follows: In Section 2 we start with the basic defini-
tions. Section 3 works out the illustrative example of the GHZ-state which helps
in understanding the main theorems presented in Section 4. Section 5 finally
deals with the case of injective MPS. For the sake of clarity, we have moved
some of the technical proofs to the appendices, where one can also find how to
treat formally the thermodynamic limit using the GNS construction and some
basic facts we need about spectral theory of unbounded operators on a Hilbert
space.

2. Definitions

In this section, we will provide the necessary definitions: We start by intro-
ducing Matrix Product States, their normal form, and the injectivity property.
Next, we show how parent Hamiltonians for MPS are constructed. We find that
parent Hamiltonians change discontinuously under certain perturbations, which
motivates the introduction of uncle Hamiltonians.

2.1. Matrixz Product States.

Definition 1 (Matrix Product States). A state |[¢) € (C*)®L is called a
Matriz Product State (MPS) if it can be written as

|M(A)> - Z tr[Ail "'AiL”ila'-',Z.L% (1)

11,000
where the A;, i =1,...,d, are D x D matrices (D is called the bond dimension).

The matrices {4;}; can also be thought of as a tensor A with three indices
(Ai)ap, where the matrix indices o and 8 are referred to as “virtual indices”,
and the index i as “physical index”. Note that this definition of MPS is restricted
to translationally invariant states with periodic boundary conditions, which we
will be concerned with in this paper.
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Throughout this paper, we will use a graphical notation for tensor contrac-
tions such as in Eq. (1), cf. [26]: A tensor with k indices will be denoted as a
box with k legs; e.g., the tensor (A;)qs is denoted as

T - A

with the upper leg by convention denoting the physical index. We will generally
omit the labels. The contraction of two tensors, i.e., summing over a joint index,
is denoted by concatenating the corresponding indices; e.g., > 5(A;i)ap(B))sy is

written as
ioJ
= .

We will also use the more compact notation
A<B

instead. In this graphical language, an MPS, Eq. (1), can be expressed as

Given a tensor T' = (T})ap, we will denote by (a|T'|3) the vector Y (a|T;|5)]i) =

<a|| B) in the physical space. More generally, matrix operations are generally
meant to act on the virtual degrees of freedom; e.g., C' = A @ B denotes the
tensor with components C; = A; & B;.

In order to compute expectation values etc., we need to contract tensor net-
works with their adjoint. Tensors with legs pointing down are always complex
conjugated,?

‘ n *
HAF =(4i)ap = (4])pa -
7

An object of particular interest is the “transfer operator”

which we will occasionally interpret as a map from the right to the left indices,
EB X w— >, AXB;.

2 Throughout, = will denote the complex conjugate and -* the adjoint operator.
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2.2. Normal form. MPS are stable under blocking: If we e.g. block pairs of phys-
ical sites, ji = (iag—1,%2k), the state can again be expressed as an MPS in the
blocked indices, with tensors A;, = A;,, , As,,. By blocking a finite number of
sites [25] and appropriate gauge transformations, any MPS can be brought into
a standard form [11,20].

Theorem 1 (Standard form for MPS [11,20], injectivity). After blocking,
any MPS can be written in a standard form where the matrices A; have the
following properties:

1. The A; are block-diagonal: A; = EB?:lAg ® I, where Al € M, (the space of
l; x l; matrices) and the I'; are positive diagonal matrices.

2. The A; span the space of block-diagonal matrices: span; A; = @J,D:l My, @T5.

3. For all j, and for A7 denoting the MPS tensor defined by the submatrices Af,
the map &; := Ejj- has spectral radius one, with 1 as the unique eigenvalue of
modylus 1, and with eigenvectors ;(I) =T and &5 (A),) = Ay, where Ay >0,
tr(A’) = 1.

Property 2 with every I'; = 1 is called block-injectivity; in particular, if D =1,

and I'1 =1, A is called injective.

For the rest of the paper, we will always consider MPS in this standard form.

Definition 2 (Span of a tensor, Projector corresponding to a tensor).
Given a tensor (T;)ap with two virtual indices o, B, and one physical index i
(which can be a blocked index), we define the span of T' as

span{T'} := span { Ztr[ﬂX] iy | X € Mp} .

Also, we define the projector corresponding to T', II[T], as the orthogonal pro-
jector onto span{T}*.

In particular, T can arise from blocking two or more tensors A from an MPS,
T=A<A---.E.g.,

span{A<A} = span { ¥ _tr[A;A; X]]i,j)|X € Mp} . (2)
(2]
Note that injectivity of a tensor T implies dim(span{T}) = D2.

Lemma 1 (Continuity of projector of a tensor). Let T'(¢) be a family of
tensors. If T(0) is injective and T'(e) is continuous around 0, then II[T(e)] is
continuous at 0.

More generally, if T(0) is block-injective and T(e) is continuous and block-
diagonal in the same basis around 0, then II[T(€)] is continuous around 0.

Proof. The proof follows directly from the fact that a basis X of the space of
(block-)diagonal matrices yields a continuously changing basis of span{T'(¢)} by
virtue of Xy — >, tr[T;(e) X]|i) = |vi(e)).-

From these bases, the Gram-Schmidt orthogonalization process leads also con-
tinuously to orthonormal changing bases of span{T'(¢)}, say {|ex(€))}: Beginning
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from |v1(e)) # 0, its normalization is continuous. Then, orthonormalization of
|va(e)) with respect to |ei(g)) only involves projecting onto the complement of
span{|e;(¢))} and normalization, and both operations are continuous as long as
we keep in every moment away from the null vector (this is where the impor-
tance of injectivity or block-injectivity stems, in the need of the dimension of
span{T'(0)} to be kept locally). One can also consider the process as projecting
|v2(e)) onto span{lei(e))}, and then substracting the result to |va(e)), which
yields a non-zero vector that must be normalized. With the rest of the vectors
the process is similar with finitely many steps, which makes the orthonormal-
ization process continuous if the injectivity conditions are held and every step
keeps away enough from 0. Note that injectivity of 7(0) and continuity of T at
0 is enough to ensure injectivity of T'(¢) for small .

The final projection IT[T'(¢)] is also continuous in e, since projecting any
vector onto every linear space span{|ex(¢))} and substracting the result to the
vector are continuous in €.

In the case T'(0) is block-injective, the fact that T'(¢) is also block-diagonal
makes the rank of {|vi(g))}r constant around 0. This allows to guarantee the
same result about continuity. a

2.8. The parent Hamiltonian. Let us now turn towards Hamiltonians for MPS.
We will restrict to translationally invariant Hamiltonians, and denote the local
terms by lowercase letters, e.g., h. When necessary, subscripts indicate the sites h
acts on, e.g., h; ;1. We will identify the local operator h and the global operator
h ® 1. The total Hamiltonian will be denoted by the corresponding uppercase
letter, e.g., H = > h := Eivzl hii+1. Generally, indices will wrap around the
ends of the chain (e.g., here N +1=1).

Every MPS |M(A)) induces Hamiltonians to which it is an exact ground state:
The reduced state on, say, two adjacent sites, pa, is supported on span{A< A},
and thus for h := IT[A<A], h|]M(A)) = 0. If D* < d? — this can be achieved
by blocking, and is the case for the standard form of Theorem 1 — IT[A< A]
is non-trivial, and we obtain a non-trivial Hamiltonian with two-body terms h
which has |M(A)) as its ground state.

If we use |[M(A)) in the standard form of Thm. 1, this Hamiltonian is partic-
ularly well-behaved:

Definition 3 (Parent Hamiltonian). Let |M(A)) be a (block-)injective MPS,
i.e., satisfying condition 2 of Theorem 1, and let h = IT[A< A]. Then, the Hamil-
tonian H = > h is called the parent Hamiltonian.

Theorem 2 (Ground state space of parent Hamiltonian [18,20,26]).
The parent Hamiltonian has a D-fold degenerate ground state space spanned by
|M(A%)); in particular, |M(A)) is one of its ground states. Also, the parent
Hamiltonian is gapped in the thermodynamic limit.

Remark 1. Note that in order to ensure the correct ground state subspace in The-
orem 2, a weaker condition than the injectivity of each tensor used in Definition 3
is enough: It is sufficient to take projectors onto the orthogonal complement of
the span of k + 1 sites, where k is chosen such that blocking k sites makes the
tensor injective [25].
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2.4. Uncle Hamiltonians. The parent Hamiltonian construction can be inter-
preted as a map from the set of MPS to the set of Hamiltonians, H : A — fI(A),
which associates to any MPS |M(A)) its parent Hamiltonian H(A). While this
map is well-behaved in terms of the properties of H (A), we are also interested
in its continuity: If we change A smoothly, A — A 4 €P, does I:I(A) change
smoothly as well? If it were so, this would allow us to study perturbations of
the system by looking at perturbations of the MPS tensor A. For injective MPS
in their standard form, Lemma 1 tells us that this is indeed the case. On the
other hand, if A is block-injective, Lemma 1 requires P to be block-diagonal as
well, and it is indeed easy to see that random perturbations P will lead to a
discontinuous change in H(A + eP), as rank(span{ A< A}) is different for & # 0.

This discontinuity motivates the introduction of uncle Hamiltonians, which
are robust under specific perturbations of the MPS tensor.

Definition 4 (Uncle Hamiltonians). Let |M(A)) be a MPS in standard form,
and let P € Mp. Then, the uncle Hamiltonian induced by P is the Hamiltonian

Hl, .= lim H(A +¢P) , (3)
e—0

whenever this limit exists. This is, the uncle Hamiltonian induced by a given
perturbation is the limit of the parent Hamiltonian of the perturbed MPS for the
perturbation going to zero.

For A an injective tensor, the limit exists and is equal to the parent Hamiltonian
for every tensor perturbation, following Lemma 1: Parent and uncle Hamiltonian
coincide for injective MPS. Thus, we focus our attention on the uncle Hamil-
tonians of block-injective MPS; most of this paper is devoted to studying their
properties.

In the following, H = > h will denote the parent Hamiltonian, while Hp =
>~ h'» denotes the uncle Hamiltonian, where we will occasionally omit the sub-
script P. Recall that this limit Hamiltonian depends on the perturbation, there-
fore a uniform limit for every perturbation as usually understood does not exist
in general.

3. Example: The GHZ state, the Ising model, and the XY model

We will start our discussion of the properties of the uncle with the GHZ state,
which has the Ising model as its parent Hamiltonian. The unnormalized GHZ
state can be expressed as an MPS

IGHZ) = [00---0) + [11---1),= > tr[dy, ... Ay, ]in, ... iL)

Bl

with ¢; € {0,1}, where A9 = ({§) and 4; = (7). Following Definition 3, the
parent Hamiltonian of the Ising model can be constructed from the span of two
sites,

span{A< A} = span{|00), |11)} ,

which is indeed (up to an additive constant) the well-known Ising Hamiltonian
1 [[00)(00] + [11)(11].
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3.1. Uncle Hamiltonian for the GHZ state. Let us now construct the uncle
Hamiltonian for the GHZ state. According to the definition, we first need to
fix a perturbation P of the MPS tensor A,

_ (a0 bo _ (a1 by
Po = <CO d0> and Pl = (Cl d1> . (4)

Next, we need to consider the MPS |M(C; p)) with C. p = A+¢P, and construct
its parent Hamiltonian. For a generic P, we need to block two sites to reach
injectivity. Thus, following Remark 1, we need to construct the terms of the
parent Hamiltonian as the projector onto the complement of the span on three
sites,

S3(e) = span{C, p£C, p<C; p} .

Ss3(e) is spanned by the four vectors vas = (a|Ce, p£Ce p<C: p|B), which are
straightforwardly found to be

voo = |000) + O(e) ,

vo1 = £[bo|000) + (bo + b1)[001) + (b + b1)|011) + b1|111)] + O(£?) ,
v1g = €[c|000) + (co + €1)]100) + (co + ¢1)]110) + ¢1]111)] 4+ O(e?) ;
o1y = [111) + O(e) .

If b + by # 0 and ¢y + ¢; # 0 (which happens almost surely?), this can be
transformed into an alternative set spanning S3(¢),

{|000) 4+ O(e), [001) + [011) + O(g), |[100) + |110) 4+ O(e), [111) + O(e) } . (5)

The parent Hamiltonian of the perturbed MPS |M(C; p)) is thus Hp. = > hp.,
with each hp. acting locally on three consecutive sites, and projecting onto
S3 (8)L.

In order to obtain the uncle Hamiltonian we finally need to take the limit
¢ — 0. Then, the four states in Eq. (5) become orthogonal, and the family hp .
converges to the projection onto the orthogonal complement of

span{|000), |0+1), [1+0), |111)}.

Here, [0+1) = |0)|+)|1), with |+) = (]0) +|1))/+/2. Thus, the uncle Hamiltonian
has local terms

hp = T — [|000)(000] + [111)(111] + |041)(04+1] + |14-0)(1+0]] (6)

Note that this limit does not depend on the perturbation P (as long as bg+b; # 0
and co + ¢1 # 0), and will be called A’ or h{_, ; ;. in the following. The parent
Hamiltonian W’ is obtained as the sum H' =Y h' =3, h ;1.

3 Note that whenever we say something happens almost surely means not only that it
happens with probability 1 but also that the set of perturbations which may not satisfy the
statement form a closed algebraic variety of dimension strictly lower than the set of all possible
perturbations.
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3.2. Ground space of the uncle Hamiltonian. What is the ground space of the
uncle Hamiltonian? Since

ker(h') = span{|000), [111), |0 + 1), |1 + 0)} D span{|000), |111)} = ker h ,

the ground states |0...0) and |1...1) of the GHZ parent Hamiltonian are also
ground states of the uncle; in particular, the uncle is frustration free. However,
h' allows for additional ground states. Indeed, if we consider the ground state
space of h' acting on m consecutive sites (with open boundaries), the ground
space is

span {[0...0),[1...1),) "[0---01-+-1),» "[1---10---0)} € (C})®™,  (7)

where the sums run over all positions of the “boundary wall” 01 and 10, respec-
tively. Yet, when closing the boundaries, the additional states > [0---01---1)
and > |1---10---0) stop being in the intersection of the kernels, and the ground
space of the uncle Hamiltonian coincides with the ground space of the parent
Hamiltonian. Intuitively, with periodic boundary conditions the boundary walls
need to come in pairs, and it is impossible to give both of them momentum zero
as they meet which is not in the ground space of h'.

3.8. Spectrum of the uncle Hamiltonian. Let us now show that the uncle Hamil-
tonian of the GHZ state is gapless. To this end, we consider the unnormalized

states
on) = > i) (8)
—N<i<—1
1<5<N
with

|pij) =107N710---0%1--- 107 - .- 0N FY)

on a chain of length 2V 4 3, where the superscripts indicate the position of the
corresponding qubit. (This notation will be used throughout this work.) These
states are orthogonal to the ground space, and (¢pn|én) = N2. Further, |¢y) is
almost a zero momentum state of the two boundaries: It is a ground state of all
terms in H' except h—_101, An.N+1,—N—1, and hyt1 —n—1,—n, and by counting
the violating configurations, we find that (¢n|H'|¢n) = O(N). Hence, for the
energies of these states we have

(on|H'[pn)
(dNn]oN)

This implies that (on a chain of length 2N + 3) H’ has at least one eigenvalue

An < % = O(1/N), i.e., the family of uncle Hamiltonians is gapless.

Does H’ have a continuous spectrum? One idea to prove so would be to
to construct momentum eigenstates with an energy scaling like ©(k?/N?) (©
denotes the exact scaling rather than an upper bound). To this end, we give the
sum in Eq. (8) a momentum,

ovg) = D> TN, ) (10)

—N<m<—1
1<n<N

= O(1/N). (9)
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It is straightforward to see that in addition to the O(N) contribution from be-
fore, the N —1terms h—N —1,—N,—-N +1,...,h_5 _1 o all give a contribution

O(k2N), resulting in an energy %M = O(k?*/N?).

Unfortunately, the existence of states with energy ©(k?/N?) does not allow
to conclude that the spectrum of H’ is dense: The existence of a state with
energy F only implies the existence of eigenvalues Ay < E and Ao > E, but
tells us nothing about their exact value. (The reason this worked for the gapless
excitations was that H' > 0, and that |¢ ) was orthogonal to the ground space.)
It is, however, indeed possible to show that H' has a continuous spectrum. For
the GHZ example, this can be done by mapping it to the XY model as discussed
in Sec. 3.5, and in Sec. 4.4, we give a proof that uncle Hamiltonians of arbitrary
MPS have a continuous spectrum which works directly in the thermodynamic
limit.

3.4. Gapless uncles for unique ground states. Can we obtain uncle Hamiltoni-
ans with similar properties in the case of MPS which are unique ground states?
Lemma 1 tells us that this cannot happen as long as the MPS tensors are injec-
tive, which is always the case as long as such an MPS is in its standard form: In
that case, the uncle Hamiltonian is equal to the parent Hamiltonian. However,
as we will demonstrate in the following, interesting uncle Hamiltonians can be
obtained by choosing a different MPS representation.

Consider a qubit chain (C?)®V  and a state |M(A)) = |0...0). Clearly, this
is a unique ground state of a gapped local Hamiltonian, with standard MPS
representation Ag = (1), A; = (0). However, we can write the same state with

bond dimension 2 and
10 00
Ay = (0 1) and A; = (0 0)

We can now perturb A with a perturbation P as in Eq. (4), with a; = d; and
b; = ¢, i = 0,1. A calculation similar to the one for the GHZ state shows
that in the limit of a vanishing perturbation, the ground space on three sites
is S3 = span{|000), |W)}, where [W) = (|001) + [010) + [001))/+/3 (as long as
by # 0 or ¢; # 0); the uncle Hamiltonian A’ is the projector onto S3-,

K =1 — [|000)(000] + [W)(W]] . (11)
For an open chain of length n, H' = " h’ has the two ground states

|0,) =[00---0) and
IW,) = [100---0) +[010---0) + ... + [000---01) .

Different from the GHZ case, the extra state |Wyx) does not disappear from

the kernel when closing the boundaries — the uncle Hamiltonian on a chain

with periodic boundaries has a two-dimensional ground space span{ |0y}, |Wx)}.

Note, however, that the thermodynamic limit of |0x) and [Wy) is the same, and

thus, the ground space collapses to the original one in the thermodynamic limit.
Again, we can construct gapless excitations by considering the states

|6n) =D _[0---01°00---0170 - 0) . (12)
i#]
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As before, they are orthogonal to the ground space, and their energy is O(1/N).
Alternatively, we could have also choosen a W state with momentum,

ong) =D e ¥ [0---001900---0), k#0,
J

which are also orthogonal to the ground space, and have energy O(k?/N?).

Again, the spectrum is dense in the thermodynamic limit. This can once more
be verified by a mapping to the XY model or, directly in the thermodynamic
limit, using the methods described in Sec. 4.4.

3.5. Relation to the XY model. Both the uncle Hamiltonian for the GHZ state
and for the |0...0) state are closely related to the XY model (or, equivalently, to
non-interacting fermions), which can be used to immediately infer that they are
gapless models with continuous spectra. Let us first consider the uncle Hamilto-
nian of the GHZ state, Eq. (6): It can be rewritten as

W=—31I0Z02+ZRZ1I+I0XQI-2Z0X®Z]+3IQIx1. (13)

This is exactly the Hamiltonian discussed in Eq. (11) from [32] at g = 0*. It can
be solved either by transforming it to non-interacting fermions, or by a duality
transformation to the XY model [22] ®. The resulting Hamiltonian is

HXYZ—i [Xi®XZ-+1+YZ-®Y;+1+2Zi]—|—const.

%

Indeed, this point in the XY model, which can be solved exactly by mapping
it to non-interacting fermions [17], is known to be gapless with a continuous
spectrum.

Let us now turn to the uncle Hamiltonian (11) for the |0...0) state. Let us
first replace the uncle Hamiltonian with a simpler one with the same spectral
properties. Namely, let

R’ =1 00)(00] — |&7) (&7, (14)
with |®+) = (|01) + |10))/+v/2. We have that
$h' < %(~/12 + hhg) < B

which implies that for any finite chain, the ordered eigenvalues \; of H =5
and \; of H' =" h/ are related by

%)\iSS\iS)\i-

4 In fact, the construction in Eq. (10) of [32] is, up to a gauge transformation, equivalent to
the uncle construction, with € = ,/g.

5 The partial isometry T : |i1,...,inN) + |i1 +i2,...,9x5 + 1) from the eigenspace of XV
associated to the value 1 to the even Z parity space induces the duality mapping X; —
ToX;oT'=X; 1®X;and Z; ® Ziz1— To(Z;i® Ziy1) o T = Z,.
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Le., if we want to determine essential spectral properties of H’', such as whether
it has a continuous spectrum, we can equally well study H’. Since h’ can be
rewritten as

W=-1XoX+YRY+ZeI+I®Z]+1iI1,

this yet again gives rise to the same point of the XY model, Eq. (13), proving
that the Hamiltonians Eqgs. (11) and (14) have a continuous spectrum.

4. Properties of the uncle Hamiltonian

In this section, we will see that the observations we made for the GHZ uncle
Hamiltonian generalize to uncle Hamiltonians of arbitrary MPS with degenerate
ground states (under some generic conditions): Their ground state space is equal
to the ground state space of the parent Hamiltonian, they are gapless, and they
have a continuous spectrum. This section will also contain the proofs which have
been omitted for the special case of the GHZ state.

For simplicity, we will focus here on the case where the MPS tensor C; in its
standard form, Theorem 1, has two blocks, C; = A;® B;, but the same procedure
can be followed in the general case: The results are completely analogous in case
of multiple different blocks, but there are some differerences if there are blocks
with a multiplicity larger than one. We will comment on this particular case in
Section 5.

Thus, in this section we will be dealing with an MPS | M (C)),

A0
=(35)

where both A and B are injective. We will choose A and B in the normal form
of Theorem 1. The parent Hamiltonian of this MPS consists of local projectors
IT[C'<C] with kernels

span{C<C} = span{A< A} + span{B<B} ,

where the two-dimensional ground state space is spanned by |M (A)) and |M(B)).
We will need two basic lemmas, which we show next.

Lemma 2 (Consequences of injectivity). The following three properties are
equivalent, 1 & 2 < 3:

1. A is injective.
2. For any X, there exists an |a) such that

i X} =x. (15)

3. There exists a tensor A_1 such that

.
S (Ao (Ao = =] [Z(Saa'%ﬂ' (16)
i

( “left inverse to A”).
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Also, the following three are equivalent, 4 & 5 < 6:

4. (4 &) is injective
5. For any X of the dimensions of A, there exists an |a) such that (15) holds,

and additionally
@ O, @
B} = {R} = {L} =0,

and the corresponding statement holds for the other three blocks.
6. There erists a tensor A~ such that (16) holds, and additionally

A A A
= = =0,

BF ARF L]

and the corresponding statement holds for the other three blocks.

Proof. 1 < 2 since by definition, injectivity means that the A; span the whole
matrix algebra. 2 = 3 by defining |ang) such that in (15), X = |a)(f], and
choosing ((A71);)as = (aapli), and 3 = 2 by setting (ali) = tr[(A~1),XT].
4 = 5 by considering equivalence between 1 and 2 and the matrix

5 X0
= (00).
or the corresponding matrices for the other blocks.
5 = 4 since any matrix can be block-decomposed as

X Z

wy )’
and for these blocks there exist vectors |ax),|by), |rz), |lw) that give rise to X,
Y, Z and W when applied to A, B, R and L respectively, and 0 when applied
to the other blocks. Thus we can consider the sum |ax) + |by) + |rz) + [lw) to
satisfy condition 2, and therefore injectivity of tensor in 4.

5 = 6 by defining |ang) such that in (15) X = |a)(8| if both indices corre-

spond to the A block or 0 otherwise, and choosing ((A™1);)as = {(aasli), and

6 = 5 by setting (ali) = tr[(A~1); XT], with X = <)§ 8 .

O
Lemma 3 (Gauge transformations for span). Let £ : Mp — Mp be an
invertible map on D x D matrices. Then, span{T} = span{L(T)}, and equally
IIT) = H[L(T)], where the natural action of L on three-index tensors (T;)ap is
given by [L(T); = £(Ty).

Proof. This follows from tr[£(T;)X]| = tr[T;(L*(X™*))*], for every X € Mp.
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4.1. Form of the uncle Hamiltonian. We will now determine the general form of
the uncle Hamiltonian (including whether the limit in its definition exists).

Theorem 3. Let |M(C)), be an MPS with block-injective C = A @ B, and let
P4 R
r=( )

be an arbitrary tensor, such that the “uncle tensor”

[ AA  AR+RSB
U_<BCL+LCA BB >' (17)

is injective. Then, the uncle Hamiltonian induced by P exists and is a sum of
local terms h'p = II[U].

Proof. Consider a perturbation C. = C' 4¢P of the MPS |M (C)). We have that

o A€ A+ 0() e(A€R+R<B)+0(e?) ) .
C‘E*CE = (E(BCL+LCA)+O(52) B£B+O(5) ) ’ (18)

clearly, for € # 0 the map £. which multiplies the off-diagonal blocks by 1/e is
invertible and thus (following Lemma 3)

H[C<C] = H[LA(C-~C)] = LU + O(e)] .

Following Lemma 1, the limit lim._,o [T[U 4+ O(¢)] exists whenever U is injective,
and equals IT[U]. O

The required injectivity of the tensor in Eq. (17) follows in particular from
the following condition on the perturbation.

Definition 5 (Injective perturbation). 4 perturbation P of an MPS |M(C))
(in the notation of Theorem 2) is called injective if

(23) (19

s an injective tensor.

Lemma 4. If a perturbation P is injective, then the resulting “uncle tensor” U,
Eq. (17), is injective.

Proof. Let us consider condition 5 from Lemma 2, and any X of the dimensions
of A< A. Since the perturbation tensor is injective, there exist vectors |a) and
|a"} such that

B - {XF =x. (B} = (&} = {5} =0
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The product |a) ® |a’) yields then for the uncle tensor

@ @)
Ul = X0
Uk =(%0)
A similar reasoning can be followed for the rest of blocks, thus satisfying
condition 5 from Lemma 2. O

A perturbation P is generically injective if d > D?, and we will assume
injective perturbations in the following. Note that unlike for the |GHZ) state,
the uncle Hamiltonian does in general depend on the perturbation (though only
on its off-diagonal blocks R and L).%

4.2. Ground space of the uncle Hamiltonian. In the following, we study the
ground state space of the uncle Hamiltonian. Throughout, we will restrict to
injective perturbations.

Theorem 4. Let P be an injective perturbation of an MPS |M(C)), C = A& B.
Then, the ground space of the uncle Hamiltonian Hp is spanned by |M(A)) and
|M(B)), and thus equal to the ground space of the parent Hamiltonian.

Proof. The parent Hamiltonian is frustration free, i.e., its ground states minimize
the energy of each local term. The ground space is thus

ker(H) = ) ker(h) .
Since ker(h) C ker(h'p), it follows that
ker(Hp) = ﬂker(h'P) D ker(H) ,

i.e., the uncle Hamiltonian is frustration free, and any ground state of the parent
is also a ground state of the uncle.

In order to classify all states in ker(Hp) = (ker(h’), we will follow the
same steps as for the proof of the ground space structure of the parent Hamilto-
nian [26]: First, we will prove inductively how the ground space on a chain with
open boundaries, ﬂle ker h/P,i,i 41> grows — the intersection property. Then, we
will show how the ground space changes when we close the boundaries — the
closure property.

Recall that the base of induction is the projector on two sites which follows
from the uncle tensor in Eq. (17).

6 If D < d < D? and U [Eq. (17)] is injective one can construct both parent and uncle
Hamiltonians from projectors onto the span of three consecutive sites — this is what we did for
the GHZ example. Then, the uncle Hamiltonian is the projector associated to

AcACA ACASR+ASRSB+REBEB
BEBEL+BELSA+LEACA B<B<B :

While we will restrict to injective perturbations for clarity, the same steps can be followed
assuming only injectivity of U.
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Lemma 5 (Intersection property). Given a chain of length n, let S, be the
vector space

S, =A,+B,+ R, + L, , where (20)

ro={Y 'Y‘ /X € M},

posR
L-(x @ X € M)

where the sums run over all possible positions of the R or L, padded with A’s
and B’ to the left and right as indicated. Further, let (4 &) be injective. Then,
the intersection property S, ® C*NC?® S, = S,41 holds.

The proof of the Lemma is given in Appendix A.
Starting from Sy = ker(h] ,), and using that

k k—1 k
ﬂ ker(h; ;1) = m ker(hj ;1) N ﬂ ker(hj ;1)
i=1 i=1 i=2

the lemma allows to inductively prove that the ground space on n consecutive
sites with open boundaries is ﬂ;:ll ker(h; ;1) = Sp: It differs from the ground
space of the parent Hamiltonian by the presence of the “zero momentum domain
wall states*“ R,, and L,,, analogous to the domain wall states for the GHZ uncle.
It remains to show that these states disappear from the kernel when closing the
boundaries.

Lemma 6 (Closure property). Consider a chain of length N, and let Siery =
Sn defined on sites 1,..., N, and Syighy = Sy defined on sites 2,..., N, 1, using
the definitions of the previous lemma. (Le., for Sygn the ordering of sites is
shifted cyclically by one.) Then,

Sleft N Sright = span {|M(A)>7 ‘M(B»} .

The proof is again given in the Appendix A.
The closure property shows that if we close the boundaries on a chain of
length N, we indeed recover the ground space of the parent Hamiltonian, since

N N-1 N
m ker<h;,i+1) = ﬂ ker(hg,iﬂ) n m kef(%,iﬂ) = Slett N Sright -
i=1 i=1 i=2

Together, the two lemmas thus prove Theorem 4. a
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4.3. Gaplessness of the uncle Hamiltonian. One of the key properties of the
parent Hamiltonian is that it exhibits a spectral gap above the ground space
[18]. On the other hand, as we will prove in the following the uncle Hamiltonian
is generically gapless.

Theorem 5. The uncle Hamiltonian H)p is gapless for almost every P.

In order to prove this result, we need two basic lemmas which follow directly
from the normal form of MPS, and which concern the transfer operators, and
another lemma in which we find some low energy states —not eigenstates— which
let us finally prove the theorem. Let us first show them.

Lemma 7. Let A denote an injective block of an MPS. Then
k
== - O® +0E™). 21)
A

Note that O(e*) denotes a bound up to a constant in the exponent. This
notation will be used throughout this work.

Lemma 8. Under the conditions of Theorem 1, the spectral radius p(Efj) <1

fori#£j.

Proof. Let us take X such that Eﬁj (X)=> A{;X(A};)* = AX. We have then,
by using Cauchy-Schwarz inequality, that

A tr(X A0 X*) = | > tr(ALX (A}) An X ") = | ) tr(X(AL) "/ Au /A X7 A <
k k
1/2

1/2
< (Z tr(X(A;;)*AAiA;;X*)> (Z tr((Ai)*XAAiX*Ai)> = tr(X A4 X"),
k k

and therefore for any eigenvalue we have [A\| < 1. Note that the inequality is
strict since we have that span{(k|A*|l)} N span{(m|A7|n)} = {0} due to block
injectivity. a

Lemma 9. For a chain of length 6N + 1, let

on) = > G (22)
—IN<i<—N
N<j<2N

where
G - (AR AAHRHBE [BHLHAR {AF - @

Then, for almost every R and L (and thus almost every P), the following holds:

1. (¢pn|on) = O(N?).
2. (M(A)|pn) = O(e™™) and (M(B)|¢pn) = O(e™ ™).
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3. (pn|Hplon) = O(N).

Here, ©(-) denotes both lower and upper bounds on the scaling.

Note that |¢n) generalizes the GHZ “boundary wall” ansatz for low energy
states, Eq. (8). The range for ¢ and j in (22) is chosen such that R and L move
over a region of size N each, leaving two separating regions of length 2N each
which contain only A or B tensors, respectively.

Proof. 1) (¢n|on) = : Results from Lemma 7 allow us to approximate

for ¢ < k and j < I, and correspondingly for the other cases. [Note that we have
used p(E4) = p(Eff) < 1, Lemma 8, together with Eq. (21) to bound the error
term.] It follows that (¢n|pn) = ZrZL + O(e™2Y), with

AF) {R]
B/ B]

B}"\ {B]
)

EAi(EA)N+1
-~ r; NI Lo
- FEj I-FE3 ’

we find that 5r = CgN + O(1), with

+]I—EB ‘11 @J-.

Cr is a quadratic function in R which does not vanish identically (e.g., there
exists an R for which ITrIT4 = 0 and the first term is non-zero). Thus, the R
for which Cr = 0 form an algebraic variety of smaller dimension, and Cgr # 0
for almost all R.”

The same argument can be used to see that =1, = C, N +O(1) where Cp, # 0
for almost all L, and thus, (¢n|dx) = O(N?) for almost every perturbation as
claimed.

TIfIaMp =0, ie., Eg = 0, such as for the GHZ state, one can prove that Cr # 0 for any
injective perturbation.
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2) (M(A)|pn) = O(e™) and (M(B)|¢n) = O(e™™): In the scalar product

every summand contains (E7)?Y. Using Lemma 8 and the fact that there are
only O(N?) summands, (M (A)|¢n) = O(e~N) follows, and analogously for
(M(B)|on)-

3) (¢n|Hp|¢n) = O(N): The only terms in Hp which give a non-zero energy
are h'_on 1 _ony W n _Ni1s Piv_1 s and By o . For each of them, N + 1
summands in (22) contribute, and thus, (¢n|Hp|dn) = O(N). O

Proof (of Theorem 5). For the normalized states |¢n) := |én)/|||on)] on a
chain of length 6N + 1 (with |¢x) of Lemma 9), we have that |¢y) tends to be
orthogonal to the ground space of Hp and <(;A5N|HH¢A5N> — 0 as N = oco. To-
gether with simple spectral decomposition arguments, this implies the existence
of a sequence dny — 0 such that H (on 6N 41 sites) has at least one eigenvalue
in the interval (0,0x). O

4.4. The spectrum of the uncle Hamiltonians is RT. In order to study more
properties of the spectra of the uncle Hamiltonians we need to move on to
the thermodynamic limit. A formal description of it via GNS-representations
with respect to ground states can be found in Appendix B. The spectrum in
the thermodynamic limit can be found to be the whole positive real line and
the spectra of the finite sized chains can be proven to tend to be dense in the
positive real line.

Through the GNS-representation the problem is translated into studying the
action of Hp on the space

i<j i

where X can be any tensor of the corresponding dimensions. The spectrum one

must study is that of its unique self-adjoint extension® H/ : S — S, with

W =wsa =.. the ground state used for the representation.

There exists a unique self-adjoint extension because S is a dense set of analytic
vectors for Hp|s, and therefore it is essentially self-adjoint [24].

We must note that the choice of either ws or wpg is irrelevant, due to the
symmetric role blocks A and B have in the problem.

In first place, we must show that H/ is gapless. A family of states related
to those we used previously for finite chains in Lemma 9 and Theorem 5 let us

8 We ommit the subscript P for the thermodynamic limit Hamiltonians.
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show the absence of gap:

lpn) = Z 1Gig) (26)
~ON<i<-N
N<j<2N

Gij) = E E . (27)

j i+l

where

Theorem 6. The uncle Hamiltonian H, is gapless in the thermodynamic limit
for almost every P.

Proof. We consider the operator H/,, which models the thermodynamic limit of
H}, with boundary conditions described by the A tensor —i.e., taking w = wy.

The bounds from Lemma 9 also apply to the states in (26), and use of the
spectral theorem for unbounded operators (Appendix C) leads to the fact that
H/ is gapless. O

This last result shows the existence of a sequence of elements in o(H/,) tending
to 0 . They will allow us to prove that the spectrum is the entire positive real
line, for which we need first the following result.

Proposition 1. If some values {\1, ..., \,} lie in the spectrum of H/, then the
sum Y, \; also lies in the spectrum of H/,.

The proof of this result, which can be also found in Appendix B, stems on
the fact that one can find states in S, and not necessarily in S, ‘evidencing’ a
given value is a spectral value. These states can be ‘concatenated’ to prove that
any sum of spectral values known to exist is also a spectral value.

Theorem 7. The spectrum of the uncle Hamiltonian Hp in the thermodynamic
limit is the whole positive real line for almost every perturbation P.

Proof. The set of finite sums of any sequence of real numbers tending to 0 is
dense in R*. Since there exists a sequence of elements in o(H/,) tending to 0 —as
it can be deduced from Theorem 6— and any finite sum of these elements lies also
in o(H/)), which is closed, this last spectrum must be equal to RT. Therefore
the spectrum of Hj is the whole positive real line in the thermodynamic limit.

O

Spectra for finite chains. After this discussion on thermodynamic limit Hamil-
tonians we need to go back to the finite chains, and study how the spectra of
the uncle Hamiltonians constructed on finite spin chains tend to be dense in R*
as the size of the chain grows.

Given 7 < j, S;; can be easily mapped to any finite chain of lenght 2/V 41
for N > max{i,j} via

Si.j — Hon1
i1 i1 N il i+l N

and this family of maps capture important information since they tend to be
isometric embeddings.
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Lemma 10. For fized i and j, ey is an isometry up to a correction O(e™ ).
Proof. Tt follows from Lemma 7. a

Note that in the case of G-isometric MPS [26], these maps are isometries.

Finally, given a spectral value A in the thermodynamic limit spectrum, and
a vector |p) in some S, ; ‘close enough’ to evidence A is in this spectrum, one
can find that en(]p)) is also close to evidence A is in the spectrum for the finite
chain of length 2N + 1. Clearly we cannot conclude X is this spectrum, but we
can find some spectral value not far from it.

One can follow the same procedure for several spectral values jA, j =1,...,n,
and by choosing small values of A and carefully handling all these ‘closenesses’,
we can find our final result for spectra for finite sized chains, whose proof is
detailed also in Appendix B.

Theorem 8. The spectra of the uncle Hamiltonians for finite size chains tend
to be dense in the positive real line.

5. Uncle Hamiltonians for injective spin chains

In this last section, just for completeness of the picture, we will sketch how one
can also construct examples of gapless Hamiltonians for injective MPS. As we
have seen, in the injective case the parent Hamiltonian construction is robust
against perturbations in the matrices defining the MPS. Therefore, in order to
construct such examples, one needs to leave the canonical MPS representation.
Following the ideas of Sec. 3.4, we will get such examples by considering par-
ticular perturbations of MPS representations with repeated blocks.

To this end, let us start from an MPS |M(A)) with injective tensor A, and

let
A0
c=(34)
Then, |[M(C)) = |M(A)) denotes another MPS description of the same state. We

can now consider a perturbation C +¢ <Z ]JE) and construct the corresponding

uncle Hamiltonian H’. Note that not any perturbation would lead to the same
type of result. The tensor C has additional symmetries since both diagonal
blocks are the same, and therefore some symmetries are also needed for the
perturbation.

The following is the result for the second type of perturbation.

Theorem 9. Let A be the injective tensor description of a given MPS, and let
us consider this MPS as described by the non-injective tensor

A0
0A)"
) ) PR o
Given a perturbation tensor C = RP such that (A R) is injective the ground

space of the uncle Hamiltonian H' for finite chains is spanned by

TAAF {Ah o s ((AHRMAR (A}
posR
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This uncle Hamiltonian is local, frustration free, and gapless. The spectra of
the finite chains tend to be dense in RY. In the thermodynamic limit the ground
space collapses to a one-dimensional space, which is exactly the ground space
of the thermodynamic limit of the parent Hamiltonian, and the spectrum is the
whole positive real line RT.

One can check this result following essentially the steps from the preceeding
sections. In a chain with length N, one can also consider as low energy states
the states with momentum [py) = 3, e2FT/N| Y with

1c5) : (29)
J

The calculations related to states with momentum can be reduced consider-

ably, since (prlr) = N(C*iox) and (i H'|or) = N(GilH'|iw).
When N is large enough (and odd), we have the approximation

(erlor) = N('|or) ~
R A N2—1 - A n R R
v (RIS (5 e 1) 1R, IR
(FF B 1 (5
=N @}*@} BT @} e

where Eﬁ = . The expression multiplying N is either divergent or con-
A

vergent to a constant different from 0 for almost every R. Therefore, {pi|or) =

O(N).

The value of (pr|H'|pr) can also be approximated as

(prlH'|or) = N(C1|H'|or) ~

Hence, there can be found low energy states from this family of states. They
are orthogonal to the ground space, and can be used to follow the steps in the
previous sections in order to prove that the uncle Hamiltonian is gapless and
has spectrum R™ for most perturbations also for injective MPSs.

6. Conclusions

In this work we have shown how to construct new Hamiltonians for Matrix
Product States, which we called 'uncle’ Hamiltonians. These uncle Hamiltonians
share some of the properties of the parent Hamiltonian (frustration freeness,
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ground space) but have a completely different spectrum. Instead of having an
energy gap above the zero energy space, they are gapless and their spectrum
is [0, 00). We have shown how these uncle Hamiltonians are obtained by doing
linear perturbations on the matrices defining the MPS, considering the parent
Hamiltonian of the perturbed MPS and then making the perturbation tend
to zero. When the MPS are block-injective, the perturbations leading to an
uncle Hamiltonian are essentially all that do not respect the block structure.
The uncle Hamiltonian construction might have implications in the problem of
classifying quantum phases of matter, due to the role the spectral gap has in this
problem, and can provide new tools in order to get more precise classifications.
The distinction between good directions for the perturbation (those preserving
the block structure for which we recover the original gapped parent Hamiltonian)
and bad directions (those incompatible with the symmetry and then leading to
an uncle) seems to be of upmost importance in the analysis of the robustness of
topological quantum phases in 2D [12,28]. Notice that the topological character
of a PEPS -the 2D generalization of an MPS- is given exactly by the existence
of such a discrete symmetry [26].
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A. Proof of the intersection and closure properties

Proof (Intersection property, Lemma 5). We start by proving S @ C¢NC?® S, =
Ss. The proof will straightforwardly generalize to Sy ® C¢ N C? ® Sy, = Sky1,
k> 2.

Let us first show that S ® C? NC?® Sy D S3. To this end, let |¢) € Ss, i.e.,

there exist X, Y, Z, and W such that
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where the sums run over the three possible positions of R and L, respectively. If

we now define
A
AR 7 o

= 2

we have that

(EEE+@HE-
X Z]
and similarly
L
{nnnwnn-wwm
vl W]

3 (AFRJB]

pos R#3 7

€ R, ®C?, and

showing that |p) € Sy ® C¢. Similarly, one can show that |¢) € C?® S, proving
that So ® C?NC?® Sy D Ss.

Let us now show that conversely, So ® C? N C? ® Sy C S3. To this end, let
lp) € Sy ® CYNC?® S, i.e., there exist tensors X, Y, etc., such that

—
AHA ARR
WFF.§+EE”+F.ﬁ*“

S —  S—

Wl

-
nugﬁmm.

We want to show that |¢) is of the form (30), i.e., we need to show that X has
a decomposition such as in (31), and so on. To this end, we will make heavy use
of Lemma 2. In particular, injectivity of (4 £) implies the existence of a tensor
R~ left-inverse to R, which at the same time annihilates any of the other tensors
A, B, and L, as well as the existence of a vector |b) satisfying condition 5 in

Lemma 2 for = {Id}. We now apply R™! to the second site in Eq. (32),
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which cancels all terms except one at each side of (32). Additionally, we project
the third site onto |b) and obtain

e o

By defining { Zb} = z| we therefore obtain that

H[[E{. (34)
Z,

Similarly, we can apply A~ at the second site and a vector |a) verifying condition

5 in Lemma 2 such that = —{ Id}» at the first site to see that

E:’ (35)
izl

where Z/ is defined correspondingly. Finally, we can project Eq. (35 onto |b) to

infer that
1z} =4z} (36)

Corresponding expressions for the form of W and W’ can be derived using L~*.
NOW let us return to the identity (32) and apply A~! to the second site, Wthh

wﬂwﬂm e

Using the analogue of Eqs. (34-36) for W, this is equivalent to

where we have defined X! accordingly.
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Combining Egs. (35), (36), and (37), we find that
_ . .
] z)

[

which shows that the 1.h.s., which is half of the terms in Eq. (30), is contained
in Az 4+ R3. In the same way it can be shown that the sum of other three terms
in Eq. (30) is contained in Bz + L3, which proves that S, ® C? N C¢ ® Sy C Ss.

The proof that Sy ® C?NC? ® Sy C Sk41 can be carried out in the same
fashion, using that the tensors

TAWAL AL EIEL B
> AHEHEY (B X AL

posR posL

have inverses, since injectivity of (4 &) implies injectivity of

ALAL... A ZPOSRALREB£ B\ 33
ZposLBLLLAL...LA BLB<St...<B ; (38)
this can be proven in analogy to Lemma 4. a

Proof (Closure property, Lemma 6). Tt is clear that

St 1 Suge 2 spon { (AFA} {a} ()} {B}}.

To show the converse, let |©) € Sier, N Syight:

lp) = ,Y\Jr,?\ +
3 ([AHRIB] I+ZI

posR posL

. __.+
> BRI

posR posL
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By applying the inverse tensor correspondingto >, [AHRHB ‘I_é—“ at sites

posR

2,...,N, we get

@ @
Now let |a) be such that = ~|Id’» and = 0 (Lemma 2): Projecting

the first site onto |a) yields <{ Z'I» = 0; with a corresponding |b), we find that
{Z } = (. In the same way, we can prove that {W’} = {W} =0.

Now, we can apply A~! to all sites to find that ~‘X|» = ~‘X'|» = {Id}, and
B~! to obtain ~|Y’» = {Y‘} = ~|Id’» (a similar proof can be found in [26]),
showing that Sie N Sright C span {|M(A)), |M(B))}. O

B. The thermodynamic limit Hamiltonian via the
GNS-representation

The way to study the thermodynamic limit of finitely correlated spin chains is
through the GNS-representation of the algebra of local observables [19,5].

Theorem 10 (Gelfand-Neimark-Segal Representation). [9] Given a C*-
algebra U with identity and a state w on it, there exists a essentialy unique,
up to unitary equivalence, cyclic® representation (Hu, mw, ) such that w(A) =
(02,|7,(A)02,) for all A € U. Consequently, ||2,|* = ||w| = 1.

In order to construct it, a Hilbert space structure must be introduced via the
state w: (A|B) = w(A*B) is the (possibly singular) inner product. The quotient
of A by the subspace of elements such that (A|A) = 0 is a pre-Hilbert space,
which just needs to be completed to be the Hilbert space H,, needed for the
representation.

The class to which the identity in A belongs can be taken as the distinguised
vector f2,,.

The algebra we are dealing with is the algebra of local observables over an
infinite spin chain:

A=) 2IeleA@An@ @A Rl®- -, (39)

i<j
where each Ay denotes the local algebra of observables at the respective site k.
Since the dimension at each site is always the same in translationally invariant

MPSs, this local algebra is the same for every site.
Let wa be the state densely defined on local observables O € A as

9 A representation (H,,e) of a C*-algebra U is called cyclic if 7(U)e is dense in H. Such
vector e is also called cyclic.
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and extended continuously to A.
This state can be considered as the limit of the unnormalized states | M (A)) =

t since for any local observable O we have w4(O) as the limit

because the many copies of the operator :=: tend to E) Q\E and also

tr(A4) =1 — which means w4 (I) = 1, and therefore w4 is normalized.
Thus, it is natural to describe w4 as

:

Similarly, we can consider the analogue state wg for the B block.

In order to study the spectral properties of the thermodynamic limit of the
uncle Hamiltonian, we can take w4 as the state to which the representation is
associated. The choice of either w or wp is irrelevant in this case, since they
play a similar role in the MPS. However, for general Hamiltonians, the spectrum
may depend on the ground state taken for the representation.

In the first place we have to construct the quotient of the algebra A of local
observables by the ideal of those observables O such that w4 (O*O) = 0:

We can see this as the norm of the 'vector’ m m
M m

and the representatives of the equivalence classes in the quotient will have this
form. Since any operator O can be considered, the Hilbert space H, of the
representation will be seen as the completion of

S = USM, where S ; zspan{'-" e X},
i i

i<j
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where different tensors X can lead to the same state (tensors X come from the
contraction of O observables with those A tensors in the sites O is acting on),
and they just need to match the needed dimensions.

The local observables will be represented in B(H,,) by themselves tensored
with the identity, acting on S = H,,.

Since, given any element of S, only finitely many local Hamiltonians h’» do not
anihilate on it, the global uncle Hamiltonian is well defined on S, and therefore
densely defined on S = H,,. In the case H}|s is essentially self-adjoint and has
a unique self-adjoint extension, there is no other choice for this extension but to
be the thermodynamic limit H/, we must study.

For Hp|s to have a unique self-adjoint extension, it suffices to have a dense
set of analytic elements in its domain [24]. A vector |¢) is analytic if there exists
some 7 > 0 such that

0o o .
>, TIHEE (@)l < oo
n=0

If |) belongs to S it must be in some S_nas . Recall that, for every N, we
have that ||Hpls_y || < 2N +2 and Hp(S_nn) € S_n_1,n+1, and conse-
quently [|H™(|p)|| < II}_,(2M + 2k)|||¢)||- From this we have

e non  2M + 2k R n "
—HH™ (DIl < Ty =———— < "I, (2M +2) = " (2M +2)",

which is summable for r < 1/(2M + 2).

Thus every vector in S is an analytic vector for Hp|g, which is essentially
self-adjoint, and therefore the thermodynamic limit Hamiltonian H/, of the uncle
Hamiltonian is the unique self-adjoint extension of Hp|s, whose spectrum we
must study.

Proof of Proposition 1. In order to proof Proposition 1, we first need the next
simple fact, which we already commented in the main text.

Proposition 2. A real value A\ € spec(H))) iff there exists a sequence of nor-
malized states {|¢a k) }x € S such that ||(H], — M) (Jork))|| — 0.

Proof. This follows from the fact that the residual spectrum of H/ is empty
—since it is self-adjoint—, the definition of a value lying in the point or continuous
spectrum (Appendix C), and the fact that H/, is the closure of H} acting on S,

that is, graph(H/)) = graph(H'|s) € S x S. O

Proof. (Proposition 1)

We will state the proof for two values a = A\; and b = \y. The construction
for the sum of more values is completely analogous.

For both a and b we can find some sequences of normal states {|¢q x) }x and
{lw.k) }x C S verifying the previous proposition, with ||H/,(|0c.x)) — |ocr) |l <
1/k for ¢ = a,b. We can assume, due to translationally invariance of H}, that the
first sequence lies in Ui<7k Si,—k, and the second one is contained in | J Sk.j-
These states would then have the form

>k
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Note that the separation between the X blocks is increasingly growing.

And due to the structure of H/, the image of |J;__, Si — is contained in
Uic_1 Si,—k+1, and HL",(UDI€ Skj) C Uj>k Sk—1,j.- Moreover, there exist tensors
X;)k and Xé’k such that

Let us call |9} ,) and |®; ;) these two summands.

We then have that ||H(|x)) — (a + b)[Pk)|| < D) .) — al®i)ll + [[|P)) —
b|®y) ||

We can derive a bound for the first summand:

19 o) = alPi)|I* = (D, ol P o) + al*(Pi|Pr) — 2Re(a(D), ,|Pr)) =
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= [1H, (I9a.)) = alam)l* + O(e™) < 1/k* + O(e™),

where Re(+) denotes the real part.
A similar bound can be found for the second summand, and we can derive
the bound

I, (12%)) = (a + 0)|@x)|| = O(1/k).

We also have that |||®)|| — 1. Therefore, the sequence |@y)/|||Pr)| satisty
the conditions in Proposition 2 for a + b = A1 + A2, and consequently this sum
lies in the spectrum of H/,.

Longer concatenations would prove the result for any finite sum among values
from {A1,..., A, }. Note that the bound we get depends on the number of values
A; we are summing,

n

1HL(125)) = (3 A)Ie) || = O(n/k).

i=1

Proof of Theorem 8. Since we will need to keep track of how close some vector
evidencing the existence of elements in the spectrum is from being an eigenvector
we introduce the following definition.

Definition 6. A normalized vector will be called an approximated eigenvector for
an operator A and a given value X\, and for an error € if ||[(A — AD)|oa i)l < €.
In the case of non-normalized vectors they must satisfy

[(A=AD (o)l _
Mone)l

Lemma 11. For any given values A € RY, n € N and § > 0, there exists a
value Ny such that we can find approximated eigenvectors for the values j\,
j=1,...,n, and for an error at most § for every finite chain with length greater
that 2Ny + 1.
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Proof. Let us take 0’ = §/4n. For A and an error §’, a normalized approximated

eigenvector |y 5) . . - - can be found in some

M+1
S_am such that ||[(H], — )\]I)|g0>\,5>|| < ¢§’. We can now find a value r such that
the following vectors are respectively approximated eigenvectors, not necessarily
normalized, for the values jA, j = 2,...,n, and an error at most j§' < §/2:

=

-
A=

where the r denotes how many A tensors are missing in the diagram, and the
N — 3 refers to the number of X blocks, with A tensors between every two of
them, which are also missing.

A value M’ can be found such that all these states belong to S_a ar. And,
due to Lemma 10, there exists a value Ny such that the maps

S_mr SQN+1

make each e(|<pg:)6>) an approximated eigenvector for jA and an error ¢, for the
uncle Hamiltonian for the corresponding finite size chain, and for every N > Nj.
The corresponding normalized vectors are approximated eigenvectors for the
same values, and therefore satisfy the statement in the lemma. a

However, these jA need not be in the spectrum, but indicate the existence of
elements in the spectrum close to them, as it is shown in the following lemma.

Lemma 12. Let A be a self-adjoint operator on a finite dimensional Hilbert
space, and A a positive real value such that there exists a unitary vector |py s)
with ||(A = AD)|ox o)l < 6. Then o(A) N (A —§,X+35) #0.

Proof. Let {\;} be the set of eigenvalues (possibly repeated) of A, and {|¢;)} a
corresponding orthonormal basis of eigenvectors. Then |y s5) can be written as:

lors) = Zai|¢i>a (41)

and A(lpx5)) = 32, aiildi)-
If 0(A) N (A — 0, A+ 0) were the empty set, we would have that

1(A = ADfexs) |l = |l Zai()\i =Nl > |l Zai5|¢i>” =9, (42)

which contradicts the conditions of the lemma. O
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We are now ready to prove Theorem 8, which we first recall.

Theorem 8 The spectra of the uncle Hamiltonians for finite size chains tend to
be dense in the positive real line.

Proof. For any given values L,m € N, we can set n = Lm, A = 1/m and
d = 1/3m. For these values, approximated eigenvectors can be found following
Lemma 11, which indicate, due to Lemma 12, that (A — §,jA + ) No(H') #
0, 5 = 1,...,n, for every long enough chain. Therefore eigenvalues for every
long enough chain can be found distributed in disjoint intervals centered on
the set j/m,j=1,...,mL as depicted in the following diagram. These sets of
eigenvalues, however possibly different for every chain length, tend to be dense
in R*, as we consider higher values for L and m. a

Fig. 1. Eigenvalues tending to be dense in RT.

C. SPECTRAL REPRESENTATION THEOREM FOR
UNBOUNDED OPERATORS

The uncle Hamiltonian whose spectrum we want to study is an unbounded self-
adjoint operator. Therefore its residual spectrum is empty, and the whole spec-
trum is real. Moreover, since it is a positive operator the spectrum is contained
in RT.

The elements in the union of both the continuous and the point spectra
of an operator A (called respectively o.(A) and o,(A)), which in this case is
the whole spectrum, can be characterized in this way: A € o,(A4) U o.(A) iff
there exists a sequence of elements with norm one {|pxx)}r € A such that
(A = AD)|@ak)|| = 0. Such sequences are called Weyl sequences. In the case
that A\ € 0,(A4), a constant sequence exists verifying this condition —always the
eigenvector. In the case A € o.(A) the elements of the Weyl sequences can be
thought of as ’almost eigenvectors’, or ’approximated eigenvectors’.

Besides the projectors onto the eigenspaces, a spectral measure with some
associated projectors can be defined.

Definition 7. [9] If X is a set, {2 is a o-algebra of subsets of X, and H is a
Hilbert space, a spectral measure for (X, 2, H) is a function E : 2 — B(H) such
that:

a) for each A in 2, E(A) is a projection;

b) E(0) =0 and E(X) =1;

c) E(A1 N Ay) = E(A))E(As) for Ay, Ay € 2 (and therefore every pair of
such projectors commute, since intersection of sets is commutative);

d) if {2,352 are pairwise disjoint sets from (2, then E({J,—; An) = > 01 E(A,).

n=1
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And the spectral representation theorem for unbounded operators states:

Theorem 11. [9] Spectral theorem (for unbounded operators). If N is a normal
operator on H, then there is a unique spectral measure E defined on the Borel
subsets of C such that:

a) N = [ z2dE(z)

b) E(A)=04 ANnco(N)=10

¢) if U is an open subset of C and U No(N) # 0, then E(U) #0

The spectral representation theorem for bounded operators is completely
analogous. Using the right one we can proof that the uncle Hamiltonians are
gapless in the thermodynamic limit — one can sometimes restrict the uncle Hamil-
tonian to a subspace in which it is bounded.

With these tools we are able to show that the uncle Hamiltonians are generally
gapless in the thermodynamic limit.

Proof. H], is gapless.

The representation of Hp with respect to a ground state w, say H/, can be
uniquely extended to a self-adjoint —and therefore normal— unbounded operator
[9], with positive spectrum.

With the spectral theorem above, it can be proven that if we have a unitary
vector |¢) € S with (p|H/|p) = a which is orthogonal to the ground space of
H!,, then (0,a] No(H]) # 0.

Let us suppose that o(H.) C {0} U (a,00). In such a case the norm of |¢)
would be

(le) = (el dE(z)|p) =1 (43)

(a,00)

because |¢) is orthogonal to the ground space, and we would have that

lp) Eker (H,)*
a= (ALl = (ol [ _zaB@)le) 7O

— SdE(z ZdE(2 o (H;,)0(0,a]=0 dE(
_MQ&dmu+AMdm0w> ol | #BG) >

a,00)

> (o adE(z)|p) = al{plp) = a.

(a,00)

Hence if such |p) exists there must be some part of the spectrum lying in
(0, al.

This was the case of the low energy states found for the uncle Hamiltonian
for the GHZ state, since they were orthogonal to the ground space. However, for
a general MPS, the low energy states found are not orthogonal to the ground
space. Therefore we cannot state that E({0}) in the spectral measure plays no
role when looking at these states, but we can say that it will be negligible.

Since the family of states |¢,) tends to be orthogonal to the ground space,
we have that (¢,|E({0})|¢n) tends also to 0. We can consider [i,) = |¢n) —
E({0})|¢yn), with norm tending to 1 and orthogonal to w4.

The only difference is that from the fact that the energies of these states
are close to a we cannot infer directly that an element from (0,a] lies in the
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spectrum, but we can prove that some element from (0, r] does for every r > a
and, therefore, also an element from (0, a] does. If this were not the case, we
would have that

[4n) €ker (H.,)™

@~ (Gnl L) = Wl [ 2aB()lwn)

. U(H;)r;(o,r]:(ﬂ
= (¥l ( /( B+ /( N sz(z)) )

(r,00)

> (tn| rdE(2)|[Yn) = r{tnltn) —

(7,00)

which contradicts the hypothesis r > a.



