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We prove two Lieb-Schultz-Mattis type theorems that apply to any translationally invariant and local fermionic
d-dimensional lattice Hamiltonian for which fermion-number conservation is broken down to the conservation of
fermion parity. We show that when the internal symmetry group G is realized locally (in a repeat unit cell of the
lattice) by a nontrivial projective representation, then the ground state cannot be simultaneously nondegenerate,
symmetric (with respect to lattice translations and G ), and gapped. We also show that when the repeat unit cell
hosts an odd number of Majorana degrees of freedom and the cardinality of the lattice is even, then the ground
state cannot be simultaneously nondegenerate, gapped, and translation symmetric.
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I. INTRODUCTION

In 1961, Lieb, Schultz, and Mattis (LSM) proved a theo-
rem on the low-lying excited states of the nearest-neighbor
antiferromagnetic quantum spin-1/2 chain [1]. Accordingly,
a quantum spin chain with an odd number of spin-1/2 de-
grees of freedom per repeat unit cell that is simultaneously
translation and SO(3)-spin-rotation symmetric cannot realize
a gapped and symmetric ground state in the thermodynamic
limit.

Since its original formulation, the LSM theorem has been
generalized in a number of ways including extensions to
higher dimensions, other global continuous symmetry groups,
and different kinds of spatial symmetries [2-21]. For instance,
it has been understood that the SO(3)-spin-rotation symmetry
is not an essential requirement for an LSM constraint. In
fact, LSM-type theorems for U(1)-number-conserving Hamil-
tonians have been established in arbitrary dimensions. These
theorems state that systems with noninteger filling fraction
v, defined as the average number of particles per unit cell,
cannot have a translationally invariant, nondegenerate, and
short-range entangled ground state [2—6,8,9,16]. Similar con-
straints have also been worked out for number-conserving
Hamiltonians that have nonsymmorphic or magnetic space
group symmetries [10-12,15].

A number of LSM-type theorems pertaining to discrete
internal symmetries combined with crystallographic symme-
tries have also been worked out [11,12,15,22-27]. In the
context of spin chains with discrete symmetries, LSM-type
theorems were proved by Ogata et al. in Refs. [26-28]. They
found that a translationally invariant spin chain with half-
integer spin at each site that possesses either time-reversal
or Z, x Z,-rotation symmetries (rotations by 7 around two
axis, say x and z), cannot have a nondegenerate, gapped, and
symmetric ground state. The proof of this statement is based
on the fact that a nondegenerate gapped ground state of a
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local Hamiltonian satisfies the so called split property [29,30].
LSM-type no-go theorems are then derived for states satisfy-
ing the split property by using operator algebra techniques and
Gelfand—Naimark—Segal (GNS) construction. Alternatively,
similar no-go constraints are obtained in Refs. [31,32] within
the framework of matrix product states (MPS) [33-35]. These
derivations are based on the fact that one can approximate [36]
the nondegenerate gapped ground states of local Hamiltonians
by injective MPS [37,38]. There are two hypothesis common
to many of these LSM-type theorems with discrete symme-
tries. It is presumed that there exist local (on-site) degrees of
freedom that span a local Hilbert space and realize a nontrivial
projective representation of the global symmetry. It is also pre-
sumed that the global Hilbert space is obtained by postulating
that the local degrees of freedom commute when separated
in space. The resulting LSM-type theorems are applicable to
bosonic systems. Generalizations to bosonic quantum systems
in arbitrary dimension with crystallographic symmetries and
general discrete Abelian symmetries have been proposed us-
ing the notion of lattice homotopy [24].

There exists similarities between Hamiltonians obey-
ing LSM-type constraints and the boundary modes of a
symmetry-protected-topological (SPT) insulator. An SPT in-
sulator has a nondegenerate, symmetric, and gapped ground
state when periodic boundary conditions are imposed. When
open boundary conditions are imposed, the effective low-
energy quantum Hamiltonian governing the dynamics of the
boundary modes of an SPT insulator supports a ground state
that is either (i) gapless, (ii) symmetry-broken, (iii) or topolog-
ically ordered if the boundary is no less than two dimensional
[22,39-43]. From a low-energy perspective, both the effec-
tive boundary Hamiltonian of an SPT insulator and the bulk
Hamiltonian satisfying an LSM-type constraint display quan-
tum anomalies [17,44,45]. For the former case, the quantum
anomaly is typically that for a global symmetry that acts
locally on the boundary [46-50]. In the latter case, there is a
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mixed quantum anomaly between a global symmetry that acts
locally and a spatial symmetry such as translation. These par-
allels led to the formulation of so-called weak-SPT-LSM-type
theorems [18,23,44,51,52]. In particular, Ref. [51] has con-
jectured an LSM-type constraint for d-dimensional fermionic
lattice Hamiltonians with the help of a bulk-boundary corre-
spondence. The fermionic d-dimensional lattice Hamiltonian
is interpreted as the low-energy effective theory of a fermionic
d + 1-dimensional lattice Hamiltonian that is gapped but
supports midgap boundary states such that (i) they can be
localized at each site of the d-dimensional lattice (ii) where
they span a local fermionic Fock space. The parent fermionic
(d + 1)-dimensional lattice Hamiltonian is an example of a
weak-SPT fermionic insulator. LSM-like constraints on the
ground states of the d-dimensional lattice Hamiltonian are
inherited from the symmetries that protect the boundary states
of the (d + 1)-dimensional lattice Hamiltonian.

As compared to LSM-type theorems for bosonic and
U(1)-charge-conserving fermionic Hamiltonians, LSM-type
theorems for fermionic Hamiltonians without any U(1)-
conserving symmetries are much less explored [49,51]. These
LSM-type constraints would be relevant for any long-range
superconducting order with fully broken SU(2)-spin-rotation
that coexists with some additional long-range order. Such
fermionic Hamiltonians always admit a formulation in terms
of Majorana degrees of freedom. To the best of our knowl-
edge, there are no proofs of LSM-type constraints relevant
to fermionic lattice Hamiltonians with translation symmetry
and some discrete internal symmetry (such as time-reversal
symmetry, say) for which fermion-number conservation is
broken down to the conservation of fermion parity.

In the present work, we state and prove two LSM-
type theorems. They apply to translationally invariant lattice
Hamiltonians acting on a fermionic Fock space spanned by
Majorana degrees of freedom. The lattice is embedded in d-
dimensional Euclidean space. For Theorem 1, there also exists
a global symmetry associated to a symmetry group G, that
can be realized locally, i.e., the number of Majorana degrees
of freedom in a repeat unit cell of the lattice is even. We
prove within the framework of fermionic MPS (FMPS) that
whenever the Majorana degrees of freedom within a single
repeat unit cell realize a nontrivial projective representation of
G = then the lattice Hamiltonian cannot have a nondegenerate,
gapped, and symmetric ground state that can be described by
an even- or odd-parity injective FMPS (for d > 1 we must
assume that G , is Abelian and all its elements are represented
by unitary operators), in agreement with the conjecture made
by Cheng in Ref. [51] when the fermion number is conserved.
For Theorem 2, it is only assumed that the repeat unit cell sup-
ports an odd number of Majorana modes, the cardinality of the
lattice is even, and translation symmetry holds. It then follows
that the ground state cannot be simultaneously nondegenerate,
gapped, and translation symmetric.

The rest of the paper is organized as follows. We intro-
duce the main results of the present work in the form of
Theorems 1 and 2 in Sec. II. We present an overview of the
internal symmetry group G, and its projective representations
in Sec. III. We introduce the framework for FMPS and present
a FMPS-based proof of Theorem 1 in Sec. IV when the di-
mension d of space is one. Theorem 2 when d =1 is then

proved by making use of Theorem 1. An independent proof of
Theorem 2 is given for any dimensions d of space in Sec. V.
A weaker version of Theorem 1 for any d > 1 is also provided
in Sec. V. The latter proof is based on symmetry twisted
boundary conditions on twisted lattices. Finally, we collect
several examples in Sec. VI and conclude the main body of
the paper with a summary in Sec. VII. We present details
about group cohomology, FMPS construction and proof of
Theorem 1 in Appendices A, B, and C, respectively.

II. MAIN RESULTS

The notion of a global fermionic symmetry group G, with
a local action plays a central role in this paper. What we have
in mind with this terminology is any lattice model obtained
by discrete translations of a repeat unit cell. The same even
integer number n = 2m of Majorana degrees of freedom (fla-
vors), i.e., a local fermionic Fock space of dimension 27, is
attached to any repeat unit cell. The fermion parity can then be
defined for any repeat unit cell. Even though the fermion par-
ity is generically not conserved locally, it must be conserved
globally. Hence, the symmetry group G, necessarily contains
as a subgroup the cyclic group of two elements generated by
the fermion parity. The action of any other element from the
symmetry group G, can be defined locally, i.e., its action is
represented by the same polynomial on the algebra generated
by the Majorana operators within the repeat unit cell for any
repeat unit cell of the lattice. As with the fermion parity, this
symmetry element need not be conserved locally but must be
conserved globally. A translation along the basis that gener-
ates the lattice relates different repeat unit cells. Similarly, any
crystalline symmetry lies outside of the symmetry group G .

The motivation for Theorem 1 is the following. Given is
a local lattice Hamiltonian H that is symmetric under the
group Gy x G, where G denotes the group of lattice
translations. Assume that the ground state |W) is symmetric
under both Gy and G, i.e., the ground state can change by
no more than a multiplicative phase factor (combined with
complex conjugation when the symmetry is represented by an
antiunitary operator). Assume that a gap separates the ground
state from all excited states. Are there sufficient and necessary
conditions for |V) to be degenerate?

A sufficient condition for all energy eigenvalues to be
degenerate is that at least one generator from G, and one
element g from G , are represented globally by operators
that commute projectively, i.e., when passing the translation
operator from the left to the right of the operator represent-
ing globally the element g, a multiplicative phase factor that
cannot be gauged to unity arises. Another sufficient condition
for the case when G, has an antiunitarily represented Z, sub-
group (such as time-reversal symmetry) is that the symmetry
generator g is represented globally by an operator that squares
to minus the identity (Kramers’ theorem). However, none
of these conditions are necessary for the ground state to be
degenerate in the thermodynamic limit. Even if all operators
representing G, and all global operators representing G,
commute pairwise and if all global operators representing G,
square to unity, a gapped and symmetric ground state might
still be degenerate in the thermodynamic limit.
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To develop an intuition for this last claim, we consider
a one-dimensional lattice with the topology of a ring and
assume that G, is an Abelian group such that any element

g€ Gf
Let H\pbc be any local Hamiltonian that is invariant under the

is represented globally by the unitary operator Ug

actions of the unitary operators fl representing a translation
by one repeat unit cell and U,. Assume that the spectrum of
H,,,. shows a gap between its ground and excited states. We

define the operator Tl , Which translates all lattice repeat unit
cells by one to the nght and acts locally with the local unitary
operator representing h € G, on the last repeat umt cell of

the chain. Suppose that there exists a Hamiltonian H, H,, that
is constructed by deforming subextensively many local terms
from H . and such that H,. is invariant under the actions of

twist
both T1 i and U As long as the spectral gaps at the end points
A =0and I of

HO) = AHy, + (1 — 2) Hy, (2.1)

does not close for 0 <A < 1, Hpbc and Hthqt must share the
same ground-state degeneracy Note that generlcalll Hamil-

tonian H (1) is not invariant under the actions of 7; or T1 h
when 0 < A < 1. This scenario is plausible, for H_ pbe and Hyiq
differ by subextensively many terms in the thermodynamlc
limit. Now, we denote with | exp(iK},), exp(iUg)) a many-
body ground state of H wise that is a simultaneous eigenstate
of T1 , and U with the eigenvalues exp(lK ) and exp(iU,),
respectively. The many-body state T1 » 1 exp(iK,), exp(iU,))
is then also a ground state of H;,. A sufficient con-
dition for T1 » | exp(iK}), exp(iU,)) to be orthogonal to
| exp(iK;,), exp(lU )) is that the product U T1 ,, differs from
the product T1 " U by a multiplicative phase exp(i Xq h) #1

that cannot be gauged away. If so the ground state of H,; is
necessarily degenerate. If the gap never closes as a function
of A in the interval A € [0, 1] in Eq. (2.1), then H . and H

twist
share the same ground-state degeneracy even though T] and
U commute forall g € G -

We are ready to state Theorems 1 and 2 for which G
stands for the group of lattice translations while G, stands for
the global fermionic symmetry group with a local action (i.e.,
it is an internal symmetry group).

Theorem 1. Any one-dimensional lattice Hamiltonian that
is local and admits the symmetry group G,y x G, can-
not have a nondegenerate, gapped, and G, X Gf—symmetric
ground state that can be described by an even- or odd-parity
injective FMPS if G, is realized by a nontrivial projective
representation on the local Fock space.

Theorem 2. A local Majorana Hamiltonian with an odd
number of Majorana degrees of freedom per repeat unit cell
that is invariant under the symmetry group G, x G, cannot
have a nondegenerate, gapped and translationally invariant
ground state.

Comment 1. The thermodynamic limit is implicit in both
theorems.

Comment 2. Theorem 1 is only predictive when G . is real-
ized by a nontrivial projective representation on the local Fock
space. When G is a Lie group its projective representation

on the local Fock space can be trivial. If so, Theorem 1 is not
predictive. However, one can use complementary arguments
such as the adiabatic threading of a gauge flux to decide if the
ground state is degenerate. It is when G is a finite group that
the full power of Theorem 1 is unleashed.

Comment 3. Theorem 1 is proved within the FMPS frame-
work in Sec. IV. A weaker form of Theorem 1 holds in any
dimension if it is assumed that G, is Abelian and can be
realized locally using unitary operators. The weaker version
of Theorem 1 that is valid in any dimension is proved using
tilted and twisted boundary conditions in Sec. V.

Comment 4. Theorem 2 applies in any dimension of space
without any restriction on the internal fermionic symmetry
group G .

Comment 5. The direct product structure of the symme-
try group G,y x G, is crucial in Theorems I and 2, and
their generalizations to higher dimensions. Indeed, it has been
shown that when the total symmetry group does not have
a direct product structure, such as is the case with mag-
netic translation symmetries, a symmetric, nondegenerate,
gapped, and short-range entangled ground state is not ruled
out when closed-boundary conditions are imposed [25,53,54].
However, such a short-range entangled ground state must
then necessarily support gapless symmetry-protected bound-
ary states when open boundary conditions are imposed.

III. PROJECTIVE REPRESENTATIONS OF SYMMETRIES
OBEYED BY MAJORANAS

Theorems 1 and 2 relate the quantum dynamics obeyed
by Majoranas to the symmetries they obey. The smallest
symmetry group associated to Majoranas originates from the
conservation of the parity (evenness or oddness) of the to-
tal number of fermions. This symmetry is associated to a
cyclic group of order two that we shall denote with Z7.
Other symmetries are possible, say time-reversal symmetry
or spin rotation symmetry. All such additional symmetries
define a second group G. The first question to be answered
is how many different ways are there to marry into a group
G, the intrinsic symmetry group Z4 of Majoranas with the
model-dependent symmetry group G. This problem in known
in group theory as the central extension of G by ZZ . It delivers
a family of distinct equivalence classes with each equivalence
class [y] in one-to-one correspondence with the cohomology
group H?(G, Z%). This result is motivated in Sec. IIT A.

Once a representative symmetry group G, has been

selected from [y] e H*(G, Z‘; ), its representation on the
Fock space spanned by all the local quantum degrees of
freedom, a set that includes Majorana operators, must be
constructed. Hereto, there are many possibilities. Their enu-
meration amounts to classifying the inequivalent projective
representations of the group G,. All the inequivalent projec-
tive representations of any one of the groups Gf obtained
in Sec. IIT A are in one-to-one correspondence with the co-
homology group H 2(Gf, U(1),.). This result is motivated in

Sec. I B. The computation of Hz(Gf,U(l)c) is done in
Sec. III B and Sec. VL.

Given two projective representations, a third one can be
obtained from a graded tensor product as is explained in
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Sec. III C. We shall describe the stacking rules used to con-
struct nontrivial projective representations.

A. Marrying the fermion parity with the symmetry group G

For quantum systems built out of an even number of lo-
cal Majorana operators, it is always possible to express all
Majorana operators as the real and imaginary parts of lo-
cal fermionic creation or annihilation operators. The parity
(evenness or oddness) of the total fermion number is always a
constant of the motion. If ' denotes the operator whose eigen-
values counts the total number of local fermions in the Fock
space, then the parity operator (—1)" necessarily commutes
with the Hamiltonian that dictates the quantum dynamics,
even though F might not, as is the case in any mean-field
treatment of superconductivity.

We denote the group of two elements e and p

Zg ={e,plep=pe=p, e=ee=pp}, 3.1

whereby e is the identity element and we shall interpret the
quantum representation of p as the fermion parity operator. It
is because of this interpretation of the group element p that we
attach the upper index F to the cyclic group Z,. In addition to
the symmetry group Z£ , we assume the existence of a second
symmetry group G with the composition law - and the identity
element id. We would like to construct a new symmetry group
G #out of the two groups G and Z? . Here, the symmetry group

G inherits the “fermionic” label f from its center Z% . One
possibility is to consider the Cartesian product

Gx75:={(ghl|geG helf)} (3.2a)
with the composition rule
(81, 11y) 0 (8, hy) := (g~ 825 1y 1p). (3.2b)

The resulting group G is the direct product of G and z5.
However, the composition rule (3.2b) is not the only one
compatible with the existence of a neutral element, inverse,
and associativity. To see this, we assume first the existence of
the map

y:GxG —>ZF,

(3.3a)
(81> &) = (g1, &)
whereby we impose the conditions
y(id, 9 =ygid)=e y(@E'.9=y(Eg"), (33b)
for all g € G and
v(€1,8) V(8185 83) = V(81,8 - &) V(8 83), (3.3¢0)

forall g, g,, &3 € G. Second, we define G, to be the set of all
pairs (g, h) with g € G and h € Z% obeying the composition
rule

o: (GxZ5)x(GxZ) - Gx1Zj,

y
((81» h1)’ (gz» hz)) = (817 h1) ]? (82» hz)a (3.3d)

where
(&1 hl)g(gz, hy) = (g - 8&-hi hyv(8,8)).  (3.3e)

One verifies the following properties. First, the order within
the composition h h, y(g,,&,) is arbitrary since Zg is
Abelian. Second, conditions (3.3b) and (3.3c) ensure that Gf
is a group with the neutral element

(id, e), (3.4a)
the inverse to (g, i) is
¢ " (g g O AT,

and the center (those elements of the group that commute with
all group elements) given by

(id, Z%),

(3.4b)

(3.4¢)

i.e., the group G, is a central extension of G by Z7. Third,
the map y can be equivalent to a map y’ of the form (3.3a) in
that they generate two isomorphic groups. This is true if there
exists the one-to-one map

K:Gx2Z! - Gx178,

(& h) — (g k(@h)

(3.5a)

induced by the map

k:G — Z;,
(3.5b)
g > k(g),

such that the condition

E((gl, h[) )? (827 hz)) = f’z((g]v h])) }9 ;((827 hz)) (3.6)

holds for all (g,, h,), (g, h,) € G x Z%. In other words, y
and y’ generate two isomorphic groups if the identity

k(g1 8) - v(8,8) =«(g)) Kk(g)- J//(gl’gz) 3.7

holds for all g, g, € G. This group isomorphism defines an
equivalence relation. We say that the group G, obtained by
extending the group G with the group Z4 through the map y
splits when a map (3.5b) exists such that

k(g1 -8) V(g 8&) =k(g) k(g) (3.8)

holds for all g, g, € G, i.e,, Gf splits when it is isomorphic
to the direct product (3.2).

The task of classifying all the nonequivalent central exten-
sions of G by Z4 through y is achieved by enumerating all
the elements of the second cohomology group H*(G, ZY), see
Appendix A. We define an index [y] € H*(G, Z%) to repre-
sent such an equivalence class, whereby the index [y] = 0 is
assigned to the case when G splits.

B. Projective representations of the group G,

We denote with A a d-dimensional lattice with j € Z¢
labeling the repeat unit cells. We are going to attach to A a
Fock space on which projective representations of the group
G constructed in Sec. III A are realized. This will be done
using four assumptions.

Assumption 1. We attach to each repeat unit cell j € A the
local Fock space F ;- This step requires that the number of
Majorana degrees of freedom in each repeat unit cell is even.
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It is then possible to define the local fermion number operator
/; and the local fermion-parity operator

p; = (=D

We assume that all local Fock spaces F; with j € A are
“identical,” in particular they share the same dimensionality
D. This assumption is a prerequisite to imposing translation
symmetry.

Assumption 2. Each repeat unit cell j € A is equipped with
a representation i;(g) of G, through the conjugation

(3.9)

[a;()]™" = aj(2),

of any operator 0; acting on the local Fock space ;. The
representation (3.10a) of g € Gf can either be unitary or an-
tiunitary. More precisely, let

o; > 11;(9)0;1(9), (3.10a)

c: Gf — {1, —1},
(3.10b)
g > c(g),

be a homomorphism. We then have the decomposition

[0, if c(g) = +1,
)= {f)j(g)K, if () = —1. (3100
where
019 = f);f(g), p;0;(@p; = (=1 0;(9), (3.10d)

is a unitary operator with the fermion parity p(g) € {0, 1} =
Z, acting linearly on F; and K denotes complex conjugation
on the local Fock space ;. Accordingly, the homomorphism
¢(g) dictates if the representation of the element g € G, is
implemented through a unitary operator [c(g) = 1] or an an-
tiunitary operator [c¢(g) = —1]. Finally, we always choose to
represent locally the fermion parity p € Z4 by the Hermitian
operator p i

a;(p) = p,; = (~1)V. (3.10e)

Assumption 3. For any two elements g, h € G, [to simplify

notation, g o h = gh forall g, h € G,], whereby e = gg~' =
v

g~' g denotes the neutral element and g~' € G the inverse of

g € G, we postulate the projective representation

i;(e) = 1p, (3.11a)
i;(g) iy (h) = 7" i;(gh), (3.11b)
[a;(g)a;(W]a;(f) = a;(Qla;(h)a; ()], (3.11c)

whereby the identity operator acting on ; is denoted ﬂD and
the function

qb:Gf X Gf — [0, 2m),

(3.12a)
(g h) — ¢(g h),
must be compatible with the associativity in G e ie.,
d@g h)+d(gh, f)=¢d@g hf)+c(@dh f), (3.12b)

for all g, h, f € Gf.1 The map ¢ taking values in [0, 27)
and satisfying (3.12b) is an example of a 2-cocycle with the
group action specified by the Z,-valued homomorphism ¢. In
the vicinity of the value 0, ¢ generates the Lie algebra u(1).
The associated Lie group is denoted U(1). Given the neutral
element e € G a normalized 2-cocycle obeys the additional
constraint

ple, 8) = ¢(g.e) =0 (3.12¢)

forall g € G,. Two 2-cocycles ¢ (g, h) and ¢’ (g, h) are said to
be equivalent if they can be consistently related through a map

£:G; —[0,2m),
(3.13)
g — §(9),

as follows. The equivalence relation ¢ ~ ¢’ holds if the trans-
formation

ii(g) = €5 il (g), (3.14a)

implies the relation

P(g.h) — ¢'(g, h) = £(g) + c(g) §(h) — &(gh),  (3.14b)

between the 2-cocycle ¢(g, h) associated to the projective
representation #i(g) and the 2-cocycle ¢’ (g, h) associated to the
projective representation #(g).> In particular, # is equivalent
to an ordinary representation (a trivial projective representa-
tion) if ¢'(g,h) =0 for all g, h € Gf. Any ¢ ~ 0 is called a
coboundary. For any coboundary ¢ there must exist a £ such
that

P8 1) =£(8) +c(g)§(h) —&E(gh). (3.15)

The space of equivalence classes of projective representa-
tions is obtained by taking the quotient of 2-cocycles (3.12)
by coboundaries (3.15). The resulting set is the second
cohomology group Hz(Gf,U(l)c), which has an additive
group structure. Appendix A gives more details on group
cohomology.

Assumption 4. We attach to A the global Fock space F,
by taking the appropriate product over j of the local Fock
spaces JF. This means that we impose some algebra on all
local operators differing by their repeat unit cell labels.

Example 1. Any two local fermion number operators f; and

fj, must commute

H
~.
<
[
o

(3.16)

'One recognizes that Eq. (3.12b) is a generalization of Eq. (3.3¢) if
one identifies the exponential of ¢ in Eq. (3.12b) with y in Eq. (3.3¢)
[up to the homomorphism (3.10b)].

2One recognizes that Eq. (3.14b) is a generalization of Eq. (3.7) if
one identifies the exponential of £ in Eq. (3.14b) with « in Eq. (3.7)
[up to the homomorphism (3.10b)].
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for any two distinct repeat unit cell j # j' € A. The total
fermion and fermion-parity numbers are

ﬁ:\ = Zf7 ﬁA = (=D,

JEA

(3.17)

respectively.
Example 2. Any two Majorana operators labeled by j #
J' € A must anticommute.
Example 3. The algebra
(&) iy (&) = (=1 ()1 (9) (3.18)
holds for any distinct j # j' € A and any g, ¢ € G, because
of Eq. (3.10d). We then define the operator

HjeA f)j(g)a
[HjeA 1,>j(g)] K,

that implements globally on the Fock space F, the operation
corresponding to the group element g € G .

Theorem 1 refers to nontrivial projective representations of
the symmetry group G, constructed in Sec. IIl A. We are go-
ing to characterize the projective representations constructed
in Sec. III B by two indices [(v, p)] and show that the second
cohomology group H*(G - U(1),) is equivalent to the equiv-
alence classes [(v, p)] of a tuple (v, p).

Theorem 1 presumes the existence of a local projective rep-
resentation of the symmetry group G . This is only possible
if the local Fock space F; defined in Sec. III B is spanned by
an even number of Majorana operators. This hypothesis pre-
cludes a situation in which a fermion number operator is well
defined globally but not locally, for example when the lattice
A is made of an even number of repeat unit cells, but a repeat
unit cell is assigned an odd number of Majorana operators.
(This can happen upon changing the parameters governing the
quantum dynamics as is illustrated in Fig. 1.) We introduce
the index u = 0, 1 to distinguish both possibilities. The case
= 0 applies when the number of local Majorana operators
at site j € A is even, in which case the number of repeat unit
cells in A is any positive integer. The case w = 1 applies
when the number of local Majorana operators at site j € A
is odd, in which case the number of repeat unit cell in A must
necessarily be an even positive integer. The triplet

([(v, )1, 0),
0,0,1),

if c(g) = +1,

if c(g) = —1, (3.19)

Ug) = {

if u =0,

([(v, p)], ) == { (3.20)

if u=1,
of indices allows to treat Theorems 1 and 2 together, as we are
going to explain.

A similar set of three indices also appears in the classifi-
cation of one-dimensional fermionic SPT phases. This is not
an accident, for fermionic SPT phases can also be classified in
terms of the projective representations realized by the global
symmetries after projection on the boundaries [55-59].

1. Indices [(v, p)]

Theorem 1 is only predictive once it is established that
a projective representation of G, is non trivial. We recall
that (i) the group G, is a central extension of the group

G by Z% through the map y defined in Eq. (3.3) and (ii)

O e O e O e O e
(a)

° 0 ® o °e0 ® 0
(b)

® O ® O ® O e O
(c)

FIG. 1. The repeat unit cells of a lattice A are represented pic-
torially by squares. The lattice A is chosen for simplicity to be
one dimensional. (a) The repeat unit cell is decorated with two
circles, one empty, the other filled. If periodic boundary conditions
are imposed, translations by one repeat unit cell are symmetries. The
permutation of the empty and filled circle within all repeat unit cells
is not a symmetry. (b) If the filling pattern is smoothly tuned (through
an on-site potential whose magnitude is color coded, say) so that
both circles in an repeat unit cell have the same filling, then the
permutation of the left and right circles within all repeat unit cells is
a symmetry. One may then choose a smaller repeat unit cell, a square
centered about one circle only. (c) Image of (a) under the permutation
of the empty and filled circle within all repeat unit cells.

only the equivalence classes [y] € H*(G, Z%) deliver non-
isomorphic groups. Choosing an element [y] € H*(G, Z)
specifies G,. In turn, a projective representation of G, is
specified by choosing an element ¢ from the equivalence class
[¢l e H Z(Gf, U(1),.) where the 2-cocycle ¢ was defined in
Eq. (3.12). By convention, a projective representation of G g is
trivial if ¢ ~ 0, i.e.,

(3.21)

is the trivial (i.e., neutral) element of H*(G £ U(1),) equipped
with the addition as group composition.

Deciding if a projective representation of G g is non trivial
amounts to calculating H 2(G - U(1),). This task is facilitated
by the fact that Hz(Gf, U(1),) can be related to H*(G, ZY),
C*(G,U(1)), and C'(G, Z,) together with a set of appro-
priately defined cocycle and coboundary conditions, (see
Appendix A for definitions of these sets and conditions) as
was shown in the physics literature by Turzillo and You in
Ref. [58]. When the equivalence class [y] € H(G, Zg) is
trivial, [y ] = 0, the second cohomology group Hz(Gf, ud),)
reduces to the direct product of the cohomology groups
H?(G, U(),) and H'(G, Z,) as we shall explain.

To understand this claim, we consider first the simpler case
when the central extension Gy of the group G by Z1 splits,
i.e., when

¥Y1=0 < G, =Gx1Zj (3.22)
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according to Sec. III A. If so, we can apply the Kuenneth
formula for group cohomology,

H*(G,, U(l),) =H*(G x Z5,U(1),)

=H*G,U(l),) x H'(G, Z,). (3.23)

Equation (3.23) states that the Abelian group Hz(Gf, u),)

is the direct product between the Abelian group H 2(G,U(1) )
and the Abelian group H'(G, Z,).

The cohomology group H?(G, U(1),) is obtained by re-
stricting the domain of definition of the function ¢ in Eq.
(3.12) to the domain of definition G x G. We will reserve the
letter v to denote such a function. An element of the Abelian
group H*(G, U(1),) with the addition as group composition
is the equivalence class [v] with the neutral element

[v] = 0. (3.24)

The presence of the cohomology group H'(G, Z,) on the
right-hand side of Eq. (3.23) can be understood as follows.
Choose & in Eq. (3.11b) to be the fermion parity p (by the
inclusion map). We then have

ip(g.p) ip(p.g)

a(p ).
(3.25)

i@ u(p) =e i(gp), a(p)i(g) =e

Because p belongs to the center of G »8P=D8 implies that

a(g)i(p) = eEPI N a(pra(e).  (3.26)

Because the eigenvalues of the fermion parity operator are 0
or 1,

¢(gp)—¢(p.g=nxw (3.27)

for some integer n, i.e., the projective representation of the
parity operator #(p) either commutes (n even) or anticom-
mutes (n odd) with the projective representation #i(g) of any
element of G. Hence, we may define the map

p:G — Z,,
(3.28)

o(g p) ; o(p, g mod 2.

g = p(g):i=
whose equivalence classes [p] under the gauge transformation
induced by Eq. (3.14a) define H'(G, Z,). We recognize that
the map (3.28) is the fermion parity p(g) € {0, 1} = Z, de-
fined in Eq. (3.10d). Even though the subgroup G of G x Z%
commutes with the subgroup Z£, this need not be true under
a projective representation. This possibility is captured by the
presence of H'(G, Z,) on the right-hand side of Eq. (3.23).
The neutral element of H'(G, Z,) equipped with the addition
is

[p] = 0. (3.29)

All told, when the central extension G, of the group G by Z5
splits, the Kuenneth formula (3.23) predicts that

[¢] = (Iv], [pD

with the trivial projective representation defined by the condi-
tion

(3.30a)

0 =[¢] = ([v], [p]) = (0, 0). (3.30b)

When the central extension G, of the group G by Z% does not
split, i.e., when '

[y]1#0 (3.31)

according to Sec. IIT A, then the identification (3.30a) is no
longer correct. Turzillo and You in Ref. [58] have shown in
the context of SPT phases of matter that, the equivalence
classes [(v, p)] of the pair (v, p) € C*(G, U(1)) x C'(G, Zy)
that satisfy the conditions

bv—mp—y,5p)=1(0,0), (3.32a)

are in one to one correspondence with the second cohomology
classes [¢] € H2(Gf, U(1),). Here, the operation ¢ is defined
in Eq. (A3), while — denotes the cup product defined in Eq.
(A11). Two pairs (v, p) and (V', p’) are equivalent to each
other if there exists another pair («, 8), whereby

o:G—[0,2m),
(3.32b)
g a(g),
while 8 € Z, such that
(w,p) =", p)+ @Ea+7B—y,5B). (3.32¢)

(See Appendix A2 for a detailed discussion.) Hence, the
second cohomology class is identified with

(@] = [(v, p)]. (3.32d)

It can be seen from Eqgs. (3.32a) and (3.32c¢) that if [y] =0
then §v = 0, which is the defining condition for v to be a
2-cocycle. We may then identify the gauge equivalent classes
[v] with the elements of the Abelian group H 2(G, U(l),) and
the identification (3.32d) reduces to the one in Eq. (3.30a).
However, when [y] # 0, the functionv : G x G — U(1) is
called a 2-cochain and belongs to the set C>(G, U(1)). In prac-
tice, Eq. (3.32) ties the 2-cochain v to the 2- and 1-cochains
y and p that belong to the sets C*(G, Zg) and C'(G, Z,),
respectively. From now on, we shall use the notation (3.32d)
to trade in general the second cohomology class [¢] with the
equivalence class [(v, p)] and reserve the notation ([v], [p])
of Eq. (3.30a) for the case when the underlying fermionic
symmetry group G, splits (i.e., [y] = 0).

C. Stacking rules

In this section, we review the so-called stacking rules,
according to which the indices [(v, p)] and u classifying an
LSM constraint can be “added.”

Given two Fock spaces ]-'}l) and .7-";2), let ﬁ}l) and ®
be two local projective representations of G, with indices

([(vy, p)1,0) and ([(v,, py)], 0), respectively. Stacking ]-'J(.l)
and .7-';2) refers to taking the graded tensor product?

(10,2)

— )
F =F Qg i

: (3.33)

3To account for the fermionic statistics, instead of the standard
tensor product one must use a Z, graded one. Fermionic Fock spaces
then carry the structure of a Z, graded vector space, also called a
supervector space. See Appendix B for more details on this construc-
tion.
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) 18,2) .
The local representation of G, over ]:,( % s

00 (2) 07 (g),  ife(g) = +1,
(8) =

- (3.34a)
900 09K, if c(g) = —1.

L(1®,2)
uj

This representation satisfies the composition rule

i () 2] O (h) = DO gy, (3.34b)

where the phase ¢(g, h)e [0, 27) is

(g h) = ¢1(8 h) + ¢,(g, h) + 7 py(h) py(8).

The first two terms arise due to the composition rule of the
two representations 2" and 2?. The last term encodes the
fact that representation (1) of element 4 and representation (2)
of element g anticommute if both of them have odd fermion
parity. Equation (3.34c) can be decomposed into the stacking

relations

(3.34¢)

([, P)1,0) = ([(vy + v, + 7 py = py py + )], 0).

(3.35)
Here, p, — p, is the cup product of the two 1-cochains p,
and p, (see Appendix A for the definition of the cup prod-
uct). Turzillo and You in Ref. [58] have shown that a similar
relationship holds in the context of SPT phases of matter.
The graded tensor product also allows to stack two projective
representations (0, 0, u,) and (0, 0, u,) with p; =1 mod 2
and p1, = 1 mod 2. The result is a projective representation of
the form ([(v, p)], 0) since it is then possible to define a local
Fock space.

IV. MAJORANA LSM THEOREM IN ONE DIMENSION

In this section, we sketch the proofs for Theorems 1 and
2 in 1D space using the machinery of fermionic matrix prod-
uct states (FMPS). We relegate some intermediate steps and
technical details to Appendix C. We begin with a definition
of FMPS in Sec. IV A (further background can be found in
Appendix B and Refs. [56-58,60]).

The strategy that we follow is to prove that so-called in-
jective FMPS are only compatible with a trivial projective
representation of the symmetry group G, discussed in Sec. III.
The main steps of the proof for Theorems 1 and 2, the first
main results of this paper, are provided in Sec. IV B and IV C,
respectively. We close by discussing parallels with the SPT
phases in Sec. IV D.

A. Fermionic matrix product states

Consider a one-dimensional lattice A = Z ;. At the repeat
unit cell j =1,...,N, the local fermion number operator

is denoted ﬁ and the local Fock space of dimension D; is

denoted F ; = CPi. We define with

¥, ) o;=1....D; (4.1a)
an orthonormal basis of F such that
(=D 1y, ) = (=D, ). (4.1b)

The fermion parity eigenvalue of the basis element |y, ) is
J

thus denoted (—1)"’/‘| with |0j| =0, 1. The local Fock space
J; admits the direct sum decomposition

g2 7:(0) AL
where, given p =0, 1,

FP = span{|l//(,j), o;=1,....D,lo;| = p}. (4.2b)

(4.22)

One verifies that dim ]-";0) = dim ]-";1) =D, /2. To construct
the Fock space F, for the lattice A, we demand that the direct
sum (4.2) also holds for F, . This is achieved with the help of
the Z, tensor product ®,. This tensor product preserves the
7Z,-grading structure. We define the reordering rule
_ ol |

Vo) @, 1V, ) = 7y, @, [0,
on any two basis elements |, ) and ¢, ) of ]-'j and ]-',
for any two distinct sites j € A and J' € A, respectively. The
rule (4.3) guarantees that states are antisymmetric under the
exchange of an odd number of fermions on site j with an odd
number of fermions on site j* while symmetric otherwise. We

then define the fermionic Fock space F, for the lattice A to
be

(4.3)

N

%) =) g 1V,

J=1

Fpi= span{|\lla)

6=(0y....00) €{l,....D} x -~ x {1,..., Dy} .

4.4)

As the parity |o 1l of the state | ) can be generalized to the
7

parity |o| of the state |W ) through the action of the global
fermion number operator

- N A
F, = ij,
j=1

the Fock space (4.4) inherits the direct sum decomposition
(4.2a),

N

lo| = Z|0j| mod 2,

j=1

4.5)

Fa=FL @ F). (4.6)
Any state |W) € F, has the expansion
(4.7a)

W) = "¢, |¥,)

with the expansion coefficient ¢, € C. Such a state is homo-
geneous if it belongs to either .7-",(\0) or .7-'[(\1), in which case it
has a definite parity |¥| = 0, 1. From now on, we assume that
all local Fock spaces are pairwise isomorphic, i.e.,

D,=D, F,=2F, 1<j<j<N. (48
This assumption is needed to impose translation symmetry
below. We describe the construction of two families of states
that lie in .7-'1(\0) and ]-'[(\l), respectively. To this end, we choose
the positive integer M, denote with 1,, the unit M x M matrix
and define the following pair of 2M x 2M matrices

P:= Iu 0 , Y= 0 ]lM.
0 -1 -1, O

4.9)
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The 2 x 2 grading that is displayed is needed to represent the
7, grading in Eq. (4.6) as will soon become apparent. The an-
ticommuting matrices P and Y belong to the set Mat(2M, C)
of all 2M x 2M matrices. This set is a 4M>-dimensional vec-
tor space over the complex numbers.* For any o ;=1....D
with j € A, we choose the matrices

B,.C,,D, ,E ,G, €MatM,C) (4.10a)
with the help of which we define the matrices
BU» 0 .
(0 ' co_)9 if |o;| =0,
AD = ' (4.10b)
j 0 D, .
(Ea 0')’ if |o;| =1,
and
GU. 0 .
o’ G(,_)’ if |o;| =0,
AL = ’ (4.10c)
j 0 G

o

(,G 0/)’ if |G_j| =1,

0.
J

from Mat(2M, C). Observe that Eq. (4.10c) is a special case
of Eq. (4.10b). For any o; = 1,...,D with j € A, the ma-

trix P commutes (anticommutes) with Af,‘j’ ) when |U,‘| =0
(lo;l = 1), |
PAY = (=) AP P (4.11)
for both p =0, 1. In contrast, the matrix ¥ commutes with
A
YAD =AYy 4.12)
forallcrj =1,...,Dwith j € A.
We are ready to define the FMPS. We define states with
either periodic boundary conditions (PBC) or antiperiodic

boundary conditions (APBC) denoted by the parameter b = 0
or 1, respectively. They are

A9t = P AL AT s
o
and
Wk = Dol val) a vy @i

g

for any choice of the matrices (4.10b) and (4.10c), respec-
tively, and with the basis (4.4) of the Fock space F,. The
following properties follow from the cyclicity of the trace and
from the fact that Y is traceless.

Property 1. The FMPS |{Af,’: )}; b) is homogeneous and be-

longs to ]:5\1’ ) for p =0, 1. This claim is a consequence of the

“The set Mat(2M,C) of all 2M x 2M matrices is a SM?>-
dimensional vector space over the real numbers.

identities
N
Y lojl = 1mod2 = (PP PAL - AD) =0, (4.142)

j=1
N
> 1oyl = 0mod 2 = (PP Y ALY ... AD) = 0. (4.14b)
j=1

Property 2. The FMPS |{Af,€ )}; b) changes by a multiplica-
tive phase under a translation by one repeat unit cell. Indeed,
one verifies that

T M. 1\ _ itQk+b)/N M.
T (A )b = O (AP, @)
where 7’2 is the generator of translation by one repeat unit cell
with boundary conditions b =0, 1 and k € Z.

Property 3. The FMPS (4.13a) and (4.13b) are not uniquely
specified by the choices {Af,’; )} for p =0, 1, respectively. For
example, the similarity transformation

Ag‘? > UAg‘?U—‘, o;=1,....D, j=1,...,N,

(4.16)
with U any matrix that commutes with P leaves the trace
unchanged. Another example occurs if there exists a nonva-

nishing matrix Q = Q? € Mat(2M, C) such that
0AY =AY 0, o,=1,....,D.  (417)
J J

Indeed, one verifies that Eq. (4.17) implies the identity

b+1 4 0) | AO0)] — b+1 7(0) . x(0)
w[PPAD A0 =[P AD . AY] @a8a)

with A? the matrix
AD = 0AD 0+ Ly — QAL (1, — Q). (4.18)

While conditions (4.17) imply that all matrices A\, ..., A%
are reducible, conditions (4.18b) imply that all matrices
Aio), . ,Ag) are decomposable into the same block diagonal
form. A necessary and sufficient condition on the D matri-
ces Aﬁo), ...,Ag) to prevent that Eq. (4.17) holds for some
Q € Mat(2M, C) is to demand that there exists an integer
1 < £* < N such that the vector space spanned by the DY
matrix products
Af,?) . AO

O 5, .. o.=1,...,D, (4.192)

is Mat(2M, C).> More precisely, forany A € Mat(2M, C), it
is possible to find D coefficients ay” , € C such that®

..... g,
D
— ) 0) (0)
A= > P , AD...AD. (4.19b)
Oes0 =1

13

In order to restrict the redundancy in the choice of the
matrices (4.10) that enter the FMPS (4.13), we make the
following definitions.

SIED=2,M =1, A(IO) is 1 times the second Pauli matrix, and A(ZO)
is the third Pauli matrix, then £* = 4.

The basis (4.19a) is in general overcomplete owing to the condi-
tion DY > 4M?>.
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Definition 1. The even-parity FMPS (4.13a) is injective
if there exists an integer £* > 1 such that the D* products
A(O) A(O) of 2M x 2M matrices span Mat(2M, C).

Deﬁmnon 2. The odd-parity FMPS (4.13b) is injective if
there exists an integer £* > 1 such that the D products
G, ---G_ of M x M matrices span Mat(M, C).

(T (o™

The need to distinguish the definitions of injectivity for
even- and odd-parity FMPS stems from the fact that for an
odd-parity FMPS the matrix ¥ commutes with A(l) .. A(])
In other words, Y is in the center of the algebra closed by
products of Al ), .. A( . Injectivity requires this center to be
generated by 1,,, and Y i.e., the algebra closed by products
of matrices A(Il), e ,A%) is a Z,-graded simple algebra. For
the center to be generated by no more than 1,,, and Y, the
product of G, ..., G, must close a simple algebra of M x M
matrices, which is precisely the Definition 2. The following
properties of FMPS are essential to the proofs of Theorems 1
and 2.

Property 4. Let £ > £*. The D* products A - - A(O) of
2M x 2M matrices span Mat(2M, (C) for any 1njectlve even-
parity FMPS. The D¢ products G, ---G, of M x M matrices
span Mat(M, C) for any £ > ¢* 1n]ectlve odd -parity FMPS.

Property 5. If two sets of matrices {Af,f )} and {A,(,f )} gen-
erate the same injective FMPS, there then exists an invertible
matrix U and a phase ¢, € [0, 27) such that [56]

Zglf = UAP U, (4.20a)
foranyoj =1,...,D,and
P=1+UPU', (4.20b)
for p = 0, while
P=UPU"', Y=2UYU!, (4.20c)

for p = 1. Here, the phase ¢, is needed to compensate for
the possibility that the matrix U anticommutes with P or
Y. We also observe that the index o; that labels the local
fermion number is preserved under the conjugation by U. The
transformation (4.20) that leaves an injective FMPS invariant
is called a gauge transformation.

Property 6. Definitions 1 and 2 ensure that the two-point
correlation function of any pair of local operators taken in
an injective FMPS decays exponentially fast with their sepa-
ration. This provides an additional motivation to study them
as they can be used to describe nondegenerate and gapped
ground states [56].

With the formalism introduced in Secs. III and IV A, we
restate Theorem 1 as follows: If an even- or odd-parity in-
jective FMPS is translation-invariant and symmetric under a
projective representation of the symmetry group Gf defined
in Sec. I, then the projective representation of G, must have
a trivial second group cohomology class [¢] = 0. We recover
Theorem 1 by negating this statement.

B. Proof of Theorem 1

Our strategy is inspired by the study of injective bosonic
MPS assumed to be G, x G-invariant made by Tasaki in
Ref. [32]. For the fermionic case, we shall distinguish the
cases of even- and odd-parity FMPS, as each case demands

distinct conditions for injectivity. For the case of even-parity
injective FMPS, we shall establish the following identity
between any matrix A € Mat(2M, C) and a given norm pre-
serving W € Mat(2M, C) that is induced by a projective
representation of the symmetry group G ;. There exists a phase
8 € [0, 27) and a nonvanishing pos1t1ve integer £* such that

A=Y%wAw, (4.21a)
holds for all £=¢*,¢"+1,0*+2,--- and all Ae
Mat(2M, C). This is only possible if

6 =0, (4.21b)

which obviously holds when A is the identity matrix 1,,,. For
the case of odd FMPS, we shall establish the same identity
as (4.21) for any matrix A € Mat(2M, C) that commutes with
matrix Y, i.e., Y is in the center of the algebra spanned by
such matrices A. Theorem 1 will follow from the interpretation
of the condition § = 0 as the projective representation of G,
defined in Sec. III to have trivial second group cohomology
class.

1. Case of even-parity injective FMPS
We start from the even-parity injective FMPS

HA(O)} b) Ztr[Pb+1A(0)

o

A(a‘;) JIw,). (4.22)
Let g be an element from Gy be represented by the operator
U (g) as defined in Sec. I1I B.

On the one hand, we have the identity

U [{AD}:0) =Y u[PHAD - AP (2) |W,)

o

= u[P"A0(g) - AL (1Y, ),
(4.23a)
where
D
AD(9) =Y U@, o K [A], (4.23b)
O’;:l
U@y o = (V5 [0;[W05): (4.23¢c)
AD, if c(g) = 0,
K[aP] =1 " 4.23d
g[ Jj] KA((7())K’ 1fc(g)=1 ( )

(Complex conjugation is denoted with K.) On the other hand,
we have the identity

ﬁ(g) ‘{A((TQ)}; b> — (&b ’{A((TQ)}; b) — Heirl(g;b)/N A((TQ)}; b)

j J " (424
for some phase n(g;b) €[0,27) if we assume that
U (g)|{A(°)} b) is an eigenstate of the norm-preserving oper-
ator U (g) as it should be if G, is a symmetry. By the assump-
tion of injectivity, the matnces A(O)(g) and e"@&H/N A(O) are
related by a similarity transformation (4 20), i.e., there exists
an invertible matrix U(g) and a phase ng (@ € [0, 277) such that

NPV AD = U U AD DU () (425)
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for any o;. We massage Eq. (4.25) into

Z U], o

O'»—l

FED [T () AV U (g) = A(O)], (4.26a)
J

where we have introduced the phase

n(gb)

0(g;b) == N Pu(e)

(4.26b)

Consider a second element /2 € G, asides from g € G,. We
can use the relation (4.26a) with g replaced by the comp051t10n
gh. We can also iterate the relation (4.26a) by evaluating the
composition U (g) U (h) |{A(0)} b). After some algebra (Ap-

pendix C 1), one finds that (1) the phase

8(g, h;b) := c(g) 6(h;b) + 6(g;b) — Pp(g, h) — O(gh; b)

(4.27a)

that relates the normalized 2-cocycle defined in Egs. (3.11)
and (3.12) to the phase (4.26a), (ii) the map represented by

oS D
and the D matrices Af,?), are related by
PEDADW (g, h) = W (g, h) AT (4.27¢)
for any 0, = 1,...,D, where
W(g, h):=V(g)V(h)V(gh). (4.27d)

We are going to make use of the injectivity of the FMPS a
second time after massaging Eq. (4.27¢) into

AP = LW g ) AD W (g, h) (4.28)
for any o; = 1,...,D.For any integer £ = 1, 2, - - -, iteration

of Eq. (4.28) gives

¢ ¢
[TAY = @ w" (g, b []‘[ Af,o_):| W(g h). (4.29)
i1 J i1 J
When ¢ > £*, injectivity of the FMPS implies that any matrix
A € Mat(2M, C) can be written as a linear superposition of all
the possible monomials []}_, AL’ of order ¢, each of which
K J

obeys Eq. (4.29) [recall Eq. (4.19b)]. Hence, we arrive at the
identity

A=Wl (g ) AW (g, ), (4.30)

for any A € Mat(2M, C), which implies, in turn, that W (g, h)
belongs to the center of the algebra spanned by mono-
mials nf'=1A¢(70.)' For even-parity FMPS, this center is

Ve > 0,

one-dimensional as it is generated by the unit matrix 1,,,. In
particular, we can choose A = 1,,, for which

1, = ¢k, (4.31a)
which implies that
8(g, h;b) =0,

and, therefore, [¢] = O [recall Eq. (3.15)].

(4.31b)

2. Case of odd-parity injective FMPS

The odd-parity FMPS differs from the even-parity FMPS
in that the D¢ products A('l) A“) for any £ > £* span a
subalgebra of Mat(2M, C) with the center spanned by 1,,,
and Y. This difference is of no consequence until reaching
the odd-parity counterpart to Eq. (4.25). However, for the
odd-parity counterpart to Eq. (4.25) multiplication of U(g)
from the left by any element from the center generated by 1,,,
and Y,

[a(g) Loy +b( YU (g), la(e)* + bl =1,

leaves Eq. (4.25) unchanged. To fix this subtlety, we replace
U(g) in Eq. (4.25) by U®(g) which is defined by

U(g) := la(g) 1y, + b(e) Y1U D (g), (4.33a)
PUYg)P = UY(y). (4.33b)

With this change in mind, all the steps leading to Eq. (4.27)
for the even-parity case can be repeated for the odd-parity
case. The analog to the even-parity coboundary condition
(4.31b) then follows, thereby completing the proof of Theo-
rem 1.

4.32)

C. Proof of Theorem 2

Theorem 1 presumes the existence of a local fermionic
Fock space, i.e., of an even number of Majorana degrees
of freedom per repeat unit cell. This hypothesis precludes
translation invariant lattice Hamiltonians with odd number of
Majorana operators per repeat unit cell such as

M
Hy = E 17, Vjs1-
j=1

Here, the Hermitian operators {p; = f/f} obey the Majorana
algebra

(4.34a)

(P;, Vi =28;;,  Js j=1,...,2M, (4.34b)

and the total number 2M of repeat unit cell is an even integer.
Hamiltonian H realizes the critical point between the two
topologically dlStlnCt phases of the Kitaev chain. In the con-
tinuum limit, it describes a helical pair of Majorana fields and
has a gapless spectrum.

Motivated by this example, we now prove a separate LSM
constraint on Majorana lattice models with an odd Majorana
flavors per repeat unit site. We use Theorem 1 for the proof.

Let n > 0 be an integer and

Z()A(jpf(jz"" 4.35)

be the spinor 1 made of 2m + 1 Majorana operators. Let the
Hamiltonian A be local and translationally invariant. We write

N T
’Xj2171+1)

ﬁsZ/%(XH,...,;zj,...,;zj+q), (4.36)
j=1

where / is a Hermitian polynomial of 2¢g Majorana spinors
{(Xi—go -+ /fg j+q) With g a positive integer. The finiteness of
q renders H local. Hamiltonian (4.36) is defined over 2M

sites, since an even number of Majorana operators are needed
to have a well-defined Fock space. We assume that H has
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a nondegenerate gapped ground state |¥,). We are going to
deliver a contradiction by making use of Theorem 1, thereby
proving Theorem 2.

Define the Hamiltonian,

2M 2

7 3SR )

which is the sum of two copies of Hamiltonian (4.36). The
repeat unit cell labeled by j =1, ...,2M now contains two
Majorana spinors labeled by o = 1,2. Hamiltonian (4.37)
thus acts on a Fock space which is locally spanned by an
even number of Majorana flavors. Ateachsite j =1, ..., 2M,
one can define a local fermionic Fock space. Since there is
no coupling between the two copies o« = 1,2 of Majorana
spinors, H H' inherits from H the nondegenerate gapped ground
state

(4.37a)

[Wo) := [Wo) ® [Wo). (4.37b)

Since at each site j, there is no term coupling the two
copies X ) and X( ). H' is invariant under any local permu-

tation
A (1 A2
o 2
NG Bl DT
X/ X/

The local representation of the fermion parity operator is

(4.382)

R 2n+1
P=TTlix5) 27
=1

(4.38b)

Under the transformation (4.38a), the local fermion parity
operator P acquires the phase (—1)*"*! = —1. Therefore the

symmetry transformatlon (4.38a) anticommutes with P This
anticommutation relation implies a nontrivial second group
cohomology class [¢] # 0 of G, mdependent of the group of
onsite symmetries of Ham11ton1an (4.36).7 Therefore by The-
orem 1 Hamiltonian H’ cannot have a nondegenerate gapped
ground state. This is in contradiction with the initial assump-
tion that Hamiltonian (4.36) has the nondegenerate gapped
ground state |W).

We observe that dimensionality d of space played no role
in the proof of Theorem 2 until Theorem 1 was used. Hence,
Theorem 2 holds for any d if Theorem 1 holds for any d.

One can interpret Theorem 2 as the inability to write down
an injective FMPS for the ground state of translationally in-
variant Hamiltonians with an odd number of Majorana flavors
per repeat unit cell. This is because one cannot define the
matrices A, as there is no well-defined Fock space at site j

J
to begin with.

D. LSM constraints and classification of 1D fermionic SPTs

In order to prove Theorem 1, we have shown that §(g, &; b)
defined in Eq. (4.27a) vanishes. Consequently, W (g, h; b) de-
fined in Eq. (4.27d) must be proportional to the unit matrix

"This anticommutation relation implies nontrivial index [p] which
is defined in Sec. III B 1.

1,,,- If so, the similarity transformations V (g; b), V (h; b), and
V=Y (gh; b) that enter W (g, h; b) must also realize a projective
representation of G .. This observation allows us to draw a
bridge to the classification of 1D fermionic SPT phases.

It is known that group cohomology classes corresponding
to representations of G , induced by similarity transformations
V(g) classify bosonic [22,39,61] and fermionic [55-59,62]
SPT phases. Similarly, for a given symmetry group G, and
in 1D, fermionic SPT phases are classified by a triplet of
indices ([(v, p)], u). Indices [(v, p)] are related to [¢] €
H2(Gf, U(1).). The component v of the indices [(v, p)] en-
codes the information about the projective representations
of the symmetry group G. The component p of the indices
[(v, p)] encodes the algebra between the representations of a
group element g € G and the fermion parity p € Z% . Finally,
the index p € {0, 1} characterizes the total fermion parity of
the SPT ground state, or equivalently the parity of the total
number of boundary Majorana modes.

Although the same cohomology group H 2(Gf, u(),) ap-
pears in the classification of 1D LSM-type constraints and 1D
SPT phases, they have a different origin. For the 1D LSM-
type constraints, H 2(Gf, U(1),) arises when classifying the
projective representations of G, ona local Fock space. For

the 1D SPT phases, H2(Gf, U(1),) arises when classifying
the boundary projective representations of global symmetries.

V. MAJORANA LSM THEOREMS IN HIGHER
DIMENSIONS

In this section, we extend Theorem 1 to any dimension
d of space when the symmetry group Gf is Abelian and all
elements g € G, are represented by unitary operators. Our
method is inspired by the one used recently in Ref. [63] for
quantum spin Hamiltonians.

Consider a d-dimensional lattice A with periodic bound-
ary conditions in each linearly independent direction j =
1,...,d such that A realizes a d-torus. Let each repeat unit
cell be labeled as j and host a local fermionic Fock space F;
that is generated by a Majorana spinor x; with 2n components
X b I =1,...,2n. The fermionic Fock space attached to the
lattice A is denoted by F,. We impose the global symmetry
corresponding to the central extension G, of G by Z% as
defined in Sec. III A, whereby G is assumed to be Abelian.
We also impose translation symmetry. If the d-dimensional
lattice A has N, repeat unit cell in the 2 direction and thus
the cardinality

5.1

d
A= [N
=1

the translation group is

GlrslzZNi ><ZNj x--~><ZNJ. (5.2)

By assumption, the combined symmetry group is the Carte-
sian product group

G = Gyt X G- (5.3)

total =
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The representation of the translation group (5.2) is generated
by the unitary operator 7, whose action on the Majorana
spinors is

LT =Ry T =T G0
along the [t direction (e, is a basis-vector along the { direc-

tion). Imposing periodic boundary conditions implies
T =T, (5.4b)

The representation U (g)ofge G f is defined in Sec. III B.
Any translationally and G ;-invariant local Hamiltonian acting
on F, can be written in the form

d N
=Y > (@ by (T,

p=1n,=1

(5.5a)

where / ; is a local Hermitian operator centered at an arbitrary
repeat unit cell j. More precisely, it is a finite-order poly-
nomial in the Majorana operators centered at j that is also
invariant under all the nonspatial symmetries, i.e.,

h,=U@h;U ' (9) = (h)' (5.5b)

for any g € GI Instead of extracting spectral properties of

Hamiltonian H,. directly, we shall do so with the family of
Hamiltonians indexed by g € G, and given by

[A]

Hi(g) =Y (T,(9)" A" (T (9))",

a=1

(5.6)

where ﬁﬁﬂt is a G -symmetric and local Hermitian operator
and f}(g) is the “g-twisted translation operator” to be defined
shortly. We shall derive LSM-like constraints for H, Filt (g) and

twis
then explain why those LSM-like constraints also apply to
H . To this end, we will explain what is meant by the upper
1ndex “tilt” for tilted and the lower index “twis” for twisted

and how AU (g) and A, differ.

twis

A. Case of a d = 1-dimensional lattice

As a warm up, we first consider the one-dimensional case,
i.e.,, A = Z,. We impose two assumptions in addition to those
previously assumed. These are that every element in G
unitarily represented (Assumption 5) and that G , is an Abelian
group (Assumption 6). These two assumptions were superflu-
ous when proving Theorem 1 using injective FMPS in Sec. IV.
This drawback is compensated by the possibility to extend the
proof that follows to any dimension d of space.

Twisted boundary conditions are implemented by defining
the symmetry twisted translation operator

L9 =27 (5.72)
through its action
(=1’ g, ifj#N,
LT o=~ oo (5.7b)
0;(8) X, 07 (), ifj=N,

for j=1,...,N, where p(g) € {0,1} =Z, is defined in
Eq. (3.10d) [see also Eq. (3.28)]. We then cor}sider any Hamil-
tonian of the form (5.6) where the operator 4! in Eq. (5.6) is

nothing but the operator / ;in Eq. (5.5a) with A restricted to
a one-dimensional lattice. Such a twisted boundary condition
is equivalent to coupling the Majorana operators to a back-
ground Abelian gauge field with a holonomy g € G, around
the spatial cycle. The effect of turning on such a background
field is that it delivers the operator algebra (see Appendix D)
[T, = U(g).

g€ G, (5.82)

and

U ' T(e)Uh) = @M Ti(g), heG,,  (58b)

where

x(&h)=¢h, g —dgh)+ NN — D plh)pg) + 1].

(5.8¢)

The same algebra with p(g) =0 for all g € G, was ob-
tained by Yao and Oshikawa in Refs. [63,64]. The phase
x(g, h) is vanishing if and only if the second cohomol-
ogy class [¢] is trivial (see Appendix D). As explained in
Sec. III B, we can trade the index [¢] with the indices [(v, p)].

If x(g, h) mod 2 is nonvanishing, one-dimensional rep-
resentations of (5.8) are not allowed. The ground state of any
Hamiltonian of the form (5.6) is either degenerate or sponta-
neously breaks the symmetry in the thermodynamic limit. We
have rederived the Theorem 1 for the Abelian group G ¥ that is
represented unitarily when twisted boundary conditions apply.

If we assume that the choice of boundary conditions cannot
change the ground-state degeneracy when all excited states are
separated from the ground states by an energy gap, then the
Theorem 1 applies to all boundary conditions compatible with
translation symmetry that are imposed on the one-dimensional
chain A and, in particular, to Hamiltonians of the form (5.5)
with A restricted to a one-dimensional lattice that obey pe-
riodic boundary conditions. A necessary condition for this
assumption to hold is that all correlation functions between
local operators decay sufficiently fast, a condition known
to be an attribute of any Hamiltonian with gapped ground
states [65].

‘We emphasize that, in rederiving Theorem 1, we have taken
(i) the group G to be Abelian and (ii) representation i ; (g) to
be unitary for all 8 € G;. There exist several challenges in
relaxing both of these assumptions. When the group is taken
to be non-Abelian, one cannot consistently define a twisted
Hamiltonian (5.6) that is invariant under both global sym-
metry transformations U (h) and symmetry twisted translation
operators ﬁ(g) without imposing stricter constraints on local

operators fztlﬂt than Eq. (5.6). The challenges with imposing
antiunitary twisted boundary conditions with the group ele-
ment g € G, are the following. First, complex conjugation is
applied on all the states in the Fock space F, . This means that
Hamiltonian (5.5) can differ from Hamiltonian (5.6) through
an extensive number of terms when c¢(g) = —1, in which
case it is not obvious to us how to safely tie some spectral
properties of Hamiltonians (5.6) and (5.5). Second, not all
representations of the group G are either even or odd under

complex conjugation, in which case conjugation of 7/"\(g) by

U (h)~! need not result anymore in a mere phase factor mul-
tiplying T (g) when ¢(g) = —1. In view of this difficulty with
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Boundary Twist by @y(g)

FIG. 2. Example of a path that visits all the sites of a two-
dimensional lattice that decorates the surface of a torus.

interpreting antiunitary twisted boundary conditions, we ob-
serve that the FMPS construction of LSM-type constraints is
more general than the one using twisted boundary conditions.

B. Case of ad > 1-dimensional lattice

We now assume that A is a d > 1-dimensional lattice. We
would like to generalize the twisted boundary conditions (5.7)
obeyed by the Majorana operators to arbitrary spatial dimen-
sions. There is no unique way for doing so. In what follows,
we construct a group of translations GUl{ that is cyclic. This is
achieved by imposing tilted or sheared boundary conditions.
After constructing G, we twist the boundary conditions in
a particular way using the local representations of elements
of the on-site (internal) symmetry group G,. The operators
representing translations on the lattice with tilted and twisted
boundary conditions may not commute with the operators
representing elements of G, even though all elements of
Gtilt

trsl
When this is so, the representation of Gilt = Gil{ x G, is

commute with all elements of Gy by assumption (5.3).

necessarily larger than one dirnensional,milﬁ1 WhichSl case the
ground states are either degenerate or the symmetry group
Gty = Giy x G is spontaneously broken.

Our strategy is to construct the counterpart of Egs. (5.7)
and (5.8). To this end, we are going to trade the translation
symmetry group (5.2), which is a polycyclic group when d >

1, for the cyclic group

G = Ly, (5.9)
and define the combined symmetry group
Giow = Girg X Gy (5.10)

The intuition underlying the construction of the tilted trans-
lation symmetry group Gl is provided by Fig. 2. As a set,
the elements of Gglsll can be labeled by the elements of G

namely
Gg};l = {((zi)"i, ... ,(;3)"4) |
n,=1,...,N,, p=1,....4d}

i L ﬂv

trsl?

(5.11)

However, as a group we would like to label the elements of

Gl as those of the cyclic group with | A| elements, i.e.,

Gtilt — {t” | n= 1, ceey |A|}

trsl *

(5.12)

This is achieved by carefully choosing the group composition
for the elements (5.11), i.e., by iterating d — 1 central exten-
sions.
Step 1. We consider Z,, generated by 4 and extend it by
1

Zy, generated by 7, through the map

0 : ZNT X ZNi — ZNQ,
. (5.13a)
a by . ~-(a+b—[a+b]y )

O,((#)%, (#;)7) == (5;) r,
foranya,b=1,... ’Ni’ to obtain Z, , , the group of trans-

12

lations on the tilted lattice restricted to R2. Here, the notation
[a + b], is used to denote addition modulo n. This group
extension can be summarized by the short exact sequence

1= Zy = Zyy = Zy — 1 (5.13b)

2 172 1

and is labeled by the extension classes
(011 € H*(Zy . Zy,). (5.13¢)

Using this extension class and the standard expression for
group composition in an extended group, we may identify #;
as the generator of Z, .

12
Step 2. We consider Z,, generated by 7, and extend it by
172
Z N, generated by #; through the map
0, : ZNiN2 X ZNiNi — ZN@’
Y- (a+b—la+bly ) (5.142)
~v v a —la
O ()", (1)) 1= (1) "™ "
for any a,b=1,.. .,NI Nj, to obtain ZNiNQNj the group of
translations on the tilted lattice restricted to R3. This group
extension can be summarized by the short exact sequence

| > Zy = Zyy N, = LZyy — 1 (5.14b)
3 17273 1772
and is labeled by the extension classes
2
(031 € H*(Zy, y,- Zy,)- (5.14¢)

Using this extension class and the standard expression for
group composition in an extended group, we may identify #;
as the generator of Z NNy N

Step d — 1. We consider Z, _  generated by 7, and
1 d—1
extend it by Z,, generated by ¢ 5 through the map
d

O, .:7Z X Z —Z
D TNeN g T NN Ny’

d—
%(aerflava]Ni...Nh) (5.152)
1

©,1 ()", @ ") = (t;)" " i1’

foranya,b=1,... ’Ni .. ~N(i to obtain ZNi‘“Na the group

_1
of translations on the tilted lattice A. This group extension can
be summarized by the short exact sequence

1> Zy Zy.n = Ly .y —1 (5.15b)
d 1 d 1 d—1
and is labeled by the extension classes
2
[©, ;1€ H (ZNi'“NH’ ZNJ). (5.15¢)
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Using this extension class and the standard expression for
group composition in an extended group, we may identify #;
as the generator of Z Ny N

At the quantum level we represent the cyclic group (5.9)
by replacing Eq. (5.4) with

~ A .
T, 3,1, = Xy (5.16a)
where #,(j) is the action of the cyclic group G on the
repeat unit cell j € A. The cyclicity of Gty = Zy =7,
1 d
is enforced by
- T . itp=1,...,4d-1,
(Tﬁ)NA =" R (5.16b)
1,, if o =d.

With this convention, (/fi)“ witha =1, ..., |A| represents

all the elements (#.)* with a = 1,..., |A] of G, Equation
(5.5) is replaced by

|A]
ﬁ[ilt = Z(Twi)a ]’/\ltlilt (?}71 (5173)
whereby
=0 " T (g) = (")’ (5.17b)

holds for any g € G . The locality of the polynomial fz‘f“ is no
longer manifest when comparing the integers that now label
the local Majorana operators in 44", The locality of Al is
inherited from the fact that fzj is local while A" is nothing

but a mere rewriting of fzj in the cyclic representation of
J € A. Hamiltonian (5.17) differs from Hamiltonian (5.5) by

a subextensive number of terms of order |A|/N;. The same
number of terms ‘would distinguish Hamiltonian (5.5) from
the Hamiltonian Htw]s(g) obtained by replacing the periodic
boundary conditions (5.4b) by twisted a ong, i.e., by multiply-
1ng the right-hand side of Eq. (5.4b) with U (g) for g # e and

=1.

Because of the cyclicity of G} = Zy, . N, = = Z,, and of

trsl —
its quantum representation, we can adapt the definition (5.7)
for the twisted translation operator when d = 1 to that when
d > 1. We define forany g € G, with ¢(g) = +1 the generator
of twisted translation

L@ :=u@T. ' =10@, (5.18a)
through its action
(_l)p(g)f(’ . if j #N,
T # T (o) = { ooonere e (5.18b)
() Xy (), ifj=N

on any Majorana operator labeled by j € A. Here, I =
d,....DeAN=©,;,....N)) € A,andj:(ni,...,nd)
with n, = 1,..., Nﬂ. One verifies that these twisted transla-
tion operators satisfy the twisted operator algebra

U ' Ty(e) Uh) = P T (g). (5.192)

where
x(g h) =g, h) —ph, g) + (Al — Dm p(h)[p(g) + 11,

(5.19b)

which is nothing but the algebra (5.8) with the identifica-
tion N — [A| =N, N Finally, we define the family of
Hamiltonians (5.6) that obey twisted boundary conditions.
The proof of Theorem 1 when d > 1 for Hamiltonians of
the form (5.6) is the same as that when d = 1. Because the
family of Hamiltonians (5.6) only differ from the family of
Hamiltonians (5.5) obeying periodic boundary conditions by
a subextensive number of terms, the LSM-like conditions
characterizing the existence of nondegenerate gapped ground
states valid for Hamiltonians of the form (5.6) are conjectured
to be also valid for Hamiltonians of the form (5.5).

C. Theorem 2 ind > 1 dimensions

We have extended Theorem 1 to any spatial dimension d.
As discussed at the end of Sec. IV C, if Theorem 1 holds for
any d, then so does Theorem 2. It is nevertheless instructive
to provide an alternative proof of Theorem 2 for any spatial
dimension d without relying on Theorem 1.

We consider a d-dimensional lattice A such that at each
repeat unit cell labeled by j € A, there exists a Majorana
spinor )”(j with 2n 4+ 1 components )A(J.J,l =1,....,2n+1.To
have a well-defined total Fock space on lattice A, we set the
total number of sites | A| in the lattice to be even. On lattice A,
we impose the tllted translation symmetry group G, defined
in Eq. (5.12). Let T be the representation of the generator of
the cyclic group Gglfl with the action (5.16) on the Majorana
SpInors X ;.

In terms of the Majorana spinors %;, the total fermion
parity operator P has the representation

2n+1

P= iR T 25

jeA I=1

(5.20)

Conjugation of the fermion parity operator P by the tilted
translation operator 7; delivers

TPT ' =(-1)""'"P=—P, (5.21)
where we arrived at the last equality by noting that |A] is an
even integer. The factor (—1)*1=! arises since each spinor
X; consists of an odd number of Majorana operators. The
nontrivial algebra (5.21) implies that the ground state of any
Hamiltonian that commutes with P, the generators of the tilted
translation group, and the generators of G is either degener-
ate or spontaneously breaks translation or G, symmetry. We
have proven Theorem 2. We note that the algebra (5.21) was
shown in Ref. [49] for a one dimensional Majorana chain and
interpreted as the existence of Witten’s quantum-mechanical
supersymmetry [66].

VI. EXAMPLES

All our results apply to any central extension G, of the

group G by the group Z% associated to the fermion parity.
Establishing LSM-type conditions requires (i) constructing
a projective representation of Gy and (ii) verifying which
one of the group cohomology classes [¢] € Hz(Gf, ul,)
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is realized by this projective representation. We have shown
how the group cohomology classes [¢] € H 3G - U(),) are

associated to the indices ([(v, p)], u) with v € C?(G, U(1)),
o e€CY(G, Z,), and u = 0, 1 the evenness or oddness of the
local number of Majorana degrees of freedom (flavors). It
is impossible to proceed any further without choosing the
group G.

We shall choose the central extension G g of the group G by
the group 7 to be the split Abelian group G, = G x Z5 with
G = 7, the split Abelian group G, = G x Z5 with G =
Z, x Z,, and the nonsplit Abelian group G, = Z} " with G =
ZY . Their group cohomology is reviewed in Appendix A. For
the first two cases (split groups), we denote the corresponding
indices by ([v], [p], ) as explained in Sec. [II B 1.

Given any one of these groups, we shall define a global
fermionic Fock space F, = F,® JF, and construct a pro-
jective representation that realizes the indices ([(v, p)], 1)
labeling HZ(Gf,U(I)C). The global fermionic Fock space
Fp=F,@®F, is here always constructed from n|A]
Hermitian operators
J €A, (6.1a)

~ o7 _
Xj,a_Xj’av a_la'-'5n7

obeying the Majorana (Clifford) algebra
{Rjar )A(J.,,a,} = 28”, Saars Jj.jeEAN ad=1,.. n
(6.1b)
The index w takes the value O when n = 2m is an even
integer, in which case the cardinality |A| of the lattice A is
any positive integer and we may always define the fermionic
creation and annihilation operators

Xjop1 T1Xj 2
Cjop-1"= =5
(6.2a)

— X2
5 ,

ot _ Xj2b-1
Ciop1 =

with j € Aandb =1, ..., m. The local and global fermionic
Fock space F; and F, are then

{H o) 10

b=1

Rjop1 =0, 1, &p 1 10) = 0} (6.2b)
and
Fai= span{ HH( 2p-1)" 21 [0)
jen b=1
njoypy =01, €5, 110) = 0}, (6.2¢)

respectively. In order to define the operation of complex con-
jugation K on both the local and global Fock space, we define

AT % A
K(ZC 21 TWEj gy DK = o1 T W Choyy

(6.3a)

for any pair of complex number z, w € C (for any j, j' € A

and b, b = ., m) and
K10) = |0). (6.3b)
This implies the transformation law
KXot K=+Xjp-1 KRjK=—=R%j  (63c)

foranyje Aandb=1,...,m

The index u takes the value 1 when n = 2m + 1 is an odd
integer, in which case the cardinality | A| of the lattice A must
be an even positive integer. For notational simplicity, we shall
assume that A is bipartite, that is the disjoint union of two
interpenetrating sublattices A, and Ay such that all nearest
neighbors of the sites in A, belong to A, and vice versa. We
impose on A the topology of a torus. We define the fermionic
creation and annihilation operators

i K "Rt  Rja T RGiwa
Ca = 2 ’ ja B s
where j e Ay,a=1,...,2m+ 1, and p is any fixed basis

vectors spanning A. The global fermionic Fock space F, is
then

(6.4a)

2m+1
F :=Spa“{ [T [T
JEA, a=1

nje =01, ¢,10)= 0}. (6.4b)

In order to define the operation of complex conjugation K
on the global Fock space, we define

K(zc +wc, DK=7"¢  +wt (6.5a)
for any pair of complex number z, w € C (for any j,j € A,
anda,a =1,...,2m+ 1) and
K10) = |0). (6.5b)
This implies the transformation law
K2 K=4%j0 KoK= =Rjrwa (650

forany je Ayanda=1,...,2m+ 1.

Both for u =0, 1, we shall assume a quantum dynam-
ics governed by Hamiltonians of the form (5.5) where fzj
in Eq. (5.5b) is a finite-order polynomial in the Majorana
operators. The order of each monomial entering this poly-
nomial is necessarily even for Z4 to be a symmetry group.
The Hamiltonian is noninteracting if the order of h. is two,
interacting otherwise. The finiteness of the order guarantees
locality. We also introduce the notion of range of fzj which
is the largest separation between the lattice indices of the
Majorana operators present in /1 ;. If the range vanishes, then
Hamiltonian (5.5) is the sum over |A| commuting Hermitian
operators, in which case the spectrum of Hamiltonian (5.5) is
obtained by diagonalizing / -

For the split Abelian group G, = G x Zj with G = Z7,
we find that only the projective representations of the group
algebra that belong to the trivial group cohomology class can
be realized by noninteracting fermions. Any projective repre-
sentation of the group algebra that belong to a nontrivial group
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cohomology class prohibits bilinear terms in the fermions in
any G ;-symmetric Hamiltonian of the form (5.5). Such intrin-
swally interacting Hamiltonians are quantum perturbations of
classical Ising-type Hamiltonians.

For the split Abelian group G, = G x Zj with G = Z, x
Z, and the nonsplit group G, = ZF T with G = Z%, we find
that any projective representatlon of the group algebra that
belongs to a nontrivial group cohomology class implies that
any G -symmetric Hamiltonian of the form (5.5) is nec-
essarily gapless when quadratic in the fermions. For any
one-dimensional lattice Hamiltonian, Theorem 1 then predicts
that any G .-symmetric interaction of the form (5.5) that opens
a spectral gap in the noninteracting spectrum must break spon-
taneously at least one of the symmetries responsible for the
noninteracting spectrum being gapless.

A. One-dimensional space with the symmetry group Z! x Z%
for an even number of local Majorana flavors

The lattice is A = {1, ..., N} with N = 2M an even inte-
ger and the global fermionic Fock space F, is of dimension
2"M with n the number of local Majorana flavors. By choos-
ing the cardinality |A| = 2M to be even, we make sure that
the lattice is bipartite. This allows to treat the two values
of the index u :=n mod 2 in parallel. The symmetry group
G, :=Zj x 1 is asplit group. The group G := Z] = {e, t}
corresponds to reversal of time.

The local antiunitary representation () of reversal of

time generates a projective representation of the group Z?1.
The local unitary representation ii;(p) of the fermion parity p

generates a projective representation of the group Z4 . Accord-
ing to Appendix A 3, all cohomologically distinct projective
representations of ZI x Z are determined by the indepen-
dent indices [v] = 0, 1 and [p] = 0, 1 through the relations®

;1) iy (r) = (=DM (e,
;) a(p) = (=D a;(p)a; @),
This gives the four distinct group cohomology classes

([v1. [p]

(6.6a)
(6.6b)

,0) € {(0,0,0),(1,0,0), (0, 1,0), (1, 1, 0)}.
(6.6¢)
All but the group cohomology class ([v],[p],0) =
(1,0, 0) can be realized using n = 2 local Majorana flavors.
The group cohomology class ([v], [p], 0) = (1, 0, 0) requires
at least n = 4 local Majorana flavors for it to be realized. We
will start with the nontrivial projective representation in the
group cohomology class ([v], [p], 0) = (1, 1, 0) that we shall
represent using two local Majorana flavors. We will then con-
struct successively the projective representations in the group
cohomology classes ([v], [p],0) = (1,0,0), ([v], [p],0) =
(0, 1,0), and ([v], [p], 0) = (0, 0, 0) by using the graded ten-
sor product, i.e., by considering 4, 6, and 8 flavors of local
Majoranas, respectively. This will allow us to verify explicitly
the stacking rules of Sec. III C according to which Eq. (3.35)

8We have chosen the convention of always representing the gener-
ator p of Z% by a Hermitian operator according to Eq. (3.10e).

simplifies to the rule

([v]. [p], 0) = (v ]+ [v,] + [o11l0,]. Loy ] + [0,1. 0) (6.7)

when G, = Z% x Z5 . The indices (6.6¢) will thus be shown
to form the cyclic group Z, with respect to the stacking rule
6.7).

1,1,0)

The local fermionic Fock space F; of dimension D = 2 is
generated by the doublet of Majorana operators

1. Group cohomology class ([v], [p], 1) =

= ({“), j=1,...,2M. (6.8)
X2
One verifies that
a;(t) :=—ix;, K, (6.9a)
ﬁ,([?) = i)’zj.] )?j,2’ (69b)
realizes the projective algebra (6.6) with
l=1, [pl=1 (6.9¢)

One verifies that the Majorana doublet (6.8) is odd under
conjugation by both it;(¢) and it;(p). Time-reversal symmetry
forbids any Hermitian quadratic form for the doublet (6.8).

The only Hamiltonian of the form (5.5) that is of quartic
order and of range r = 1 is

M
Hpbc :)‘Z)zj,lf(j,z Xj+1,lxj+1’27 A eR. (6.10)
j=1
This Hamiltonian is nothing but the sum
M
Hy, = Zhj (6.11a)
j=1
over commuting operators
2 . 1
= =4, — D -3 611b)

when expressed in terms of the fermion-number operator
— AT — At
j=¢6;¢ ;¢ IO)—(Sj’j,nj,cj, |0),

J.J €A (6.11c)

It is thus diagonalized in the fermion-number basis

Fp =span{|n, ..., ny)} (6.12a)

in which it is represented by the classical Ising Hamiltonian

aov .—

pbe = A Z Ojt1

The subspace F,, in the global Fock space F, = F, ® fl
that is spanned by the linearly independent ground states is
twofold degenerate. It is spanned by either the ferromagnetic
states

0;:=2n;—1. (6.12b)

Fp =span{|0,0,...,0,0), [1,1,...,1, 1)} C Fy (6.13a)
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when A > 0 or the antiferromagnetic states
Fos =span{|1,0,...,1,0),10,1,...,0, 1)} C Fynoar
(6.13b)

when A < 0. Because we made sure that the lattice is bipartite
(JA] =N =2M), .ng is homogeneous.” All ground states are
separated from all excited states by the gap |2A|. The action
of “time reversal” in the fermion representation is that of
a “particle-hole” transformation under which 7 ;> (=1
and o; > —o;. The action of parity is trivial (the identity) in
the fermion representation. Reversal of time is broken spon-
taneously at zero temperature and in the thermodynamic limit
in the sense that applying either a uniform or staggered mag-
netic field that couples to the Ising spins through a Zeeman
coupling, taking the thermodynamic limit, and switching off
the Zeeman coupling selects one of the two degenerate ground
states when A > 0 and A < 0, respectively.

The complexity of the Hamiltonian of the form (5.5) that
is of quartic order and of range r = 2 increases dramatically.
For any cluster made of the three repeat unit cells j — 1, j,
and j + 1, one can construct three groups of five monomials.
The first group is made of

Aj;12|12\00 =Xicia Xjici2 X X (6.142)
Aj;12|10\10 = Xmia Xjci2 X X (6.14b)
)?j;lZHO\OZ =Xmia Xjsi2 X X0 (6.14¢)
Aj;12|02\10 =Xicia Xjmi2 X2 Xy (6.144)
5(\,‘-12|02\02 =Xcia Xjc12 X2 X0 (6.14¢)

~

The second group is made of Xz 120001122 Xj:10010122 Xz 10/02/12°
X, i-02/1012> and X] 02002012 The third group is made of X 1:00[12/122

X,,louzuo’ X,,loug\oz’ X; 02121100 and X, 0211202 Because of
translation invariance, only one of the two monomials

XJ 001212 and Xj 12/12100 €eds to be accounted for. We are left

with the generic cluster Hamiltonian
hj = Xjfl,IXj—l,ZXj,IXj,Z
Y SRV Ty SIRRY I
F A KoK m2X 1 X410
LESYDREY (P JEP STRE (6.15)

with fourteen real-valued couplings. If we set the twelve cou-

plings A; = --- A, = 0 to zero, we obtain the classical Ising
model
M
Hiyi==Y (0,0, +1,0,0,,,) (6.16)
j=1

in the same fermion-number basis of the Fock space that
delivered the classical Ising Hamiltonian (6.12b). Any per-
turbation with one of the couplings A5, ..., A, breaks the

9This is not so when |A| = N = 2M + 1 is odd.

fermion-number conservation down to the conservation of
the fermion-parity number. Any gapped phase in the 14-
dimensional coupling space is predicted by Theorem 1 to
be either degenerate or break spontaneously time-reversal or
translation symmetry. This prediction can be verified explic-
itly for the classical Ising model (6.16) with nearest- and
next-nearest-neighbor interactions.

2. Group cohomology class ([v], [p], ) = (1,0,0)

The local fermionic Fock space F; of dlmenswn D=4is
generated by the quartet of Majorana operators

=0, x,-,4) , j=1,...,2M. (6.17)
One verifies that
I’A‘j(t) = _i)A(_,-,z )%j,4 K, (6.18a)
w;(p) = X1 Xj2 X3 Xjar (6.18b)
realizes the projective algebra (6.6) with
[vI=1, [p]=0. (6.18¢c)

One verifies that the Majorana quartet (6.17) is even under
conjugation by #,(7) and odd under conjugation by i;(p).
Time-reversal symmetry forbids any Hermitian quadratlc
form for the quartet (6.17).

The only Hamiltonian of the form (5.5) that is of quartic
order and of range r = 0 is

oM
Hye =2 %1 Xja iz Xjar AER. (6.19)
j=1
This Hamiltonian is nothing but the sum
oM
Hype =Y (6.20a)
j=1
over commuting operators
hy = =4 (i, = 5) (A5 = 5) (6:20b)

when expressed in terms of the fermion-number operator

oy = 6;,21;—1 Cjop-1>
oy CT/ o—110) =6, ;i 8y oy 5},2#-1 0),  (6.20c)
niop =01, jj €A bb=12
It is thus diagonalized in the fermion-number basis
Fy :span{ <n11) , (nZM*l)>} (6.21a)
M3 "Mom,3

in which it is represented by two Ising chains (labeled 1 and
3) coupled through their rungs only (but not along the chains),

2M
77(rung) |
Hpbc =—A : :O‘jﬁl 9j3

Timpoy =210 — 1, b=1,2. (6.21b)

0t is not possible to represent the group cohomology class
([v], [p], w) = (1, 0, 0) with a doublet of Majorana operators.
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The subspace F in the global Fock space F, = F, @ F,
that is spanned by the linearly independent ground states is
22M _fold degenerate. It is spanned by either

B O/ ()<

22a)
when A > 0 or the antiferromagnetic states

e N

when A < 0. All ground states are separated from all excited
states by the gap |2A|. The action of “time reversal” in the
fermion representation is that of a “particle-hole” transfor-
mation under which 7,,, ;= (1 —#;,, ;) and o; 21 >

0 ap—1- The action of parity is trivial (the identity) in the
ferm1on representation.

The complexity of the Hamiltonian of the form (5.5) that
is of quartic order and of range r = 1 increases dramatically.
For any cluster made of the two repeat unit cells j and j + 1,
the generic cluster Hamiltonian /1, that is summed over in
Hamiltonian (5.5) is the sum over 70 (choose 4 out of 8)
monomials of the form

Fos = Span {

Fos = span{

1<a<b<4, 1<c<d<4

(6.23)
each one weighted by a real-valued coupling. Of these 70
couplings, 69 are independent by translation symmetry. Three
of the 69 monomials are compatible with fermion-number
conservation. All other monomials break the fermion-number
conservation down to the conservation of the fermion-parity
number. If these 66 couplings are set to zero and the remaining
three couplings are set to A, we obtain the classical Ising
ladder

77(Madder)
Hipe =i Z < 0,103+t Z Ojob-1 aj,Zbl)

b=1,2

Xja Xjb Xjt+1,c Xjt+1,d>

(6.24)

in the same fermion-number basis of the Fock space that
delivered Hamiltonian (6.21b). Any gapped phase in the 66-
dimensional coupling space is predicted by Theorem 1 to
be either degenerate or break spontaneously time-reversal or
translation symmetry. This prediction can be verified explic-
itly for the classical Ising ladder (6.24) for which the subspace
F, in the global Fock space F, = F, & F, thatis spanned by
the linearly independent ground states is twofold degenerate.

It is spanned by either
1 1
() (D)) e 7
(6.

Fo = span{

) G))

when A > 0 or the antiferromagnetic states

() OG- @l e

when A < 0. Reversal of time is broken spontaneously at zero
temperature and in the thermodynamic limit in the sense that
applying either a uniform or staggered (within the repeat unit

a

Fos = span{

cell) magnetic field that couples to the Ising spins through
a Zeeman coupling, taking the thermodynamic limit, and
switching off the Zeeman coupling selects one of the two
degenerate ground states when A > 0 and A < 0, respectively.

0,1,0)

The local fermionic Fock space F; of dimension D = 8 is
generated by the sextet of Majorana operators

3. Group cohomology class ([v], [p], n) =

2= o R J=1....2M (6.26)
One verifies that
ai(t) == =% Kja X6 K (6.27a)
8;(p) = iRy Ria Ry Ria Rjs Ry (627b)
realizes the projective algebra (6.6) with
[vI=0, [p]l=1. (6.27¢)

One verifies that the Majorana sextet (6.26) is odd under
conjugation by both &;(¢) and i;(p). Time-reversal symmetry
forbids any Hermitian quadratic form for the quartet (6.26).

The generic Hamiltonian of the form (5.5) that is of quartic
order and of range r = 0 is

R M
Hyoe = Z Z

4
aayaa, | 12 (6.28)
Jj=1 1<a,<a,<a;<a, <6 i=1
with A 0,6y aza, 3 real-valued coupling. Each monomial
4
Jlay ayayay = l_[)( 1<a <a,<ay; <a, <6,

i=1

(6.29)

is a Hermitian operator with the eigenvalues +1 as it squares
to the identity. Any two such monomials on the right-hand
side of Eq. (6.29) either commute or anticommute. In the
fermion-number basis (6.2), the three monomials

5(\\1234 =4, — 3) (A5 — 3). (6.302)
Ajuzss = —4(ﬁj,1 - %)(ﬁjﬁ — %), (6.30b)
5@\3456 = —4(ﬁj,3 - %)(ﬁj,s — %), (6.30c)

are the only ones that are compatible with conservation of
the fermion-number. All remaining 12 monomials break the
conservation of the fermion-number in the basis (6.2) down to
that of the fermion-parity number. Any gapped phase in the
15-dimensional coupling space is predicted by Theorem 1 to
be either degenerate or break spontaneously time-reversal or
translation symmetry. This prediction can be verified explic-
itly by summing with the same weight the three monomials
defined in Eq. (6.30). One obtains three Ising chains coupled
through their rungs only. The ground state is then 22" -fold
degenerate. This macroscopic degeneracy becomes twofold
by increasing the range from r = 0 to r = 1 and considering
the three Ising chains (labeled 1, 3, 5) with the Hamiltonian

075146-19



AKSOY, TIWARI, AND MUDRY

PHYSICAL REVIEW B 104, 075146 (2021)

[in the fermion-number basis (6.2)]

3 oM
77(I3chains) ,__
Hyo =—A Oj2b—10j+1,26-1
b=1 j=1
oM

—4 Z(gj,l 0j3+0;30;5) (6.31)

j=1
with A € R, say. The subspace F o in the global Fock space

F\ =F,® F, that is spanned by the linearly independent
ground states is either

0 0 1 1
.ngzspan 0],...,10 > 1],...,11 > cF
0 0 1 1
(6.32a)
when A > 0 or the antiferromagnetic states
0 0 1 1
fgszspan 1],...,]1 >, 0],...,10 > Cc F
0 0 1 1
(6.32b)

when A < 0. Reversal of time is broken spontaneously at zero
temperature and in the thermodynamic limit in the sense that
applying either a uniform or staggered (within the repeat unit
cell) magnetic field that couples to the Ising spins through
a Zeeman coupling, taking the thermodynamic limit, and
switching off the Zeeman coupling selects one of the two
degenerate ground states when A > 0 and A < 0, respectively.

4. Group cohomology class ([v], [p], n) = (0,0, 0)

The local fermionic Fock space F; of dimension D = 16
is generated by the octuplet of Majorana operators

%= R L)l j=1....2M.  (6.33)
One verifies that

a;(t) == =g, Xja X6 Xjs K, (6.34a)

a;(p) == X1 XjaRjsRjaXisXjeKXj7Xjs (0.34b)

realizes the projective algebra (6.6) with

[vI=0, [p]l=0. (6.34¢)

One verifies that the Majorana octuplet (6.33) is even under
conjugation by #,(z) and odd under conjugation by i;(p).
Time-reversal symmetry forbids any Hermitian quadratic
form for the quartet (6.33).

Theorem 1 is inoperative. It is possible to find examples of
both nondegenerate and degenerate gapped Hamiltonians that
are translation invariant and G f invariant.

To prove this claim, it suffices to consider a generic Hamil-
tonian of the form (5.5) that is of quartic order and of range

r = 0. It is given by

R M
Hype 1= Z Z

Jj=1 1<a,<a,<a;<a,<8

4
)\6’1 a,az a, 1_[ Xj'ai (635)
i=1

with A

a,a,a,a, & T€2l-valued coupling. Each monomial

~

4
Xj|a1a2a3a4 = l_[Xj’ai’ 1<a, <a, <ay <ay <8,
i=1

(6.36)
is a Hermitian operator with the eigenvalues %1 as it squares
to the identity. Its two degenerate eigenspaces are therefore
eight-dimensional. Any two monomials of the form (6.36)
either commute or anticommute. There are 70 (choose 4 out
of 8) such monomials. The six monomials

)?j|1234 = —4(n;, — %)(ﬁja -3); (6.37a)
Aj|1256 = _4(ﬁ,i,l %)(ﬁj,S %)’ (6.37b)
2”1278 = _4(ﬁj,l - %)(ﬁﬂ -3) (6.37¢)
)?j|3456 = _4(’7/'3 - %)(ﬁj,S - %) (6.37d)
)?j|3478 1= —4(f; 5 — %)(ﬁjﬂ ~3)s (6.37¢)
)?j|5678 = _4(ﬁj,5 - %)(ﬁﬂ - %) (6.37f)

are the only ones that are compatible with conservation
of the fermion-number in the fermion-number basis (6.2).
All remaining 64 monomials break the conservation of this
fermion-number down to conservation of the fermion-parity
number. Among these, the 16 monomials generated by ex-
panding

For + 2520 R s+ 2,0 Gs + 2560 R 0+ 2,8)  (638)
are special because they form the basis to represent all 16
terms of the form

T _ At At At At
Ajioooo = €1¢j3¢55C95

At At At 4 A at At At
jlooor ~= €1 C;3C5Cj7, " Ajiooo *=¢j1 €53 CisCi

b

+ A A A Al = At A A A
0 = ¢51¢53C5C 7, s Ao =851 655385859,
Ajnn =2¢;1¢,3¢5¢;7,

(6.39)
in the fermion-number basis (6.2). In the 70-dimensional
coupling space of Hamiltonian (6.36), there is room to find
gapped Hamiltonians with either a degenerate or a nondegen-
erate ground state.

On the one hand, the local Hamiltonian

7 (I4rungs) ,_ v v v
h; =AX 1234 T Xjj3456 T Xji5678)

=—M0;,0;,3+0;30;5+0;50;7) (640)

in the fermion-number basis (6.2) is none but the classical
nearest-neighbor Ising Hamiltonian for a rung of four Ising
spins ordered from bottom to top as 1, 3, 5, 7. As such, the
subspace F ,, in the local Fock space F; = F;, & F thatis

spanned by the linearly independent ground states of ft_(immngs)

is either

0 1
1
11
1

F 4 = span

je > CFo (6.41a)

OO O
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when A > 0 or
1

0
11

0

F... = span (6.41b)

Jgs

ez

when A < 0 in the fermion-number basis (6.2).
On the other hand, the local Hamiltonian

— O = O

= = (X, 234 +X, 3456 +X, 15678 +X, i3s7)  (042)

has a nondegenerate ground state. This is so because the
monomial X 11357 is the sum over all 16 operators (6.39) with
equal weight. Hence, its action on either the basis (6.41a) or
the basis (6.41b) is to exchange the two basis states, thereby
lifting their degeneracies.

The counterpart to this mechanism to lift the twofold de-
generacy of a 2-rung Ising Hamiltonian is not available in
Sec. (VI A 3) because of fermion-parity conservation (to
exchange the ferromagnetic ground states one would need
the odd-parity perturbation &' 1 et 3 et s +H.c.). The same is
true in Sec. (VI A 2). Lifting the twofold degeneracy of a
1- rung Ising Hamiltonian with the help of the perturbation
cj & ;3 T H.c. is not possible because time-reversal symme-
try prOhlbltS any local quadratic term.

By identifying the set

([v], [p], 0) € {(1, 1,0), (1,0,0), (0,1,0), (0,0,0)}
(6.43a)

with the four distinct group cohomology classes (6.6) and by
defining a group operation using the stacking rules (6.7), we
have justified the identification

g— (1,1,0), & — (1,0,0),
(6.43b)

g = 0,1,0, g'—(0,0,0),

where g is the generator of the cyclic group
Z,=188.8.8 =eh (6.43¢)

The fact that the stacking rules (6.7) obeyed by the indices
([p], [v], u = 0) realize the cyclic group Z, is reminiscent
of the fact that the topological index (the integer number of
Majorana boundary zero modes) of noninteracting fermions
belonging to the symmetry class BDI in one-dimensional
space is to be replaced by one belonging to the cyclic group
Zg if interactions compatible with the symmetry class BDI are
allowed [55,67]. The difference between the cyclic group Z,
for LSM-type constraints and the cyclic group Zg in Ref. [55]
arises because we must set © = 0 when defining locally the
Fock space, whereas there is no such constraint at the bound-
ary of an SPT phase.

B. One-dimensional space with the symmetry group
Z, x Z, x Z5 for an even number of local Majorana flavors

The lattice is A = {1, ..., N} with N = 2M an even inte-
ger and the global fermionic Fock space F, is of dimension
2"M with n the number of local Majorana flavors. By choosing
the cardinality |A| = 2M to be even, we make sure that the
lattice is bipartite. This allows to treat the two values of the
index p :=nmod 2 in parallel. The symmetry group G, :=

G x Z% is a split group. As usual, Z4 is generated by p. We
choose G := Z, x Z,. The Abelian group G has hence two
generators g, and g, that commute pairwise, while each of
them squares to the identity. We shall only consider the case
when the local number of Majorana flavors n = 2m is an even
positive integer. The index u then takes the value u = 0.

Any local projective representation of G, can be labeled by

the pair of indices [v] € H*(G, U(1),) and [p] = ([p],, [p],)
with [p],, [p], € H'(G, Z,) through the relations'!

i(g)) i(gy) = (=DM algy) gy, w1=0,1,
(g a(p) = (=D apyacg).  [p); =0, 1.
This gives the eight distinct group cohomology classes

([v], [p], 0) ={(0, (0, 0), 0), (1, (0, 0), 0),
(0,0, 1),0), (1, (0, 1), 0),
(0, (1,0),0), (1, (1,0), 0),
(0, (1, 1),0), (1, (1, 1), 0)}.

Here, the group cohomology class (0, (0, 0), 0) is interpreted
as the trivial representation. Theorem 1 is predictive for any
of the remaining seven group cohomology classes. It is shown
in Appendix A 4 that these eight distinct group cohomology
classes form the (stacking) group Z, x Z, x Z,, whereby the
group composition is defined by the stacking rule (A39e). This
(stacking) group is generated by the three group cohomology
classes (1, (1, 0), 0), (1, (0, 1), 0), and (1, (0, 0), 0), as we are
going to verify explicitly.

(6.442)
(6.44b)

(6.45)

1,(,0),0)

The local fermionic Fock space F; of dlmenswn D=4is
generated by the quartet of Majorana operators'?

1. Group cohomology class ([v], [p], 0) =

=0, )A(M) ., Jj=1,....2M. (6.46)
One verifies that

a;(g)) ==X, (6.47a)

1;(8) == Xj1 Xj3 (6.47b)

( ) = Xj,l Xj,2 Xj,3 Xj,4’ (6.47¢)

realizes the projective representation (6.44) with

(v, [pl, ) = (1, (1, 0), 0).
An example of a translation- and G f-invariant Hamiltonian
of the form (5.5), order 2, and range r = 1 is

2M 4

= z :2 :)‘alxj,axj+l,a
j=1 a=1
2M

+ Y Maifin Rjar rahos €R.
j=1

(6.48)

""We have chosen the convention of always representing the gener-
ator p of Z4 by a Hermitian operator according to Eq. (3.10e).

2]t is not possible to represent the cohomology class
([vl, [pl, ) = (1, (1, 0), 0) with a doublet of Majorana operators.
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This Hamiltonian does not conserve the fermion-number in
the fermion-number basis (6.2). It can be thought of as four
Kitaev chains each of which has an effective index u =
1. When A,, =0, all Kitaev chains decouple and are fine-
tuned to their quantum critical point (4.34) between their
symmetry-protected and topologically inequivalent gapped
phases. Kitaev chains 2 and 4 are coupled by the on-site term
iX;2 X;4- The on-site term i¥; , X; , gaps chains 2 and 4. The
low-energy sector of the theory is that of two decoupled quan-
tum critical Kitaev chains labeled 1 and 3. The quadratic term
iX;1 X5 that would gap chains 1 and 3, thereby delivering a
nondegenerate gapped ground state, is odd under conjugation
by ii;(g,) and thus forbidden by symmetry. The stability of
this gapless phase to on-site quadratic perturbations can thus
be thought of as a consequence of Theorem 1. Theorem 1 also
predicts that any G ,-symmetric interaction of the form (5.5)
that opens a spectral gap in the noninteracting spectrum must
break spontaneously at least one of the symmetries responsi-
ble for the noninteracting spectrum being gapless.

When two copies of this (1, (1,0), 0) representation are
stacked, the local fermionic Fock space F; of dimen-
sion D =16 is generated by the octuplet of Majorana
operators

. . s T .

ij(xj’l xj,g) , j=1,....2M. (6.49)
One verifies that

( ») :)A( 1)A(j5v (6.50a)
1:(82) = 3,1 %53 Rys Rire (6.50b)
a;(p) = R;1 K2Rz KjaRjsXjeXj7 Xjs (0.500)
realizes the projective representation (6.44) with
([v], [p], ) = (0, (0,0),0), ie., the trivial projective

representation. In this trivial representation, any flavor
a=1,...,8 has an image ¢’ = (a +4) mod 8 such that %, ,
and j;q transform identically under G,. All on-site terms
i%jaXjars With a=1,...,4 are then Gf symmetric. The
ground-state degeneracy of any translation- and Gf—invariant
Hamiltonian of the form (5.5) can be lifted by including
the four on-site terms iX;q Xja+4 With a=1,...,4, ie,
Theorem 1 is not predictive.

1,0, 1),0)

The local fermionic Fock space F; of dimension D = 4 is

generated by the quartet of Majorana operators (6.46).'> One
verifies that

2. Group cohomology class ([v], [p]l, p) =

a;(81) = X1 X3 (6.51a)
a;(8) = X1 (6.51b)
ﬁj(P) = Xj,l )A(j,z Xj,S )A(j,4’ (6.51c¢)
realizes the projective representation (6.44) with

([v], [p], w) = (1, (0, 1), 0).
Equation (6.51) differs from Eq. (6.47) by interchanging g,
and g,. This difference does not affect the reasoning leading

BIt is not possible to represent the cohomology class
([v], [p], w) = (1, (0, 1), 0) with a doublet of Majorana operators.

to to the conclusion that the gapless Hamiltonian (6.48) is the
most general translation-invariant, G f—invariant, order 2, and
range r = 1 Hamiltonian of the form (5.5) whose hopping is
diagonal with respect to the flavor index. This difference also
implies that stacking two copies of the (1, (0, 1), 0) repre-
sentation (6.51) delivers the trivial projective representation
(0, (0,0),0) encoded by Egs. (6.49) and (6.50), for which
Theorem 1 is not predictive anymore.

1, (0,0),0)

The local fermionic Fock space F; of dimension D = 4 is
generated by the quartet of Majorana operators (6.46).'* One
verifies that

3. Group cohomology class ([v], [p], p) =

8,(81) = Rin A5 (6.522)
1;(8) = X1 X (6.52b)
8,(p) = Ry Rin Rjs Ry (6.52¢)
realizes the projective representation (6.44) with

([v], [p], 1) = (1, (0, 0), 0).

The most general translation- and G ,-invariant Hamilto-
nian of the form (5.5) of order 2, range r = 1, and whose
hopping is diagonal with respect to the flavor index is then

N 4
= sza XjaXjs1a0 2 €R,

j=1 a=1

(6.53)

e., four decoupled Kitaev chains that are fine-tuned to
their quantum critical point (4.34) between their symmetry-
protected and topologically inequivalent gapped phases. No
on-site quadratic term is allowed by the symmetries. The
stability of this gapless phase to on-site quadratic perturba-
tions can thus be thought of as a consequence of Theorem 1.
Theorem 1 also predicts that any G -symmetric interaction
of the form (5.5) that opens a spectral gap in the noninter-
acting spectrum must break spontaneously at least one of the
symmetries responsible for the noninteracting spectrum being
gapless.

When two copies of this (1, (0, 0), 0) representation are
stacked, the local fermionic Fock space F; of dimension
D = 16 is generated by the octuplet of Majorana operators
(6.49) with the projective representation

I/Aij(g1) = Xj,z ij )A(j,é )A(j,7, (6.54a)
ﬁj(gz) = )?j,l )2]3 )%j,s f(ﬂ, (6.54b)
ﬁj(l’) = )A(j,l )A(j,z ij )A(j,4 )A(j,5 )A(j’6 )A(jj )A(qu, (6.54¢)

that realizes the group cohomology class ([v], [p], ©) =
(0, (0, 0), 0), i.e., the trivial group cohomology class. In this
trivial representation, any flavor @ = 1, ..., 8 has an image
a = (a+4)mod 8 such that §;, and %;, transform iden-
tically under G All on-site terms 1%, Xjat+s With a =
1,...,4are then G, symmetric. The ground-state degeneracy
of any translation- and G y-invariant Hamiltonian of the form

It is not possible to represent the cohomology class
([v], [p], w) = (1, (0, 0), 0) with a doublet of Majorana operators.
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(5.5) can be lifted by including the 4 on-site terms i¥; X a+4
witha =1, ..., 4, i.e, Theorem 1 is not predictive.

4. Group cohomology class ([v], [p]l, n) = (1, (1,1),0)

When representations (6.47) and (6.51) are stacked, the
local fermionic Fock space F; of dimension D = 16 is gener-
ated by the octuplet of Majorana operators (6.49). One verifies
that

( ) = )A( )A(j,s )2.,'.77 (6.55a)

J( &) = )A(J )A(j,3 )A(j,5a (6.55b)

;(p) =R 1 XjaXjsKjaXjsXjeXj7Xjg  (6.55¢)
realizes the projective representation (6.44) with

(vl [pl, ) = (1, (1, 1), 0).
An example of a translation- and G ;-invariant Hamiltonian
of the form (5.5), order 2, and range r = 1 is

N T 8
Hy, = Z |:Z)‘a iXja Xjr1.a T 25181 X5

j=1 L a=1

+ A 4iXi2 Xja T Aesikj6 )A(j’gj| (6.56)

with A, )La,b € R for a,b=1,...,8. By construction, this
Hamiltonian is gapless since the quantum critical Kitaev
chains 3 and 7 are decoupled from all other Kitaev chains.
This gapless phase is stable to any on-site quadratic pertur-
bation since the only on-site quadratic terms i¥,; X;, and
i%;7 X}, that could gap the quantum critical Kitaev chains 3
and 7 are odd under G for any a # 3, 7. The stability of this
gapless phase to on-site quadratic perturbations can thus be
thought of as a consequence of Theorem 1. Theorem 1 also
predicts that any G .-symmetric interaction of the form (5.5)
that opens a spectral gap in the noninteracting spectrum must
break spontaneously at least one of the symmetries responsi-
ble for the noninteracting spectrum being gapless.

When two copies of this (1, (1, 1), 0) representation are
stacked, the local fermionic Fock space F ; of dimension
D = 256 is generated by 16 Majorana operators. One verifies
that

aj(81) = Rja Xjs Xja Xjo Xjas Xjas (6.57a)
( 8) = )A(j,1 ij )A(j,s )A(];g )A(j,n )A(_,‘,13, (6.57b)
16
i,(p) =[] % (6.57¢)
a=1
realizes the group cohomology class ([v], [p], n) =

(0, (0, 0), 0), i.e., the trivial group cohomology class. There
exists a bijective map a — a’ := (a + 8) mod 16 such that
all on-site terms i X« With a=1,...,8 can be shown
to be G, symmetric. The ground-state degeneracy of any
translation- and Gf—invariant Hamiltonian of the form (5.5)
can be lifted by including the 8 on-site terms i¥; . X+ With
a=1,...,8,1i.e., Theorem 1 is not predictive.

5. Group cohomology class ([v], [p], n) = (0, (1, 0), 0)

When representations (6.52) and (6.47) are stacked, the
local fermionic Fock space F; of dimension D = 16 is gener-
ated by the octuplet of Majorana operators (6.49). One verifies
that

u;(81) = X2 X3 X5 (6.58a)
1;(8) == X1 X3R5 X720 (6.58b)
i;(p) = %1 Rjo K3 Rja Rjs Xy Rj7 Xj.s0 (6.58¢)
(6.44)  with

realizes the projective

([v], [p], ) = (0O, (1, 0), 0).
An example of a translation- and G ,-invariant Hamiltonian
of the form (5.5), order 2, and range r = 1 is

representation

N 8

Hye =) |:Z MaiXja Rjrratrig X Rja

j=1 L a=1

+Aag Xja Kjs T A3s5 X3 )%j’j} (6.59)

with A, )La,b € R for a,b=1,...,8. By construction, this
Hamiltonian is gapless since the quantum critical Kitaev
chains 2 and 6 are decoupled from all other Kitaev chains.
This gapless phase is stable to any on-site and quadratic per-
turbation since the only on-site quadratic terms iX; , X; , and
i¥;6 X, that could gap the quantum critical Kitaev chains 2
and 6 are odd under G for any a # 2, 6. The stability of this
gapless phase to on-site quadratic perturbations can thus be
thought of as a consequence of Theorem 1. Theorem 1 also
predicts that any G .-symmetric interaction of the form (5.5)
that opens a spectral gap in the noninteracting spectrum must
break spontaneously at least one of the symmetries responsi-
ble for the noninteracting spectrum being gapless.

When two copies of this (0, (1,0), 0) representation are
stacked, the local fermionic Fock space F ; of dimension
D = 256 is generated by 16 Majorana operators. One verifies
that

( = )A(j_z )A(j,3 )A(j,s )A(j,m )A(j,u )A(j_13: (6.60a)
( 2) )A(j,l )A(j,S )A(j,S )A(j,7 2j,9 )A(j,n Xj,13 Xj,lS’ (6.60b)
16
i,(p) =[] % (6.60c)
a=1
realizes the group cohomology class ([v], [p], ©) =

(0, (0, 0), 0), i.e., the trivial group cohomology class. There
exists a bijective map a > d’ := (a + 16) mod 16 such that
all on-site terms i¥;, X« With a=1,...,8 can be shown
to be G, symmetric. The ground-state degeneracy of any
translation- and Gf-invariant Hamiltonian of the form (5.5)
can be lifted by including the eight on-site terms i%; 4 X j.a+8
witha =1, ..., 8, i.e.,, Theorem 1 is not predictive.

6. Group cohomology class ([v], [p], n) = (0, (0,1), 0)

When representations (6.52) and (6.51) are stacked, the
local fermionic Fock space J; of dimension D = 16 is gener-
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ated by the octuplet of Majorana operators (6.49). One verifies
that

ﬁj(gl) = )%j,1)%j,3 )%j,s ij’ (6.61a)
ﬁj(gz) = )A(j,z )A(_,',3 )A(jyss (6.61b)
ﬁj(p) = )A(j,l )A(j,z Xj,3 Xj,4 )A(j,s Xjﬁ ij Xj_gs (6.61c)

realizes the projective (6.44)  with
(Iv1, [pl, ) = (0, (0, 1), 0).

Equation (6.61) differs from Eq. (6.58) by interchanging g,
and g,. This difference does not affect the reasoning leading
to to the conclusion that the gapless Hamiltonian (6.59) is the
most general translation-invariant, Gf—invariant, order 2, and
range r = 1 Hamiltonian of the form (5.5) whose hopping
is diagonal with respect to the flavor index. This difference
also implies that stacking two copies of the (1, (0, 1), 0) rep-
resentation (6.61) delivers the trivial projective representation
(0, (0, 0), 0) encoded by Egs. (6.60), for which Theorem 1 is

not predictive anymore.

representation

7. Group cohomology class ([v], [p], ) = (0, (1, 1), 0)

When representations (6.52) and (6.55) are stacked, the
local fermionic Fock space F; of dimension D = 64 is gener-
ated by 12 Majorana operators. One verifies that

ﬁj(é’]) :Zi)%jj )A(];g Xj,s )%j’g Xj’”, (6.62a)
(g, = i)?j,1 Xi3XjsXj7 X9 (6.62b)
12
;(p) =[] 2a (6.62¢)
a=1
realizes the projective representation (6.44) with

(v, [pl, ) = (0, (1, 1), 0).
An example of a translation- and G .-invariant Hamiltonian
of the form (5.5), order 2, and range r = 1 is

N 12
Hpbc = Z [Z)‘a i)zj,a Xj+1,a +)‘1,7 in,l Xj,7

j=1 L a=1

+A3si%53 X5 A 1K2 X
+A461K4 X6+ As101K;8 )?j,lo:| (6.63)

with A, A,, € R fora,b=1,...,12. By construction, this
Hamiltonian is gapless since the quantum critical Kitaev
chains 9 and 12 are decoupled from all other Kitaev chains.
This gapless phase is stable to any quadratic on-site pertur-
bation since the only on-site quadratic terms i¥;4 X;, and
iX;12 X, that could gap the quantum critical Kitaev chains
9 and 12 are odd under G for any a # 9, 12. The stability of
this gapless phase to on-site quadratic perturbations can thus
be thought of as a consequence of Theorem 1. Theorem 1 also
predicts that any G ,-symmetric interaction of the form (5.5)
that opens a spectral gap in the noninteracting spectrum must
break spontaneously at least one of the symmetries responsi-
ble for the noninteracting spectrum being gapless.

When two copies of this (0, (1, 1), 0) representation are
stacked, the local fermionic Fock space J; of dimension D =

212 is generated by 24 Majorana operators. The Z,-graded

tensor product of the projective representation (6.62) with
itself realizes the group cohomology class ([v], [p], ©) =
(0, (0, 0),0), i.e., the trivial group cohomology class. There
exists a bijective map a — d’ := (a + 12) mod 24 such that
all on-site terms i¥;, %« Witha =1,...,12 can be shown
to be G, symmetric. The ground-state degeneracy of any
translation- and G -invariant Hamiltonian of the form (5.5)
can be lifted by including the 12 on-site terms i%;q Xj.a+12
witha =1,...,12,1i.e., Theorem 1 is not predictive.

C. One-dimensional space with the symmetry group Z57
for an even number of local Majorana flavors

The lattice is A = {1, ..., N} with N = 2M an even inte-
ger and the global fermionic Fock space F, is of dimension
2"M with n the number of local Majorana flavors. By choosing
the cardinality |A| = 2M to be even, we make sure that the
lattice is bipartite. This allows to treat the two values of the
index p :=nmod 2 in parallel. We shall only consider the
case when n = 2m with m a positive integer and © = 0. The
symmetry group G, := Zj" := {t,1°,1°,1*} is the nontrivial
central extension of G = ZI = {t,1*} by Z = {p, p*}, where
the identification 1> = p is made. The upper index T for the
cyclic group G = Z! = {e, 1} refers to the interpretation of
as reversal of time (see Appendix A 5). As usual, p denotes
fermion parity. The symmetry group G is thus generated by
reversal of time ¢, whereby reversal of time squares to the
fermion parity p.

The local antiunitary representation ii;(t) of reversal of
time generates a projective representation of the group Z57.
According to Appendix A 5, all cohomologically distinct pro-
jective representations of Z47 are determined by the indices
[(v, p)], with (v, p) € C*(G, U(1)) x C(G, Z,), through the
relations'?

[(v, )] = (o), p(2)),

R R © R (6.64a)
Mj(f)uj(P) = (=1 uj(P)uj(t),

where

(1) = €9 i, (p) (6.64b)

and ¢ is the 2-cocycle defined in Eq. (3.11). This gives two
distinct group cohomology classes

([(v, ©)],0) € {(0,0,0), (1,1, 0)}.

We will start with the nontrivial projective representation
in the cohomology class ([v], [p], 0) = (1, 1, 0) that we shall
represent using two local Majorana flavors. We will then con-
struct a projective representation in the group cohomology
classes ([v], [p],0) = (0,0,0) by using the graded tensor
product, i.e., by considering 4 local Majorana flavors. This
will allow us to verify explicitly the stacking rules of Sec. III C
according to which Eq. (3.35) simplifies to the rule (see Ap-
pendix A 5)

(6.64¢)

([(v, p)1, 0) = (p(@), p(t), 0),

(6.65)
p(t) = py(1) + py(t) mod 2,

15We have chosen the convention of always representing the gener-
ator p of Z% by a Hermitian operator according to Eq. (3.10e).
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when G, = Z4" . The indices defined in Egs. (6.64) thus form
the cyclic group Z, with respect to the stacking rule (6.65).

1. Group cohomology classes ([(v, p)], ) = (1,1, 0)
and ([(V, P)], I'L) = (03 09 0)

The local fermionic Fock space F; of dimension D = 2 is
generated by the doublet of Majorana operators

2= (;;;) j=1,....2M. (6.66)
One verifies that
N PN s
a;@t) == E(Xj,l - 22K, (6.67a)
i;(p) =13, X0 (6.67b)
realizes the projective representation (6.64) with
([(v, p)I, ) = (1, 0, 0). With the help of
[2;()] " = %(xj,l + 2,0K, (6.68)
one also verifies that
P m(ijl) 2,0 = (;iﬁ) (6.69)

It follows from Eq. (6.69) that the only on-site Hermitian
quadratic formig; | X , is odd under reversal of time. Conse-
quently,

2M
Hype 7= ) MG Ry Ryin = 1852 Rjen2)
=1

(6.70)

with A € R is the most general translation- and G ,-invariant
Hamiltonian of the form (5.5) of order 2, range r = 1, and
whose hopping is diagonal with respect to the flavor index.
This Hamiltonian describes two Kitaev chains that have been
fine-tuned to their quantum critical point (4.34) between their
symmetry-protected and topologically inequivalent gapped
phases. The stability of this gapless phase to on-site quadratic
perturbations can thus be thought of as a consequence of
Theorem 1. Theorem 1 also predicts that any Gf—symmetric
interaction of the form (5.5) that opens a spectral gap in the
noninteracting spectrum must break spontaneously at least
one of the symmetries responsible for the noninteracting spec-
trum being gapless.

When two copies of the projective representation (6.67) are
stacked, the local fermionic Fock space F ; of dimension D =
4 is generated by four Majorana operators. The Z,-graded
tensor product of the projective representation (6.67) with
itself realizes the group cohomology class ([(v, p)], n) =
(0,0, 0), i.e., the trivial group cohomology class. There ex-
ists a bijective map a +> a’ := (a + 2) mod 4 such that all
on-site terms %4 Xj« — 1%j.a+1 Xja+1y With a=1,2 can
be shown to be G, symmetric. The ground-state degeneracy
of any translation- and G ,-invariant Hamiltonian of the form
(5.5) can be lifted by increasing the strength of i%; . X« —
1Xj.a+1 Xja+1y With a = 1,2, i.e., Theorem 1 is not predic-
tive.

D. One-dimensional space with the symmetry group Z5
for an odd number of local Majorana flavors

The lattice is A = {1, ..., N} with N = 2M an even inte-
ger and the global fermionic Fock space F, is of dimension
2@2m+DM with (2m + 1) the number of local Majorana flavors,
i.e., u = 1. By choosing the cardinality |[A| = 2M to be even,
we make sure that the lattice is bipartite. The symmetry group
is Gf = {p, p*} = 2%, where p denotes fermion parity. If we
reinterpret G, = G x Z% with G = {e} the group with one
element, we deduce that the indices [v] and [p] are trivial,
i.e., [v] = [p] = 0. The index associated with this group is
then (0,0,1), for which we illustrate how translation symmetry
prevents a nondegenerate gapped ground state in agreement
with Theorem 2.

We define the 2"+ _dimensional global Fock space F,
using the 2(2m + 1)M Majorana operators obeying the alge-
bra

a=Xw Rja=1 w Xja) =28, ;8,4 (671

forj,j/=1,...,2M,a,d =1,...,2m+ 1.
For simplicity, we first choose 2m + 1 = 1 local Majorana
flavors. Hamiltonian

M
Hyo =2 i3 ;11 reR, (6.72)
j=1
is the most general translation- and G ,-invariant Hamiltonian
of the form (5.5) of range r = 1. It is gapless as it describes
one Kitaev chain on M sites that has been fine-tuned to its
quantum critical point (4.34) between its symmetry-protected
and topologically inequivalent gapped phases.

If we now consider 2m + 1 > 1 local Majorana flavors
arranged into the (2m + 1)-multiplet %;, the most general
translation- and Gf—invariant Hamiltonian of the form (5.5)
of order 2 and range r = 1 is

oM

Hy =i M3, (6.73)
j=1

where the (2m + 1) x (2m + 1)-dimensional matrix M is

real-valued and antisymmetric. As M has necessarily a zero

eigenvalue, the spectrum of H,,. is gapless.

Theorem 2 predicts that any G ,-symmetric interaction of
the form (5.5) that opens a spectral gap in the noninteracting
spectrum of Hamiltonian (6.73) must break spontaneously the
symmetries responsible for the noninteracting spectrum being
gapless.

After stacking two copies of the projective representation
(0,0,1), it is possible to define a local fermionic Fock space
with the gapless Hamiltonian

2M 2

1':1\pbc = Z Zif(;a M, X1

j=1 a=1

M, = —M] € Mat(2m + 1, R). (6.74)

The on-site mass term i f(;r, Xj, is compatible with parity
conservation. When added to the right-hand side so as to pre-
serve translation symmetry, it selects a nondegenerate gapped
ground state. There is no contradiction with Theorem 2 since
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the the projective representation under stacking rules is the
trivial one (0,0,0).

As was suggested just after Eq. (6.72), we can always do
the reinterpretation

M
Hpbc =2 Zi(f(o,[ )A(eql + )A(OJ )A(e,H_l), (6.75a)
=1
)A(o,[ = Xo_1»

Res = R (6.75b)

according to which the enlarged repeat unit cell is labeled by
the odd sites A, of A and there are two flavors (even and odd)
of Majorana per enlarged repeat unit cell. It is then tempting
to ask if one could use Theorem 1 for some group G to
understand the spectrum of Eq. (6.75), in which case the need
for Theorem 2 would be superfluous at best or contradictory at
worst. However, there is no conflict between Theorem 2 and
Theorem 1, as Theorem 1 cannot be applied to understand
the spectrum of Eq. (6.75). To see this, we observe that the
translation by one original repeat unit cell that is presumed by
Theorem 2 is represented in Eq. (6.75) by

Rou > Rets Reat> Xouwr» I=1,....M. (6.76)

As this transformation is not internal to the enlarged repeat
unit cell, it cannot be interpreted as the group G of on-site
symmetries needed to establish Theorem 1.

VII. SUMMARY

In this work, we have obtained two Lieb-Schultz-Mattis
type no-go constraints that forbid the existence of a nonde-
generate gapped ground state for translationally invariant local
lattice Hamiltonians of the form (5.5) in any dimension. The-
orem 1 is proved within the FMPS framework and presumes
that the repeat unit cell hosts a finite even number of Majorana
degrees of freedom that, in turn, realize a nontrivial projective
representation of a global symmetry group G,. We have ex-
tended Theorem 1 to any dimension d > 1 by using tilted and
twisted boundary conditions, albeit with some restrictions on
the global symmetry group G ,. Theorem 2 presumes that the
repeat unit cell of any d-dimensional lattice hosts a finite odd
number of Majorana degrees of freedom (of course the lattice
must then host an even number of sites). Such Lieb-Schultz
Mattis-type theorems provide nonperturbative constraints on
the nature of the ground state which are expected to have
applications in fermionic models with broken U(1) number-
conservation symmetry, but with additional global symmetries
G present. Notably, such LSM-type constraints dictate the
conditions under which a Fermi liquid can be unstable to a
low-temperature phase in which superconducting long-range
order coexists with the long-range order associated to the
spontaneous breaking of some symmetry group G .
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APPENDIX A: GROUP COHOMOLOGY

We review some basic concepts in group cohomology in
Appendix A 1. We then calculate the relevant group coho-
mologies for the projective representations of the group G,
considered in Appendix A 3—-A 5.

1. Some definitions

Given two groups G and M, an n-cochain is the map
¢:G"—>M,
(AD)
(gl’gz’ e ’gn) '_>¢(g1’ gz: .. "gn)v
that maps an n-tuple (g;,g,,...,8,) to an element
&(gy, 8 ---»>8,) € M. The set of all n-cochains from G" to
M is denoted by C"(G, M). We define an M-valued 0-cochain
to be an element of the group M itself, i.e., CYG,M)=M.
Henceforth, we will denote the group composition rule in G
by - and the group composition rule in M additively by + (—
denoting the inverse element).
Given the group homomorphism ¢ : G — {—1, 1}, for any
g € G, we define the group action
¢, M —M,
(A2)
m — c(g)m.

The homomorphism ¢ indicates whether and element g € G
is represented unitarily [c¢(g) = +1] or antiunitarily [¢(g) =
—1]. We define the map &7

8" C"(G, M) — C"T(G, M),

(A3a)
¢ — (3:9),
from n-cochains to (n 4 1)-cochains such that
(82¢)(g15 RN} gn+[)
=€, (P(8s -+ 82 uy1)
+ ) DG & G But)
i=1
—(=D"¢(gy, -1 &) (A3b)

The map &7 is called a coboundary operator.
Example n = 2. The coboundary operator 83 is defined by

(5:0) (81, 82 83) = €, (B(82, &) + (=)', - £, 83)
+ (1’081, 8- 83) — (=1 ¢(gy, )
= c(g)) (82, 83) — (&) - 825 83)
+ 081,82 - 83) — (84, &) (A4)
We observe that
(820)(81, 820 83) =0 <> ¢(g1,8) + B8, - £, 83)
= ¢(81, 8> 83) +¢(81) P(8. 83)  (AS)

is nothing but the 2-cocycle condition (3.12b) obeyed by ¢.
Example n = 1. The coboundary operator 8! is defined by

(8:9) (815 82) =€, (D(g)) + (=1)'d(g; - &) — (=D (g))
=c(g))#(g,) — P(g - &) + P(g)). (A6)
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One verifies the important identity

D81, 8) 1= (5:0)(81.82) = (BP)(8). 8.83) = 0.
(A7)
We observe that Eq. (3.15) implies that ¢ is the image of
& under the coboundary operator 81. Using the coboundary
operator, we define two sets

Z"(G,M,) :=ker(8!) = {¢ € C"(G,M)| 8¢ =0}, (A8a)
and

B"(G,M,) := im(8!")

={¢ € C"(G,M)| p=5"""¢', ¢' € C"" (G, M)}.

(A8b)

The cochains in Z"(G,M_) are called n-cocycles. The
cochains in B"(G, M) are called n-coboundaries. The action
of the boundary operator on the elements of the group M is
sensitive to the homomorphism ¢. For this reason, we label
M by ¢ in Z"(G, M) and B"(G, M_). The importance of the
coboundaries is that the identity (A7) generalizes to

¢p=38""'¢ = §'¢p=0. (A9)

The nth cohomology group is defined as the quotient of the
n-cocycles by the n-coboundaries, i.e.,

H'(G,M,) := Z"(G, M,)/B"(G, M.). (A10)

From now on, we omit the labels n and ¢ in §7 for convenience.
It should be understood that the map § acting on a cochain ¢
maps it to a cochain of one higher degree. The nth cohomol-
ogy group H"(G, M) is an additive Abelian group. We denote
its elements by [¢] € H"(G, M), i.e., the equivalence class of
the n-cocycle ¢.

Finally, we define the following operation on the cochains.
Given two cochains ¢ € C"(G,N) and 0 € C"(G, M), we
produce the cochain (¢ U8) € C"(G, N x M) through

(¢U9)(g]7""gn7gn+]""
= (¢(811 ceey gn)’ €gl~g2---gn(9(g}’l+l’ e

2 &m)

’ gn+m)))'
(Alla)

If we compose operation (A.11) with the pairing map f : N X
M — M’ where M’ is an Abelian group, we obtain the cup
product

(@ —0)Eg1s- 18 8utr -+ 8&m)

= f((db(gl, e 8 B OBy gn+m)))).
(Allb)

Hence, (¢ — 6) € C"""™(G, M'). For our purposes, both N
and M are subsets of the integer numbers, M’ = Z,, while
the pairing map f is

f((q&(gl, 8 € (08 g,Hm))))

= P8y --- s &) mod 2

(A12)

2 8) €y g (0(8prs - -

where multiplication of cochains ¢ and 6 is treated as multi-
plication of integers numbers modulo 2. For instance, for the
cup product of a 1-cochain & € C'(G, Z,) and a 2-cochain
B € C*(G, Z,), we write

(@~ )& 82 83) = a(8)) €, (B(g,. 83))

= a(g;) B(8;: 83): (A13)

where the cup product takes values in Z, = {0,1} and
multiplication of « and g is the multiplication of inte-
gers. In reaching the last equality, we have used the fact
that the 2-cochain B(g,, g;) takes values in Z, for which
¢, (B(gy,83)) = B(g,, g3) for any g,. The cup product de-
fined in Eq. (A11D) satisfies

8(¢ —0) = (8¢ — )+ (=1)" (¢ — 380), (Al4)

given two cochains ¢ € C"(G, N) and 6 € C"(G, M). Hence,
the cup product of two cocycles is again a cocycle as the right-
hand side of Eq. (A14) vanishes. Having introduced the basics
of group cohomology, next we shall compute the cohomology
groups [¢] € H 2(Gf, U(1),) for some specific finite Abelian
groups G encountered in Sec. VI and whose projective repre-
sentations are defined by Eqs. (3.11) and (3.12).

2. Classification of projective representations of G,

It was described in Sec. III A, how a global symmetry
group G, for a fermionic quantum system naturally contains
the fermion-number parity symmetry group Z4 in its cen-
ter, i.e., it is a central extension of a group G by Z%. Such
group extension are classified by prescribing an element [y] €
H*(G, Z%), such that we may think of G as the set of tuples
(g,h) e Gx Zg with composition rule as in Eq. (3.3¢). From
this perspective, there is an implicit choice of trivialization
T:G,— Z% and projection b : G, —~> G such that

(& m)=h, b(ghm) =g

Importantly, 7 is related to the extension class y that defines
the group extension via the relation

b*y = ér,

(A15)

(A16)

where b*y € H*(G,, Z%) is the pullback of y via b.

As explained in Sec. IIIB1, we shall trade the 2-
cocycle ¢(g, h) € Z%(G, U(),) with the tuple (v,p) €
C*(G,U()) x C'(G, Z,) that satisfy certain cocycle and
coboundary conditions. To this end, it is convenient to define
the modified 2-coboundary operator

D, (v, p) = (v =7 p —y.5p), (A17)

acting on a tuple of cochains (v, p) € C*(G,U(1)) x
C'(G, Z,) together with the modified 1-coboundary operator

Dl(a. p) = Ba +7f — 7.86)

acting on a tuple of cochains (a, B) € C'(G,U(1)) x
C%(G, Z,). Being a 0-cochain B does not take any arguments
and takes values in Z,, i.e., B € Z,. Note that for the O-
cochain §, the coboundary operator (A3b) acts as

(8B)(8) = €, () — B,

(A18)

(A19)
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which in fact vanishes for any g € G since § takes values in
Z, and Qfg(,B) = B. Using Eq. (A14) and the fact that y is a
cocycle, i.e., 8y = 0, one verifies that

D2 D). ) = (0.0) (A20)
for any tuple (a, B) € C1(G, U(1)) x C%(G, Z,).

It was proved in Ref. [58] that one may assign to any
2-cocycle [¢] € Hz(Gf, U(1).) an equivalence class [(v, p)]
of those tuples (v, p) € C*(G, U(1)) x CX(G, Z,) that satisfy
the cocycle condition under the modified 2-coboundary oper-
ator (A17) given by

Dy (v, p)=(@v =7 p—y, 8p)=(0,0). (A21)

Indeed, two tuples (v, p) and (V', p’) that satisfy Eq. (3.6)
are said to be equivalent if there exists a tuple («, B) €
C'(G,U(1)) x C°%G, Z,) such that

W, p) =0, o)+ Dy, B)= (' +8a+7mp — vy, 5p).
(A22)

In other words, using this equivalence relation we define an
equivalence class [(v, p)] of the tuple (v, p) as an element of
the set

ker (D}z,)

[(v. p)] € m(D})’

(A23)

The proof of the one-to-one correspondence between [¢] and
[(v, p)] then follows in three steps which we sketch out below.
We refer the reader to Ref. [58] for more details.

(1) First, given a cocycle ¢ € ZZ(Gf, U(1),.), one can de-
fine p € Z'(G, Z,) via Eq. (3.28). The fact that p is a cocycle
follows from that fact that ¢ is a cocycle.

(2) Next, one can always find a representative ¢ in every
cohomology class [¢] € H 2(Gf, U(1),) that satisfies the rela-
tiongp =v+mp— 1.

(3) Finally, the fact that §¢ = 0 implies that v = Tp —
y.

We note that when the [y] =0, i.e., the group G, splits
as G, =G x Z%, the modified coboundary operators (A17)
and (A18) reduce to the coboundary operator (A3b) with
n =2 and n = 1, respectively. If so the cochains v and p
are both cocycles, i.e., (v, p) € Z2(G, U(),) x Z(G, Z,).
The equivalence classes [(v, p)] of the tuple (v, p) is then
equal to the equivalence cohomology classes of each of its
components, i.e.,

[(v, )] = (v, [p]) € H*(G, U(1),) x H'(G, Z,). (A24)

We use the notation ([v], [p]) for the two indices whenever
the group G, splits ([y] = 0). The notation [(v, p)] applies
whenever the group G, does not split ([ ] # 0).

3. The split group Z1 x Z%

The group Z1 x Z%, where the upper index T for the
cyclic group Z1 = {e, t} refers to the interpretation of ¢ as
time, is a split group. Since the group splits ([y] = 0) upon
using Eq. (A21) one finds that [¢] € Hz(Gf, U(1),) separates
into the pair of independent indices [v] € H*(Z?, U(l),) and

[pl € HY(ZY, Z,). Since [v] = 0, 1 and [p] =0, 1,
H*(Z3 x Z5,U(1),)
={([v],[pD I [v]=0,1, [p]=0,1}.

Below we describe how to “measure” these indices as well as
the product or monoidal structure that these indices satisfy.

Claim 1: [v] =0, 1.

Proof. Any cochain v belonging to the equivalence class
[v] is defined by the substitution G = Z2T in Eq. (3.11) and
must satisfy the cocycle and coboundary conditions in (3.12b)
and (3.14), respectively. If one chooses g=h = f =1t in
Eq. (3.12b), where 7 € Z7 is the generator of time-reversal
which is represented antiunitarily [¢(#) = —1]. One finds

(A25)

v(t,t) +v(e, t)=v(t,e) —v(t,t) mod 2r = v(t,t) =0, .
(A26)

Equation (A26) is nothing but the statement that the represen-
tation of time reversal should square to either the identity or
minus the identity. These two possibilities are not connected
by a coboundary. Hence, they correspond to different second
cohomology classes. To see this, assume they were connected
by a coboundary, i.e., they satisfy the equivalence condition
(3.14). On the one hand, choosing g=1¢ and h =1 in Eq.
(3.14) implies that

v(t, 1) —V'(1,)=p) — pt) — ple) = —p(e) = p(e) =7
(A27)

if V/(¢,t) = 7 and v(¢,t) = 0. However, on the other hand,
choosing g =t and & = e in Eq. (3.14) implies that

v(t,e) —V'(t,e) = o(t) — p(e) — (1)

= —g(e) = g(e) = 0, (A28)

since v(g,e) =v(e,g) =0 for all g. Equations (A27) and
(A28) contradict each other. This contradiction implies that
one cannot consistently define a gauge transformation ¢ that
interpolates between v such that v(¢,¢) = 7 to V' such that
v(t,t) = 0. We denote the cases v(t, t) = 7, 0 with the equiv-
alence classes [v] = 1, O, respectively. [ |

Claim 2: [p] =0, 1.

Proof. For the second index [p] € HI(ZT,Zz), two 1-
cochains p and p’ are equivalent if and only if they are
1-cocycles that differ by a coboundary of a 0-cochain. But, by
definition, a Z,-valued 0-cochain has a vanishing coboundary.
Hence, the coset H'(Z7, Z,) is just the set of all distinct
I-cocycles. By definition, a 1-cocycle p must obey [recall
Eq. (A6)]

p(g) +c(g)p(h) — p(gh) = 0. (A29a)
Choosing g =t and h = p delivers
p(t) = p(p)+ p - p)=p-p), (A29b)

where we used the fact that p(p) = 0 by the definition (3.28).
The value of p(t) in Z, indicates whether the projective repre-
sentation of reversal of time commutes or anticommutes with
the projective representation of the fermion parity operator p.
Equation (A29b) states that fermion parity of the quantum rep-
resentation of ¢ is equal to the fermion parity of the quantum
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representation of 7 - p. We assign the indices [p] = 0, 1 to the
values p(t) = 0, 1, respectively. |

Given two local projective representations #, and i, of the
group G, = 7 x Zj acting on the Fock spaces F, and F,,
respectively, we now derive the indices associated with the
local projective representation i acting on the graded tensor
product F = F, ®, F, of the Fock spaces /| and F,. The
definition (3.34a) implies

at) == 0,1 0,(OK,  ap) = 0,(p)dy(p).  (A30)

for the representations of elements 7 € Z1 and p € Z5. In
turn, using the relation (3.34c) and the definition (3.28), we
find (for g, h € Gf)
P8, h) = ¢,(g, h) + ¢,(g, 1) + 7 py(h) p,(g) mod 2,
(A31a)
v(t, 1) = v(t, 1) + v, 1) + 7 p () py (1) mod 27,
(A31b)

od 2

i = D00

1
= ;[dn(t,p) + &, (t, p) + 7 p1(p) Py (t) — ¢ (P, 1)
—¢,(p.t) — 1 p,(t) p,(p)] mod 2
_$.p) =) n ,(t, p) — ¢, (p, 1) m

b b
= p;(t) + p,(¢) mod 2,

od 2

(A31c)

for the 2-cocycle v and 1-cocycle p associated with the rep-
resentation . In reaching the last line of Eq. (A31c), we have
used the fact that by definition p,(p) = p,(p) = 0. Here, v,
and v, are the 2-cocycles, and p; and p, are the 1-cocycles
associated with the representations #, and i#I,, respectively.
Assignments of indices [v] and [p] to the local projective
representations of the group Z1 x Z1 (as shown above) and
the identity (A31) imply that the indices of the tensor product
representation are related to the indices of the constituent
representations via

mod 2,
mod 2,

[v]l = [V1] + [Vz] + [,01][,02]

[o] = [p1]+ [p5] (A32a)

We note that for the group ZI x Zf the cup product
[, — p,]in Eq. (3.35) simplifies to

oy — oyl = [p,1103], (A32b)

One thus finds that different local projective representations
of the group ZI x Z% form the cyclic group Z, under the
stacking rule (A32a).

4. The split group Z, x Z, x 75

As in Appendix A3, the group Z, x Z, x Z% is a split
group. We denote the two generators of Z, x Z, by g, and g,,
both of which are represented by unitary operators. Because
of the Cartesian products, [¢] € H 2(Gf, U(1),) separates into
the pair of independent indices [v] € Hz(Z2 x Z,,U(1),)
and [p] € Hl(Z2 x Z,, Z,) according to Eq. (3.30). Since

the group representation is unitary (and hence linear as op-
posed to antilinear), there is no negative sign that appears
on the right-hand side of the equality in Eq. (A26). It is
not possible to constrain the possible values of v(g,, g,) or
v(g,, &) as was done in Eq. (A26). Cocycle conditions that
are akin to Eq. (A26) are trivially satisfied. On the other hand,
examining the algebra between projective representations of
g, and g, provides useful information. Since each symmetry
transformation must have a fixed fermion parity, the projective
representations of g, and g, must either commute or anticom-
mute with each other, i.e.,

v(g, &) — (g, 8)=0,7. (A33)

These two possible values constitute the two inequivalent co-
homology classes for the index [v]. To show this, we consider
two cochains v and v’ that are connected by the coboundary
condition (3.14). One finds

(g1, 8) — V(8. 8) = ¢(&) + ¢(g,) — @(g; - &):
(A34a)

(g5, 81) — V(8. 81) = 9(8,) + ¢(g) — @(g, - &1)-
(A34b)

Because G = Z, x Z, is Abelian, this pair of equations im-
plies that

(g1, 8) — V(82 81) = V'(g), 8) — V(2. 8).  (A34c)

Therefore the projective representationsof g, € Gand g, € G
that either commute pairwise or anticommute pairwise must
belong to distinct second cohomology classes. We assign
the values [v] =0, 1 to v(g,, g&,) — v(g,, &;) =0, 7, respec-
tively.

The index [p] characterizes whether the representations of
g, € Gand g, € G commute or anticommute with the fermion
parity. Note that the parity of the element g, - g, is determined
by the parities of g, and g,. Therefore [p] retains the Z, x Z,
structure. We assign a pair of indices

o] = ([:0]1, [,0]2),

to indicate the parities of the projective representations of of
g, € Gand g, € G, respectively. We may then write

[pl; =0,1, [pl,=0,1, (A35)

H*(Z, x Z, x Z5,U(1),) = {([v]. [p]) | V] =0, 1,
[o] = (pl;. [p1y).  [ply. [p], = 0.1} (A36)

Given two local projective representations &, and i, of the
group G, =7, X Z, x Z% acting on two Fock spaces JF,
and F,, respectively, we shall derive the indices associated
with the local projective representation i acting on the graded
tensor product ' = F| ® ; F, of Fock spaces F, and F,. The
definition (3.34a) implies

ﬁ(gz) = 91(82) ﬁz(gz)a
(A37)

ﬁ(gl) = 01(81)02(81%
a(p) = 0,(p) 0, (p),

for the representations of elements g,, g, € Z, X Z, and p €
Zg . In turn, using the relation (3.34c) and the definition
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(3.28), we find

v(g1, 8&2) — (82, &1) = V(815 8&2) + v2(8, &) + 7 p1(82) p2(81) — v1(82: 81) — v2(82, 81) — 7 p1(81) P2(8,) mod 27
=v,(81,8) — (&, &) +v2(8, &) — v,(82, 81) +7[0,(g) P2(8)) — p1(g1) P2(g,)] mod 27,

(A38a)
p(z) = o(g;» p) — d(p. &) mod 2
1
= ;[qﬁl(g,», )+ ¢y(8;, p) + 7 p1(P) py(8) — D1(P, &) — d2(p, &) — 7 py(8;) pPo(p)] mod 2
_ %G p) ; ¢, (p. 8) n #,(8» P) ; ¢ (P 8) 1o et 0
= pi(g) +p(g)mod2, i=1,2, (A38Db)

for the 2-cocycle v and 1-cocycle p associated with the representation ii. Here, v, and v, are the 2-cocycles, and p, and p, are the
1-cocycles associated with the representations #; and #,, respectively. Assignments of indices [v] and [p] to the local projective
representations of the group Z, x Z, x Z% (as shown above) and the identity (A38) imply that the indices of the tensor product
representation are related to the indices of the constituent representations via

mod 2,
mod 2,

vl =[v1+ vyl + o1 (0],
[p]; = [p1]; + [0,];

where we have denoted by [p,], [p,] € H'(Z, x Z,, Z,) the first cohomology classes associated to the local projective

(A39a)
(A39b)

_[;01]1 [,02]2
i=1,2,

representations #; and #i,, and we used the notation

[P]] = ([Pl]p [Pl]z),

(2] = ([p2]1: [02]2).-

(A39c)

We note that for the group Z, x Z, x Z4 the cup product [ p, — p,] in Eq. (3.35) simplifies to

[rpo, — o]l =[] (0] — [o1]; [02]5,

and the stacking rule (3.35) becomes

(A39d)

(Iv1,[p], 0) = ([V], (Lol [p]z),O) = ([vl] + ]+ (o1l [o2] = [o1]y [o2)y, (Loiy + (02 [o1]s + [0210), 0)- (A39%)

One thus finds that different local projective representa-
tions of the group Z, x Z, x Z% form the group Z, x Z, x
7., under the stacking rule (A39e).

5. The nonsplit group Z47

The group Z4 is the nontrivial central extension of G =
ZY by Z5 = {p, p*}, where the upper index T for the cyclic
group Z1 = {t, 1?} refers to the interpretation of ¢ as reversal
of time. This central extension of time reversal by fermion
parity is specified by the map y obeying the nonsplit condi-
tion (3.31) because of y(¢,t) = p (which implies the group
composition rule ¢ -t = p). If so, v is not a cocycle but
a cochain with nonvanishing coboundary according to Eq.
(3.32) and (A21). On the other hand, p is a 1-cocycle. We
thus observe that two tuples (v, p) and (v, p’) are not in the
same equivalence class if p(¢) # p’(¢). Since p(¢) can take
two values, O or 1, there exist at least two distinct equivalence
classes of the tuple (v, p), labeled by p(¢). Given this value
of p(t), we shall construct the distinct equivalence classes of
(v, p) corresponding to different values of v € C*(G, U(1)).
Choosing g = h = f =t in Eq. (3.32) delivers

v(t,e) —v(t,t) —v(t,t) —vie,t) =m p(t)y(t,t) mod 2.
(A40)

(

With the help of Eq. (3.12c) and with the choice of the con-
vention y(t,t) = p = 1 for the nonsplit group Z57, we we
find the pair of solutions to Eq. (A40) given by

vt 1) = —% p(t), vt 1) = —%p(t) fr. (A4
The multiplicative factor & appears on the right-hand sides
since v takes values in U(1) and is thus defined modulo
2m. Now, the two solutions (A41) are equivalent under the
equivalence relation (A22) as can be seen by choosing o = 0
and B = p=1in Eq. (A22). Indeed, the tecm 78 — y =7
then cancels the factor w between the two solutions (A41).
Thus, for each value of p(r) =0, 1, there exists a single
distinct equivalence class [(v, p)]. From now on, we choose
the solution (—m p(t)/2, p(¢)) as the representative of the
equivalence class [(v, p)]. We assign [(v, p)] = (1,1) to
the case (v(t,1), p(¢)) = (—=m /2, 1) and [(v, p)] = (0, 0) to
the case (v(z, 1), p(t)) = (0, 0) and write

H*(Z57,U(1),) = {[(v, ] | [(v, p)] = (0, 0), (1, D)}
(A42)

Given two local projective representations i, and #, of the
group G, = Z;" acting on two Fock spaces F, and F,, re-
spectively, we shall derive the indices associated with the local
projective representation # acting on the graded tensor product
F =F, ®y F, of Fock spaces F| and F,. The definition
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(3.34a) implies

() =0,1) (K,  alp) =10,(p) d,(p), (A43)

for the representations of elements 7, p € Z4{7. In turn, using
the relation (3.34c¢) and the definition (3.28), we find that if
v, and v, are 2-cochains, and p; and p, are two 1-cocycles
associated with the representations #i, and iI,, respectively,
then the 2-cochain v and 1-cocycle p associated with the
representation i are given by

v(t, 1) = v, 1)+ v,y(t, 1)+ 7 p(t) pp(¢t) mod 27, (Adda)
p(t) = p,(t)+ p,(t) mod 2, (A44b)

respectively. Although this pair of relations are identical to
their counterparts in Eq. (A31), the nonsplit nature of the
group ZAT carries over to the stacked projective representa-
tion. Indeed, inserting twice (A41) on the right-hand side of
(Ad4a) gives

Wt 1) = =3 py(t) = 5 palt) + 7 py(1) pylr) mod 21,
(A45a)

p(t) = p, (1) + py(t) mod 2. (A45b)

There are four cases to consider. When (p,(1), p,(t)) =
(0,0), p(t) =0and v(r, 1) = 0. When (p,(¢), p,(t)) = (0, 1),
p(t) =1 and v(t,1) = —m /2. When (p, (1), p,(t)) = (1,0),
p(t)=1and v(t,1) = —m /2. When (p, (1), p,(t)) = (1, 1),
p(t) =0and v(t,t) = 0. Hence, v(¢,t) and p(¢) on the left-
hand sides of Eqs. (A44a) and (A44b), respectively, obey
Eq. (A41). The stacked representation can then be labeled
by the indices [(p, p)] where p = p; + p, mod 2. At last, the
stacking rule (3.35) takes the form

([(v, P)1,0) = ([(p; + p, mod 2, p, + p, mod 2)], 0).
(A46)

One thus finds that different local projective representations
of the group Z4 ™ form the cyclic group Z, under the stacking
rule (A46).

APPENDIX B: CONSTRUCTION OF FERMIONIC
MATRIX PRODUCT STATES (FMPS)

We review the construction of fermionic matrix product
states (FMPS). We refer the reader to Refs. [56,57] and ref-
erences therein on the topic of matrix product states (MPS).
As in bosonic matrix product states (BMPS), FMPS can be
expressed as a contraction of objects belonging to a graded
tensor product of vector spaces. The need for graded tensor
product of vector spaces stems from the underlying fermionic
algebra.

1. Z,-graded vector spaces and their Z,-graded tensor products

Any fermionic Fock space F can be seen, in the basis
that diagonalizes the total fermionic number operator, to be
the direct sum over a subspace JF, with even total fermionic
number and a subspace F, with odd total fermionic number.
This property endows fermionic Fock space with a natural Z,
grading.

A Z,-graded vector space V admits the direct sum decom-
position

V=V,®V,. (B1)

We shall identify the subscripts O and 1 as the elements of
the additive group Z,. We say that V;, (V,) has parity 0 (1).
Any vector space is Z,-graded since the choice V,, =V and
V|, = @ is always possible. Any subspace of V;, shares its parity
0. Any subspace of V| shares its parity 1. A vector |[v) € V is
called homogeneous if it entirely resides in either one of the
subspaces V|, and V,. The parity |v| of the homogeneous state
|v) is either O if |v) € V|, or 1 if |v) € V,. These observation on
the Z,-grading of a vector space V only become useful when
one demands that any operation acting on V preserves the Z,
grading.

For example, certain operations need to be defined care-
fully between two Z,-graded vector space V and W that
preserve their Z, structure. One such operation is the Z,-
graded tensor product. LetV =V, @V, and W = W, ® W, be
two Z,-graded vector spaces. We define their graded tensor
product as the map

®g:V><W—>V®W, (B2a)

such that
Vi®gW; S (VOW)itjimod2:

By design, the operation ®, carries the Z,-grading of V
and W to their Z,-graded tensor product. In particular, for
any homogeneous vectors |v) € V with parity |v| =0, 1 and
|lw) € W with parity |w| =0, 1, the graded tensor product
V) ®4 |w) of two homogeneous vectors has the parity

i,j=0,1.  (B2b)

[lv) @y lw)| := (Jv] + |w[) mod 2. (B2c)

The connection between the Z,-graded vector space V =
V, @V, and fermionic Fock spaces F = F, @ F, is estab-
lished through the identifications F, — V; and F; — V.
However, a fermionic Fock space has more structure than a
mere Z,-graded vector space. Wave functions in a fermionic
Fock space are fully antisymmetric under the permutation
of two fermions. This requirement can be implemented as
follows on a Z,-graded vector space. The exchange of two
fermions can be represented by the isomorphism

R:V®9W—>W®9V, (B3a)

by which the graded tensor product of the homogeneous vec-
tors |v) € V and |w) € W obeys

) @ [w) = (=D w) @, [v).

The map R is called the reordering operation. It is invert-
ible with itself as inverse since R? is the identity map.

For every Z,-graded vector space V, we define the dual
Z,-graded vector space V*. We denote an element of the dual
Z,,-graded vector space V* by (v/, the dual to the vector |v) €
V. The dual Z,-graded vector space V* inherits a Z, grading
from assigning the parity |v| to the vector (v| € V* if |[v) e V
is homogeneous with parity |v|. The contraction C is the map

cC:.v* ®,V —C,
(V1 ®q 19) = (Vo).

(B3b)

(B4a)
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where (|¢) denotes the scalar product between the pair
|¥), |¢) € V. Hence,

C(<l| ®g |J>) = 8,‘]‘

holds for any pair of orthonormal and homogeneous basis
vectors |i), |j) € V. The contraction C* is the map C* : V ®,
V* — C defined by its action

C* (i) ®4 (J1) == CR(i) ®4 (j1) = C(=D)V(j| @, li))
= (=D"(jli) = (=15, (Bdc)

for any pair of orthonormal basis vectors |i), |j) € V. It is
common practice to use the same symbol C for both C and
C*. Any linear operator

(B4b)

M:V —>YV (B5a)

can be represented in the orthonormal and homogeneous basis
{|i)} of V by the matrix

Mij — (_I)UHJI Mji (B5b)
through the expansion
M= ZM i) @y (jI €V @y V™. (B5c)

The linear operator M has a well defined parity if and only if
each term |i) ® g (j| in the summation has the same parity, in

which case
M| := (]i| +|j|) mod 2. (B5d)

More generally, if we define

Ti= YT, 1i)® ®li,) €V, ® &,V

n

(B6a)
we can assign the parity
IT|:= (li;| +---+1i,]) mod 2 (B6b)
when all |7,) Qg -+ ®, li,,) share the same parity.

2. Fermionic matrix product state (FMPS)

We attach to each integer j =1,..., N three Z,-graded

vector spaces

v, :=span{la) |la =1,...,D

Fi=span{|y,) o =1,...,D;},
=span{(B| | B=1,...,D, 4}.

The basis states |o) and (B| of the dual pair V; and V]* of
Z,-graded vector spaces are virtual (auxiliary) states They
are denoted by rounded kets and bras and are introduced
for convenience. Each auxiliary basis state has a well de-
fined parity by assumption. The basis states {|1_)} span the
physical fermionic Fock space F. Each physical basis state
[,) has a well defined parity by assumption, as follows
from working in the fermion-number basis of F; say. The
auxiliary Z,-graded vector space V; has the dimension D, ;.

o

(B7a)

The physical fermionic Fock space F; has dimension D;. A
fermionic matrix product state (FMPS) takes the form

W) :=C Qb)Y A1l ®, Al2] ®, - - - @, AIN])

and has a well defined parity provided the objects Q(b), Y,
All], A[Z] , A[N] are defined as follows. For any j =
1,...,N, element Aljl € V; ®, ]-" ®q VJr1 is defined by

(B7b)

D' DVJ+1

AUJ—ZZZ

0(»—1 (r»_l ﬂ._l

o, 5, 19) @ |¥5 ) @4 (8]

(B7¢)

once the matrices A , labeled as they are by the basis elements

of the local Fock space F; and with the matrix elements

(A, )y p,» have been chosen. The contraction C, labeled by
J 17

the lower index v is understood to be over all virtual indices
belonging to the dual pair (V},V;) of auxiliary Z,-graded
vector spaces, thereby producing the tensor proportional to

TO‘]“'O‘N‘ﬂl'“ﬁN = 851 @ 8/32 a; T SﬂN—I Ay 8/31\10‘1 (B7d)
if Q(b) eV, ®, ViandY €V, ®q V¥ were chosen to be the

identity
Y =)o) ®, (al.

o

o) = (B7e)
The integer b = 0, 1 labels the boundary conditions selected
by Q(b) € V; ®, Vy". The element Y €V, ® V| is needed
to fix the fermion parity of |W). More precisely, we demand
that the parity (B5d) of Q(b) e V| ® g V}* and the parity (D6b)
of A[j1€V; ®, F; ®, V7, are both even, while the parity
(B5d) of Y € V|, ®, V[" is either even or odd. Consequently,
the parity of | W) is determined by the parity of Y since

N
ME (IQ(b)I +17] +Z|A[j]|) mod2 = [Y]. (B7f)

Jj=1

A prerequisite to imposing translation symmetry on any
FMPS is that all dimensions D, ; and D; are independent of
j=1,...,N.Hence, we assume from now on that

D,;=D,, D,=D, j=1,...N (B7g)

3. Even-parity fermionic matrix product sate (FMPS)
The FMPS

[W)§ == C,(Q(B)Y AllI @ -+ ®, AINT)

is an even-parity FMPS obeying periodic (b = 0) or antiperi-
odic (b = 1) boundary conditions if, forany j = 1,..., N,

(B8a)

D, D D,

Aljl = Z Z Z (At(f(j))ozjﬂf o)) ®g |‘/”a_,.) ®y (Bl

ozjzl 0/:1 /3/:1

(B8b)

ALl = (la; + lo;| + 1B;1) mod 2 = 0, (BSc)
DV

=Y lo)®, (@l, (B8d)
a=1
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D,
(b =0) := ) o) ®, (al,

(BSe)

DV

Qb =1) =Y (1) o) ® (al.

a=1

(B8f)

By construction, both Q(b) and Y are of even par-
ity. Moreover, (|aj|+|oj|+|ﬁj|)m0d2=1 implies that

(A(O))a g =

We ‘are going to give an alternative representation of this
even-parity FMPS under the assumption that the virtual di-
mension D, obeys the partition D, = M, + M, where M, =
M and M =M are the numbers of even- and odd-parity
virtual basis vectors, respectively. Parity evenness of A[/]
implies that the D, x D, dimensional matrices AES) with the

matrix elements (AY),, , is either block diagonal
J 17

B, 0
Aé‘j)=<0f C>, if |o;| = 0,
9

when the physical state is of even parity [as follows from
Eq. (B8c)] or block off diagonal

0 D,
Aé‘?z(F Of), if Jo;] = 1,

when the physical state is of odd parity [as follows from
Eq. (B8c)]. All the blocks are here M x M-dimensional. Par-
ity evenness of Q(b) with matrix elements (Q(b))a] 8, and Y
with matrix elements Y, B, implies that

1 0
Y=Q(b=0>=(34 ) )
M

o (M 0
Q(b—l)—(o —HM>_'P'

Hereby, we introduced the parity matrix P that satisfies

PAO p — (_l)lale(O)
o; o; "

(B9a)

(BYb)

(B9c¢)

(B9d)

Inserting these explicit representations of Q(b) and Y in
Eq. (B8a) delivers

0)5 = [{A0}:0) = u[PTADAD - AD]1Y,),
o
(B10a)
where we used the shorthand notation |W_) := |, )

W"z) ®q |1pUN). The appearance of the matrix P When
b = 0 is counterintuitive. It is needed to eliminate from the
sum over all physical basis states {|W )} those physical basis
states of odd parity. The state |{A§2)}; b) has even parity since

N N
(Z |aj|) mod 2 = [unﬂ + |ﬂj|)} mod 2

j=1 J=1

N
- <Z 2|aj|> mod2 =0, (B10b)

j=1

where we used condition (B8c) to establish the first equality
and the condition |8 i| = | ; 41| that is imposed by the con-
tractions of virtual indices to establish the second equality.

4. Odd-parity fermionic matrix product sate (FMPS)
The FMPS

W)h=C, (e Y ALl ®, - ®,

is an odd-parity FMPS obeying periodic (b = 0) or antiperi-
odic (b = 1) boundary conditions if, forany j =1, ..., N,

D,
ALj] :=ZZZ (AS)o, 5, 1) B [¥,)) ® (81,
aj:l(rf: ».:

A[N]), (Blla)

(B11b)
|ALj]| = (|a-|+|ozj|+|,3j|) mod2 =0 (Bllc)
Y = Z g o) ®g (B,
«o,B=1

aﬁ—()lf(|0l|+|,3|)m0d2 0, (Blld)
O =0) := Z|oz)®g (af, (Blle)

a=1

DV
Qb =1) =) (=D |o) & (al. (B11f)

a=l1

By construction, Q(b) is of even parity while Y is of odd
parity. Moreover, (lo;| + |o;| + [B;]) mod 2 = 1 implies that
(qu))a B =

\jNe jn(j)te that the only difference between definitions (BS§)
and (B11) is the choice for Y. In the former case its parity is
even, in the latter case its parity is odd. Analogously to the
even FMPS case, we define 2M x 2M dimensional matrices
A“) and Y with the matrix elements (A“)) 8 and ¥, ;. The

parlty |Y| = 1 implies that

(0 Yl)
Y = ,
Y, 0

where Y| and Y, are M x M and dimensional matrices, respec-
tively. Imposing translation symmetry requires that

(B12a)

YAD = Ay, (B12b)
J J
We choose
ve (9, %) pre=v e
M
which implies
AWD (G"' O) if o, =0 (B12d)
o; = ! ) 1 Uj =V,
. 0 G,
0 G,
AV=|_5 ) iflol=1 (®i2)

where G, are M x M dimensional matrices. Inserting these
J

explicit representations of Q(b) and Y in Eq. (Blla)
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delivers

)7 = [{AS)}b) =D [P Y AD AL - AQ 1),

o
) i=[¥,,) ®g [V} ®g -+ @4 |¥, ). (B13a)
The state |{Af,1/_)}; b) has odd parity since

N—1
(Zw |> mod 2 = [Z(m |+ |8, |)} mod 2 = (Ial +1B1+ D 2la; |) mod2 =1, (B13b)

j=1 j=1 j=2

where we used condition (B11c) to establish the first equality. For the second equality we used the conditions || = |B,| and
|B] = |or;| where |c|, |B]| are the parities of the virtual indices corresponding to matrix elements Y, e and |8 il =lor for
j=2,...,N —1thatis imposed by the contractions of virtual indices to establish the second equality.

APPENDIX C: PROOF OF THEOREM 1

We will prove Theorem 1 for one dimensional systems within the FMPS framework. Our proof follows closely that for the
bosonic case'® introduced in Ref. [32]. We will show that a parity-even or parity-odd injective FMPS necessarily requires the
local projective representation i; of the symmetry group G, to have trivial second cohomology class [¢] € H 2(G U(),). In
other words, when this cohomology class is nontrivial there i 1s no compatible injective FMPS with even or odd parity. The general
forms (B10a) and (B13a) as well as the injectivity conditions (1) and (2) are distinct for even and odd parity FMPS. The proofs
for the even- and the odd-parity cases are thus treated successively. For conciseness, we are going to suppress the symbol ®
when working with the orthonormal and homogeneous basis

{N/a) = |¢al>®g |wo-2>®g Qg |waN>} (Cla)
of the Fock space
Fa=F 8, F @, ®y Fy. (Clb)
1. Even-parity FMPS
Let [see Eq. (B9)]
(A0 = 3 (PHADAD - A, ) W) - [V,) (€2)

o
be a translation-invariant, G ,-symmetric, even-parity, and injective FMPS obeying periodic boundary conditions when b = 0

or antiperiodic boundary conditions when b = 1. For any g € Gf, the global representation U (g) of g is defined in Eq. (3.19).
Hence, forany g € G f there exists a phase 1(g; b) € [0, 27r) such that

(o) [{a}:6) = "V [{AD}: ). (C3)
The action of the transformation U (g) on the right-hand side of Eq. (C2) gives
Ue) {AD}:0) = D (K w(PPTTAD AD - AD ) 0,(8) [V, ) 028) [¥) - 0 (®) [V )

o

N
- DSl A A ) o)
j=1

after using N times the resolution of the identity, one for each local Fock space F. The right-hand side can be written more
elegantly with the definition of the g-dependent 2M x 2M matrix

AEIO/)(g) = Z(I//(rj| f)j(g) |1/fa/’> A(O) Z [Z/{(g)]a o] [At(f_),{)]’ 9; = L...D, j=1....N, (C5a)

/
9 /

19Bosonic matrix products states presume that the local Fock space J; has no more than the trivial Z, grading, i.e., F; = F;, @ F;, with
Fio=F;and F; = 0.

jo =
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where the D x D matrix U/ (g), whose matrix elements are the complex-valued coefficients weighting the sum over the 2M x 2M
matrices Kg[Afg)], acts on the local Fock space F ] and we have defined
J

K o7 |4 if c(g) =0,

A= ! b
ol % ] KADVK, ifcg)=1. (C5D)
As usual, K denotes complex conjugation. Equation (C4) becomes

7 ON.p\ — b+1 4 (0) ©0) 0)
U |{a2):0) =D a[P AD@AD() - AD @ 1[W, ) [V ) ¥, ) (C5¢)

o
which is nothing but the FMPS (C2) with A substituted for A{”)(g). Equating the right-hand sides of Egs. (4.5) and (4.9) implies
tr[Ph-H Ac(r?)(g)Ac(fg)(g) .. Ar(r(,)v)(g)] — in(gh) tr[Ph+l Ag?) At(fg) .. ,A((T(Z)V) ] (C6a)

This equation is satisfied by the ansatz

. 1
AP (@) = "D UT QAP U, PURP= (=D WU, 0():= g —ab+Dr@E]  (Cob)

where k(g) = 0, 1 dictates if the 2M x 2M unitary matrix U(g) commutes or anticommutes with the 2M x 2M parity matrix P
defined in Eq. (B9c), since

tr[PbH Ag?)(g)Agg)(g) .. -Af,(i])(g)] — (0N tr[PbHU*l(g)Af,O]) Ag‘z) .. 'Aff(z)v) U(g)]
cyclicity of the trace = ei@(g)N tr[U(g) Pb+1U71(g) AS:I)) Afg) . 'Ag.(})v) ]
Eq.(Cob) = EOON (_1)(b+1)1<(g) tr[P”HAf,(?) A‘(T(z) .- A‘(’(/)v) ]

— (AO@N+HT (b+1)ic(9) tr[ PhiA0 4O A(())]
010y

N
— ,in(gb) b+14(0) 4(0) ©0)
=" u[PPHADAD - AP ]. (C6e)
The existence of the 2M x 2M invertible matrix U(g) is guaranteed because of the injectivity of the FMPS. In an injective even-
parity FMPS, the matrices Ag?), N Af,?) span the simple algebra of all 2M x 2M matrices for any £ > £* for some nonvanishing

integer ¢*. Hence, provided N is sufficiently large, the family of matrices {Af,?)(g), el Af,(,’v>(g)} is related to the family of matrices
{eN(&DN Ag?), ..., enEDIN Ag?v)} that give the same FMPS (C2) by the similarity transformation [see Egs. (4.20) and (4.25)]

A(g) = e U~ () [N AV]U (g), (CTa)
for some phase gog’ () 5 = [0, 27r) and some invertible 2M x 2M matrix U(g) that must also obey

U(p)=P, PURP=(D)"DU(. (C7b)

Here, themap« : G, — {0, 1} specifies the algebra between the similarity transformation U(g) corresponding to element g € G f
and the fermion parity P. The effect of the factor (—1)“® is nothing but the phase

1
Gty =~ b+ K@), (C8)

as follows from Eq. (C6b).
Equating the right-hand sides of Egs. (C7a) and (C5a) implies

ei‘”g)U‘l(g)Affj)U(g) = Z[L[(g)]gjd; Kg[Ag?], o;=1,....D, j=1,...,N. (C9)

J
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We would like to isolate Kg[Afg>] on the right-hand side. To this end, we do the manipulations

"N U (Do, U () AV U(g) = Z Z[mg)]a_;fa, U, o Ke[AD1= D7 D (W [07(0) [Wo, ) (W, [0(0)] Vo)) Ke[AT)]

07 _ (0) (0)
—Z ) [Aa/f]—ZWa;" A ZS/,, o] Ak
i
:Kg[Aﬁ,‘Z)], of/=1,....D, j=1,...,N. (C10)

By applying K, to both sides of this equation, we obtain the self-consistency condition

AD =K | "9y (U], , U @A U9

’
o
J

=MWDYy, @@,V @AP V(). o;=1.....D. j=1.....N, (Clla)

with ﬁj(g) defined in Eq. (3.19), V(g) = U(g) if ¢(g) = 0 and V(g) = U (g) K if ¢(g) = 1. We use the notation (ﬁj(g)hﬂa;)) to

indicate that the operator ﬁj (g) acts on the right, an important fact to keep track of when ﬁj (g) is an antiunitary operator. Had we
chosen the elements 7 € G, and gh € G, Eq. (Cl1a) would give the self-consistency conditions

Ag) = W00y @[, )V WAD V(). o =1, D, j=1.....N, (Cl1b)
and
AP = Iy y (@i gy, )V gAY Vgh), o;=1.....D. j=1.....N, (Cllc)
respectively.

Inserting the self-consistency condition (C11a) into the self-consistency condition (C11b) gives
AD) =Ny (@, ) V) | €900 (s, | @ @], ) V@A Vi) |V

— MO Hie(h) c()0(®) Z <1/fa;’ (ﬁj(h)|waj)) Kil(v, | (ﬁ;(g)’lﬂ(,;))]v_l(h)V_l(g)Afj(j) V(g)V(h)

= IR DD Y "y | () (@(9) [, DV I VTR AT V() V (h)

’
ol
J

= el CWIINHD WM Y "y (@ (gh) [W, DV (VT AT V)V (h). (C12)
J i J

In reaching the penultimate and last equalities, we used two identities. First,

D W | @) |9, DKL, 1@ (9) [ )] = (W | @) () [ )) (C13)
is obviously true when c¢(h) = 1 since Z ) (I/fo,/_| is the resolution of the identity on .Fj. When c¢(h) = —1, ﬁ;(h) is

antiunitary so that

2 Wy

= D (War [ @Y DLW, 1@ () [V DT = D LW |, () [0 )1 LW, 1@5(8) |90 DI

J
o; o;

= > (v

@0 [, )KL, 1@ [, )]

*

aj><waj|(ﬁj(g)|¢a;)) = [((1/[(7}”

o) (@@ v )] = (Vo | @D E@Y,). (€14
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Second, we used the projective representation (3.11) to obtain

() i (9) = [;() (W] = [0V ay(g )" = j(gh) e = e EWAED d(g ). (C15)
Equating the right-hand sides of Egs. (C12) and (C11c) gives the condition
M O Fic(h) c(9)0(g)—ic(ghp(g. )y —1 h) V_l(g)A(Q) V(g)V(h) = PiCEMogh) -1 (gh)A(O,) V(gh). (C16)
o; o;
Upon using the fact that ¢ is a homomorphism so that ¢(gh) = ¢(g) c(k) holds, we arrive at
W (g WAL W (g h) =e &AL o, =1,....D, j=1,....N, (C17a)
where
W(g.h):=V(@V()V ' (gh), 8(g h:b):=c(g)0(h)+6(g) — p(g h) — O(gh). (C17b)
A forteriori
-1 0) A0) A0 — o188 lb) A(0) 4(0) | A (0)
W=(g. A, Ay Aa( W(g h)=e Ay A Aa( (C18)

holds for any positive integer £.

Injectivity of a FMPS implies that for some integer £* > 1 and any £ > ¢* all the products of the form AT AT - - ~Af,(z) span
the space of all 2M x 2M matrices. Therefore Eq. (C18) combined with injectivity implies that the 2M x 2M matrix W (g, h) is
an element from the center of the algebra defined by the vector space of all 2M x 2M matrices, i.e., {1,,,}. Condition (C18) thus
simplifies to

A AO) [ AO) _ ,=i8(g /b)) 40) 40) 40 (C19)
o 0y 9 0 0 %
for any ¢ > ¢*. Choosing a linear combination of AJ” AD” - - - AT equating the identity matrix 1,,,, delivers the constraint
£8(g, ;b)) =0, VE€>{"= 68(g, h;b)=0. (C20a)
Inserting the value of 3(g, h; b) given in Eq. (C17) implies the final constraint
#(g, h) = c(9)0(h) +6(g) — O(gh). (C20b)

This is the coboundary condition (3.14) when ¢’ = 0. In other words, the local representation i ; 1s equivalent to the trivial
projective representation.

2. Odd-parity FMPS
Let [see Eq. (B12)]
{AD}:0) =D u[P Y ADAD - AD Y |v, ) [¥s,) - [V, ) (C21)

be a translation-invariant, G —symmetrlc odd-parity (each matrix A(l) commutes with the matrix Y), and injective FMPS
obeying penodlc boundary condmons when b = 0 or antiperiodic boundary conditions when b = 1. For any g € G, the global
representation U (g) of gis defined in Eq. (3.19). Hence, for any g € Gf, there exists a phase 1(g; b) € [0, 27r) such that

T(9) [{AD}:5) = 6| {AD): b), (€22)

The counterpart to Eq. (C5) is
U@AL):b) = Y u[PP Y AL @A (@) - AL @ ¥, ) [¥) -+ ¥, ) (C23a)
AG(9) =D (U, 19,(9) [V, ) K [AG] = ZU@U AL, (C23b)

;
o

AD, if c(g) =0,

M7 .— j
K las)] = {KAS,‘_) K, ifc(g)=1. (C23¢)

Odd-parity injective FMPS differ from the even ones in one crucial way. There exists a positive integer £* > 1 such that for
any £ > £* the products of the form A((,ll) Af,lz) . -Afrlt) span the Z,-graded algebra of 2M x 2M matrices with the center {1,,,, Y }.

Consequently, there exists a 2M x 2M invertible matrix U(g) and a phase 6(g) € [0, 27) such that [recall Eq. (4.20)]
U =PURP U@=D)PYU@Y, (=01, (C24a)
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with ¢ : Gf — {—1, 4+1} a group homomorphism and
Af,‘/)(g) =@ y! (g)Af,lj_) U@ o;=1,....D, j=1,...,N. (C24b)
The same steps that lead to Eq. (C6) then give
tr[P YAS,'I)(g)Af,'Z)(g) . -A5,1N>(g)] = &%) [ PP YAS,'I)ASZ) o -AE,‘N>] (C25a)
with the solution
AP ="OUT AV U, YUY =(D"PU), 0(g):= ]iv[n(g; b) = (). (C25b)

All the steps leading to Eq. (C17) deliver

Wl (e AP W (g h)y=e AL 6, =1,....D, j=1,...,N, (C26a)
where
W(g h):=V(@VI)V " (gh), (g hb):=c(g)0(h)+6(g) — ¢(g h) —6(gh), (C26b)

and V(g) =U(g) if ¢(g) =0 and V(g) = U(g)K if ¢(g) = 1. Because U(g) commutes with P so does W (g, h). Because all
possible products of the form A AL - - - AL span the Z,-graded algebra of 2M x 2M matrices with the center {1, Y}, W (g, h)
is, up to a phase factor, proportional to 1,,,. The counterpart to the even-parity coboundary condition (C20) then follows, thereby
completing the proof of Theorem 1 for the parity-odd FMPS.

APPENDIX D: PROOF OF THEOREM 1 WITH TWISTED BOUNDARY CONDITIONS FOR ANY
ABELIAN GROUP G, WHOSE PROJECTIVE REPRESENTATIONS ARE ALL UNITARY

The latticeis A = {1, ..., N} = Z,, with N an integer. The global fermionic Fock space F is of dimension 2"V with n = 2m
an even number of local Majorana flavors. The local F; and global F, Fock spaces are generated by the Hermitian Majorana
operators X ; , obeying the Clifford algebra

Rjwr Ry =28, 84us s j=1,...,N, a,d=1,...,n=2m. (D1)

The local and global fermion parity operators are
m N
Pi=]1iRj2a1 Xjrar Pn:=]]0; (D2)
a=1 j=1

respectively. Any polynomial h ; in the Majorana operators that is of finite order, of finite range r (the integer r is the maximum
separation between the space labels of the Majorana operators entering / ;) of even parity (ﬁA h j ﬁA =h ), and Hermitian (ﬁ; =

h ;) is alocal Hamiltonian. We define the unitary operator Tl by its action

=~ a1 _ X Hj=1....,N—landa=1,...,n="2m,
Ti %ja Ty _{)A(La, ifj=Nanda=1,...,n=2m. 03)
It follows that
=T, (D4)

ie., fl is a unitary representation of the generator of the cyclic group Z . For any Abelian central extension G, of G by Z% and
forany g € G, we assume the projective representation (3.11) with

u;(g) =0;(g) [asc(g) =+1 always hold by hypothesis] (D5)
a polynomial in ¥ ja witha =1, ..., n = 2m. We make the identifications
f)j(e)E]lzmv lA)j(P)Eﬁj’ ﬁ_,‘ ﬁ,'(g)ﬁj=(—1)p(g)f)j(g), Jj= I,...,N,
o N (D6)
Ue)=Tyw. Up)=P,, U@:=]]?). VYgeG,.
j=1
We assume that the Hamiltonian / ; is Gf-invariant (symmetric), i.e.,
h;=U@h;,U'(9), VYgeG,. (D7)
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By construction, the Hamiltonian defined by [recall Eq. (5.5)]

ﬁpbc = Z (Ti)n ],/\l] (Ti—;-)ny

is translation-invariant (symmetric),

T 7

and Gf-invariant (symmetric),

U()Hy U™ (9) =

We define the family of twisted translation operators
Ti(9):= 0,9 T;.

Their action on the Majorana spinor
= ()A( il
differ from that in Eq. (4.5),

A A
Lx T (9=

We have the identity

[T, =[0,() T1[0,() T, - - -
0T
0(@T]
won =0, 0T

= U1(g)[
= Ul(g)[

N S ﬂ)

Eq. (D4) = ﬁ(g)

Finally, we define the family of twisted Hamiltonians

N
A (9) =Y [TV A" [T (9)] .

=1
By design,
N-1 .
—~ . " .
T(HM T (9= [(®]" A" [T
j=1
N-1 o
Eq.OI) = Z [Ti (g)]/Jr ]’,‘llllll [
j=1
N-1
Gf symmetry [T (g)]J+ hlllt [

1

~.
Il

We are going to derive the important identity

U Ty(e)U~"(h) = 2P T;(g),

with the phase
x (g h) == ¢(h, g)

U@ h; U9,

g€ Gf,

(=179 3,10,

0,(8) %, 07" (),

@]

T '(@]"

— ¢ ) +mph)[p(g)+ 11N - 1),

Vg € Gy,

pbc?

Ay V2€Gy.

c(g) =+1
Xj,n)T

if j=N.

[0,(g) T 1[0,(9) T}
0,()IT; 9,(8) T3]
0,()IT; 9,() T, 1T}
0,90, =0T

MY =Um " U~ (h), YheG,.

( )] [T( )]N+1 ~tilt [T ( )]N-H

" T[0T @]T ()

+ T () I T, (9) = Hik (o).

Vg, h € Gy,

Vg, h € Gf.

(D8a)

(D8b)

(D8c)

(D9)

(D10a)

(D10b)

(D11)

(D12)

(D13)

(D14a)

(D14b)

We shall then specify the conditions under which the algebra defined by Eqs. (D13) and (D14) guarantees that the spectrum

of the twisted Hamiltonian is degenerate.

Proof. We begin with the proof of Eq. (D14). We choose two elements g, h € G, with the local representations ?,(g) and

D, (h), respectively, both of which are unitary.

075146-39



AKSOY, TIWARI, AND MUDRY PHYSICAL REVIEW B 104, 075146 (2021)

Step 1. We observe that
U(h) 9,(g) = 9,(h) ,(h) - - - Dy (h) D, (g)- (D15)

We can then interchange the local operator 9;(h) and ¥ (g) pairwise at the cost of the fermionic phase (—1)*M™r® for any
j,j =1,...,N.This is done (N — 1) times

U(h) 0,(g) = (=1)P@PON=Dp (1) b, (g) 0,(h) - - - Dy (). (D16)
We conclude with
U(h) 0,(g) = (=1)P@PON=Dp (1) b, (g) 0,(h) - - - Dy (). (D17)
Step 2. We begin with
LU () =T 05 (W Oyt () - o7 (h) = [T; 05 (W T[T o3 L '] -+ [T o7 (0T Ty
o =07 (h) oy (h) - 051 (h) f] (D18)
Hence,
T,U'(h) = (—1)PPN Do tmyay () - o7 (W T, (D19)

where we have reordered the factors f)j_l (h) and, in doing so, obtained the coefficient (—1)PMN=D that encodes the fermionic
algebra.
Step 3. We combine Egs. (D17) and (D19) into

U Ty () U™ (h) = (= 1) W@HIN=Dg (h)p, (g) dy(h) - - Dy () Dy (h) -+ D7 (W T,
= (—1yW@HIN-D5 (hyp ()07 (W) T, (D20)
Step 4. We need to massage 9, (h) D, (g) f)fl (h). To this end, we use the fact that the group Gf is Abelian to obtain
by (h) y(g) 07 ' () =™ 0, (hg) 07" () = €™ 0, (gh) D" (h)
= (900) [0Eh) § (o), ()]0 () = £HPOTHED § (g). (D21)
Insertion into the right-hand side of Eq. (D20) delivers the result

ﬁ(h) 'fi(g) l/J\fl(h) = (=1)PW @+ N=1) i (h.g)=id(g.) 0,(9) ’fi = ¢ix(eh Ti(g)’ (D22a)

with the definition
x(8 h) = ¢(h, g) — ¢(g. )+ 7 p(h)[p(g) + 1] (N — 1). (D22b)
|

Step 5. It is instructive to derive the transformation law of the phase (D22b) under the global U(1) gauge transformation
generated by

0.(g) =9 (g), j=1,....N, VgeG,. (D23)
Under this transformation,
#'(gh) =g, h)—E(g) —&(h) +E(gh), Vg heGy, (D24)

is the phase entering the projective algebra obeyed by the operators {03(g) | g€ G +} according to Eq. (3.14b). Hence, if we
define

X'(gh):=¢'(h,g)—¢'(g, h) + 7 p'(W)[p'(e) + II(N — 1), Vg heGy, (D25)

we then have the relation

(g 1) =d(h, §) — $(g. h) + 7 p(h) [p(g) + TN — 1)
=x/(&. M) + £ + E@) — §(hg) — @) — £() + Egh)

(

Hence, x (g, h) is gauge invariant under the U(1) gauge trans- [¢] =[¢'] € HZ(Gf, U(l),), i.e., if and only if they are re-
formation (D23). The pair of cocycles ¢’ and ¢ are equivalent lated by the U(1) gauge transformation (D24). The gauge
if and only if they have the same second cohomology class  invariance of x implies that it is independent of the choice
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made of ¢ within the equivalence class [¢] € H2(Gf, u),).
For example, x(g, h) =0 holds for all g, h € Gf for any ¢
belonging to the trivial second cohomology class [¢] =0
since the function ¢ = 0 belongs to [¢] = 0. Hence, the triv-
ial second cohomology class [¢] = 0 implies that x (g, h) =
0. Conversely, if we assume that x(g,h) =0, we find
that

P8 h) = P(h, &)+ p(h) [p(g) + 11 (N —1)  (D27a)

forany g, h € Gf. We distinguish two cases. First, if the num-
ber of sites N is odd, then the last term is an integer multiple
of 2m. As such it can be dropped and we find that

¢(g, h) = ¢(h, g) (D27b)
for any g, h € G . For an Abelian group G, (that is unitarily
represented), Eq. (D27b) implies that the representations of
any two elements g, h € G, commute pairwise and therefore
[¢] = 0. In other words, both ¢(g, i) and ¢(h, g) can be made
to vanish by an appropriate gauge transformation. Second, if

the number of sites N is even, choosing & to be the fermion

parity & = p in Eq. (D27b) implies

¢(g. p) — d(p, g=m p(p) [p(+1](N — 1) =0,
(D27¢)

where we used the definition (3.28) and the fact that p(p) =
on the right-hand side of the second equality. Since p(g) =
for any g € G, we can again drop the last term on the right-
hand side of Eq. (D27a). We arrive at Eq. (D27b). Thus we
have proven that [¢] = O if and only if x(g, #) = 0 for any
g he Gf As a corollary, there exists a pair g, h € G for
which x (g, 7) is nonvanishing if and only if [¢] # 0.

Step 6. The twisted Hamiltonian H'" (g) is constructed so

tW1§

as to commute with the generator T (g) of twisted transla-

Tp(g) =

tions and with the representation U (h) of any group element
he Gy, whereby passing U (h) from the left through T (9
produces the phase exp(ix (g, h)). If it is possible to ﬁnd a
pair (g, ) such that x(g, h) is not 0 modulo 2m, then the

spectrum of Htt\‘,v'}s (g) must be degenerate Indeed, any simulta-

neous eigenstate |E(g), exp(iK (2))) of H it (g) and T (g) must

twis
be orthogonal to the state U (h) |[E(g), exp(iK(g))), Wthh is
also an eigenstate of Al (g) with the energy E (g) but has the

tW1§
eigenvalue exp(i[K(g) + x (g, h)]) # exp(iK(g)) with respect
to Ti (2).

[1] E. Lieb, T. Schultz, and D. Mattis, Ann. Phys. 16, 407 (1961).
[2] I. Affleck and E. H. Lieb, Lett. Math. Phys. 12, 57 (1986).
[3] M. Aizenman and B. Nachtergaele, Commun. Math. Phys. 164,
17 (1994).
[4] M. Oshikawa, M. Yamanaka, and I. Affleck, Phys. Rev. Lett.
78, 1984 (1997).
[5] M. Yamanaka, M. Oshikawa, and 1. Affleck, Phys. Rev. Lett.
79, 1110 (1997).
[6] T. Koma, J. Stat. Phys. 99, 313 (2000).
[7] M. Oshikawa, Phys. Rev. Lett. 84, 1535 (2000).
[8] M. B. Hastings, Phys. Rev. B 69, 104431 (2004).
[9] M. B. Hastings, Europhys. Lett. 70, 824 (2005).
[10] R. Roy, arXiv:1212.2944.
[11] S. A. Parameswaran, A. M. Turner, D. P. Arovas, and A.
Vishwanath, Nat. Phys. 9, 299 (2013).
[12] H. Watanabe, H. C. Po, A. Vishwanath, and M. Zaletel, Proc.
Natl. Acad. Sci. USA 112, 14551 (2015).
[13] H. Watanabe, H. C. Po, M. P. Zaletel, and A. Vishwanath, Phys.
Rev. Lett. 117, 096404 (2016).
[14] Y. Qi, C. Fang, and L. Fu, arXiv:1705.09190.
[15] H. Watanabe, Phys. Rev. B 97, 165117 (2018).
[16] H. Tasaki, J. Stat. Phys. 170, 653 (2018).
[17] M. A. Metlitski and R. Thorngren, Phys. Rev. B 98, 085140
(2018).
[18] R. Kobayashi, K. Shiozaki, Y. Kikuchi, and S. Ryu, Phys. Rev.
B 99, 014402 (2019).
[19] H. He, Y. You, and A. Prem, Phys. Rev. B 101, 165145 (2020).
[20] S. Bachmann, A. Bols, W. De Roeck, and M. Fraas, Commun.
Math. Phys. 375, 1249 (2020).
[21] O. Dubinkin, J. May-Mann, and T. L. Hughes, Phys. Rev. B
103, 125133 (2021).
[22] X. Chen, Z.-C. Gu, and X.-G. Wen, Phys. Rev. B 84, 235128
(2011).

[23] M. Cheng, M. Zaletel, M. Barkeshli, A. Vishwanath, and P.
Bonderson, Phys. Rev. X 6, 041068 (2016).

[24] H. C. Po, H. Watanabe, C.-M. Jian, and M. P. Zaletel, Phys. Rev.
Lett. 119, 127202 (2017).

[25] X. Yang, S. Jiang, A. Vishwanath, and Y. Ran, Phys. Rev. B 98,
125120 (2018).

[26] Y. Ogata and H. Tasaki, Commun. Math. Phys. 372, 951
(2019).

[27] Y. Ogata, Y. Tachikawa, and H. Tasaki, Commun. Math. Phys.
385,79 (2021).

[28] Y. Ogata, Commun. Math. Phys. 374, 705 (2020).

[29] T. Matsui, Commun. Math. Phys. 218, 393 (2001).

[30] T. Matsui, Rev. Math. Phys. 25, 1350017 (2013).

[31] A. Prakash, arXiv:2002.11176.

[32] H. Tasaki, Physics and Mathematics of Quantum Many-Body
Systems (Springer, Cham, Switzerland, 2020).

[33] M. Fannes, B. Nachtergaele, and R. F. Werner, Commun. Math.
Phys. 144, 443 (1992).

[34] A. Kliimper, A. Schadschneider, and J. Zittartz, Z. Phys. B
Condens. Matter 87, 281 (1992).

[35] D. Perez-Garcia, F. Verstracte, M. M. Wolf, and J. 1. Cirac,
Quantum Inf. Comput. 7, 401 (2007).

[36] N. Schuch, M. M. Wolf, F. Verstraete, and J. I. Cirac, Phys. Rev.
Lett. 100, 030504 (2008).

[37] E. Verstraete and J. 1. Cirac, Phys. Rev. B 73, 094423
(20006).

[38] M. B. Hastings, J. Stat. Mech. (2007) P08024.

[39] X. Chen, Z.-C. Gu, and X.-G. Wen, Phys. Rev. B 83, 035107
(2011).

[40] F. Pollmann, E. Berg, A. M. Turner, and M. Oshikawa, Phys.
Rev. B 85, 075125 (2012).

[41] X. Chen, Z.-C. Gu, Z.-X. Liu, and X.-G. Wen, Phys. Rev. B 87,
155114 (2013).

075146-41


https://doi.org/10.1016/0003-4916(61)90115-4
https://doi.org/10.1007/BF00400304
https://doi.org/10.1007/BF02108805
https://doi.org/10.1103/PhysRevLett.78.1984
https://doi.org/10.1103/PhysRevLett.79.1110
https://doi.org/10.1023/A:1018604925491
https://doi.org/10.1103/PhysRevLett.84.1535
https://doi.org/10.1103/PhysRevB.69.104431
https://doi.org/10.1209/epl/i2005-10046-x
http://arxiv.org/abs/arXiv:1212.2944
https://doi.org/10.1038/nphys2600
https://doi.org/10.1073/pnas.1514665112
https://doi.org/10.1103/PhysRevLett.117.096404
http://arxiv.org/abs/arXiv:1705.09190
https://doi.org/10.1103/PhysRevB.97.165117
https://doi.org/10.1007/s10955-017-1946-0
https://doi.org/10.1103/PhysRevB.98.085140
https://doi.org/10.1103/PhysRevB.99.014402
https://doi.org/10.1103/PhysRevB.101.165145
https://doi.org/10.1007/s00220-019-03537-x
https://doi.org/10.1103/PhysRevB.103.125133
https://doi.org/10.1103/PhysRevB.84.235128
https://doi.org/10.1103/PhysRevX.6.041068
https://doi.org/10.1103/PhysRevLett.119.127202
https://doi.org/10.1103/PhysRevB.98.125120
https://doi.org/10.1007/s00220-019-03343-5
https://doi.org/10.1007/s00220-021-04116-9
https://doi.org/10.1007/s00220-019-03521-5
https://doi.org/10.1007/s002200100413
https://doi.org/10.1142/S0129055X13500177
http://arxiv.org/abs/arXiv:2002.11176
https://doi.org/10.1007/BF02099178
https://doi.org/10.1007/BF01309281
https://doi.org/10.1103/PhysRevLett.100.030504
https://doi.org/10.1103/PhysRevB.73.094423
https://doi.org/10.1103/PhysRevB.83.035107
https://doi.org/10.1103/PhysRevB.85.075125
https://doi.org/10.1103/PhysRevB.87.155114

AKSOY, TIWARI, AND MUDRY

PHYSICAL REVIEW B 104, 075146 (2021)

[42] A. Vishwanath and T. Senthil, Phys. Rev. X 3, 011016 (2013).

[43] Z.-C. Gu and X.-G. Wen, Phys. Rev. B 90, 115141 (2014).

[44] G. Y. Cho, C.-T. Hsieh, and S. Ryu, Phys. Rev. B 96, 195105
(2017).

[45] D. V. Else and R. Thorngren, Phys. Rev. B 101, 224437
(2020).

[46] S. Ryu, J. E. Moore, and A. W. W. Ludwig, Phys. Rev. B 85,
045104 (2012).

[47] A. Kapustin, arXiv:1403.1467.

[48] E. Witten, Rev. Mod. Phys. 88, 035001 (2016).

[49] T. H. Hsieh, G. B. Haldsz, and T. Grover, Phys. Rev. Lett. 117,
166802 (2016).

[50] B. Han, A. Tiwari, C.-T. Hsieh, and S. Ryu, Phys. Rev. B 96,
125105 (2017).

[51] M. Cheng, Phys. Rev. B 99, 075143 (2019).

[52] C.-M. Jian, Z. Bi, and C. Xu, Phys. Rev. B 97, 054412 (2018).

[53] Y.-M. Lu, arXiv:1705.04691.

[54] S. Jiang, M. Cheng, Y. Qi, and Y.-M. Lu, SciPost Phys. 11, 24
(2021).

[55] L. Fidkowski and A. Kitaev, Phys. Rev. B 83, 075103 (2011).

[56] N. Bultinck, D. J. Williamson, J. Haegeman, and F. Verstraete,
Phys. Rev. B 95, 075108 (2017).

[57] D. J. Williamson, N. Bultinck, J. Haegeman, and F. Verstraete,
arXiv:1609.02897 [cond-mat.str-el].

[58] A. Turzillo and M. You, Phys. Rev. B 99, 035103 (2019).

[59] Q.-R. Wang and Z.-C. Gu, Phys. Rev. X 10, 031055 (2020).

[60] A. Kapustin, A. Turzillo, and M. You, Phys. Rev. B 98, 125101
(2018).

[61] N. Schuch, D. Pérez-Garcia, and 1. Cirac, Phys. Rev. B 84,
165139 (2011).

[62] C. Bourne and Y. Ogata, Forum of Mathematics, Sigma 9, €25
(2021).

[63] Y. Yao and M. Oshikawa, Phys. Rev. Lett. 126, 217201 (2021).

[64] Y. Yao and M. Oshikawa, Phys. Rev. X 10, 031008 (2020).

[65] M. B. Hastings and T. Koma, Commun. Math. Phys. 265, 781
(2006).

[66] E. Witten, Nucl. Phys. B 202, 253 (1982).

[67] L. Fidkowski and A. Kitaev, Phys. Rev. B 81, 134509 (2010).

Correction: The seventh paragraph of Sec. II Main Results
contained a superfluous condition and has been corrected. A
duplication of a term in text appearing after Eq. (4.21a) has
been fixed. A minor typographical error in the subscript of the
last operator of Eq. (5.18b) has been fixed.

075146-42


https://doi.org/10.1103/PhysRevX.3.011016
https://doi.org/10.1103/PhysRevB.90.115141
https://doi.org/10.1103/PhysRevB.96.195105
https://doi.org/10.1103/PhysRevB.101.224437
https://doi.org/10.1103/PhysRevB.85.045104
http://arxiv.org/abs/arXiv:1403.1467
https://doi.org/10.1103/RevModPhys.88.035001
https://doi.org/10.1103/PhysRevLett.117.166802
https://doi.org/10.1103/PhysRevB.96.125105
https://doi.org/10.1103/PhysRevB.99.075143
https://doi.org/10.1103/PhysRevB.97.054412
http://arxiv.org/abs/arXiv:1705.04691
https://doi.org/10.21468/SciPostPhys.11.2.024
https://doi.org/10.1103/PhysRevB.83.075103
https://doi.org/10.1103/PhysRevB.95.075108
http://arxiv.org/abs/arXiv:1609.02897
https://doi.org/10.1103/PhysRevB.99.035103
https://doi.org/10.1103/PhysRevX.10.031055
https://doi.org/10.1103/PhysRevB.98.125101
https://doi.org/10.1103/PhysRevB.84.165139
https://doi.org/10.1017/fms.2021.19
https://doi.org/10.1103/PhysRevLett.126.217201
https://doi.org/10.1103/PhysRevX.10.031008
https://doi.org/10.1007/s00220-006-0030-4
https://doi.org/10.1016/0550-3213(82)90071-2
https://doi.org/10.1103/PhysRevB.81.134509

