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Abstract

Clock-spin models are attracting great interest, due to both their rich phase diagram and
their connection to parafermions. In this context, we derive an exact local mapping from
clock-spin to fermionic partition functions. Such mapping, akin to techniques introduced

by Fedotov and Popov for spin % chains, grants access to well established numerical tools
for the perturbative treatment of fermionic systems in the clock-spin framework. More-
over, in one dimension, it allows to use bosonization to access the low energy properties
of clock-spin models. Finally, aside from the direct application in clock-spin models,
this new mapping enables the conception of interesting fermionic models, based on the
clock-spin counterparts.
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1 Introduction

Mappings- exact or approximate —are essential tools for the understanding of interacting many
body systems. Due to the fact that most often the statistics of the low energy excitations of
a physical system does not correspond to that of its elementary constituents, such mappings
usually connect operators satisfying different algebras. This fact may be particularly useful
when dealing with spin systems. Indeed, even when the mapping does not provide an exact
solution, representing spins in terms of fermions and bosons naturally gives access to Wick’s
theorem and so to all the well established tools based on diagrammatic expansions [1-4].

A prominent example of mapping between spins and bosons is the Holstein-Primakoff
transformations [5], that has been used to effectively describe the emergence of magnons and
their interactions [6]. The mappings between spins and fermions define an even richer play-
ground: different schemes can be applied and selected to simplify a given problem. The first of
its kind and most widely known was formulated in 1928 by Jordan and Wigner [ 7], recogniz-
ing that spin-1/2 particles possess the same Hilbert space dimension as a single fermionic state.
However, to ensure off-site fermionic anticommutation relations they had to introduce string
operators rendering the mapping genuinely non-local. The Jordan-Wigner transformation led
to countless, important analytical results in models related to the quantum Ising chain [8-15],
even out of equilibrium [16-19]. As a source of complexity, however, the intrinsic non local-
ity of the mapping can make the treatment of correlation functions between points that are
far away from each other, and the analysis of systems with long range interactions, rather
involved. A way out was later provided by Fedotov and Popov [20], who took a different
approach: Instead of aligning the Hilbert space dimension, they first focused on ensuring the
proper commutation relations by associating two species of fermions to each spin-1/2 operator.
Obviously, only a subspace of the fermionic system — dubbed as physical — can then represent
the original model and excessive states have to be projected out. Crucially, the Fedotov-Popov
approach preserves the locality of the Hamiltonian even in fermionic language, thus making
it extremely useful in perturbative methods such as Diagrammatic Monte Carlo simulations.
Notably, several extensions of the Fedotov-Popov mapping have been proposed to generalize
the scheme to higher spins [21,22].

An interesting close relative of spin models, is represented by the so-called clock-spin mod-
els [23-31]. In contrast to usual spin operators, clock-spin operators obey a generalized Clif-
ford algebra, where on-site commutation of clock-spins acquires a phase factor. This inherent
property gives clock-spins a genuine relation to (non-Abelian) anyons with the same on-site
commutation relations. The compelling off-site commutation relations present for anyonic
particles can again be introduced by virtue of Jordan-Wigner strings [29,32], as first shown by
Fradkin and Kadanoff [23]. Just as clock-spin models present a generalization of the quantum
Ising model, the corresponding anyonic or parafermionic models can be interpreted as gener-
alizations of the Kitaev chain [33], where the topological phase is characterised by unpaired
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parafermionic modes exponentially localized at the boundaries [34,35]. Such modes are not
only interesting from a fundamental perspective but also due to their potential applications in
topological quantum computing [35,36]. In addition to their relation to parafermions, clock-
spin models have been demonstrated to be able to show many-body localization [37] and
time-crystalline behavior [37,38]. Moreover, their phase diagram is extremely rich [39-45]-
much richer than the phase diagram of the Ising chain —as gapless incommensurate phases
and even phase transitions [46] of the Kosterlitz-Thouless type can take place [47,48]. Finally,
from the experimental point of view, Rydberg atom chains have been shown to possess phase
transitions in the same universality class as the ones characterizing clock-spin models [49].

In this work, we develop a mapping that transforms clock-spins directly to fermions. The
mapping, which is exact and local, borrows ideas from the Fedotov-Popov transformation.
We provide two versions of the mapping, which differ from each other for the choice of
the fermionic subspace replicating the clock-spin space. We discuss the implications of these
choices and present explicit examples for both cases. Importantly, the mapping ensures iden-
tical thermodynamic properties of the Hamiltonians on either end of the transformation. This
opens the possibility of studying clock-spin models as well as their anyonic counterparts in a
full fermionic language, with the use of established numerical tools, and, in one dimension, of
bosonization to assess the low energy physics. The usefulness of the mapping, however, goes
beyond numerical computations. With an explicit example we demonstrate that, starting from
a known clock-spin model that exhibits exotic ground-state properties, the mapping can also
be used in an approximate way to find fermionic models manifesting intriguing behaviour.

The paper is organized as follows: in section 2 we introduce the clock-spin algebra and
discuss the general traits of the mapping, recalling the Fedotov-Popov theory and extending it
to the case at hand. In section 3 we present a first version of the mapping, characterized by
a minimal physical subspace; we give explicit examples of the full mapping for the n = 3 and
n = 4 cases. In section 4 we present a second version for the mapping, characterized by an
enlarged physical sector. In this case, we provide a full explicit expression of the mapping for
any odd n, complemented with the concrete example for n = 3. In section 5 we investigate a
clock-spin model with exotic features, that — by virtue of our mapping — can be translated to
properties correspondingly found in a more realistic fermionic model. Finally, in section 6 we
draw our conclusions.

2 General traits of the clock-spin to fermions mapping

We consider a generic d-dimensional lattice Q of n-th order clock-spins including a total num-
ber of N sites. Moreover, we denote the clock-spin operators at site j as 0; and 7;. These
operators commute at different lattice sites, while on the same site they satisfy the following
commutation relations

— n__ .n_ T_ —
0;T;=WwT;0j, O'j—Tj—l, o;=0;"", =107 @D
with w = exp (127”) For a single site, an explicit representation of the n-th order clock-spin

operators in a basis in which ¢ is diagonal is given by

10 0 --- O

0 O 0 1
0 w 0 - 0 1 0 0 0
oc=10 0 w? . : ) =10 1 0 0 2)
0
0 O 0 ! 0 0 1 O
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Note that clock-spin operators of order n = 2, o and 7, correspond to the well known Pauli
matrices o, and o,. In this sense the clock-spin operators are a generalization of the spin-%
operators and the associated Lie-algebra. A renowned example in this respect is the generaliza-
tion of the Z, symmetric Ising model, which becomes a Z,, symmetric clock-spin model [29].

The goal of the present paper is to transfer the ideas of the Fedotov-Popov theory [20] for
spins to the context of generic order clock-spins. In other words, we aim to develop a local
mapping under which clock-spin operators transform into fermionic ones while maintaining
the partition function, i.e. identical thermodynamic properties. Our mapping can be applied
to an arbitrary clock-spin model. In the following we will generically write the Hamiltonian
as a function of the clock-spin operators at each site of the lattice

Hm™ :H(”)({Ui}ieg, {Ti}ica)- (3)

For the sake of simplicity, we first consider single-site clock-spin operators. The starting
point is to map the n-th order clock-spin operators ¢ and T onto an appropriate combination
of n fermionic creation and destruction operators. For the remainder of this section, they are
denoted as f; and f, respectively (¢ = 1,...,n). They satisfy the usual canonical anticom-
mutation relations for fermions: {f J ,faw} = 044 and {f,, fo} = 0. In the following we refer
to the greek letter identifying the different fermions on each lattice site as the fermionic fla-
vor. For later convenience, we can extend the range of the flavor index a to generic positive
integers, with the prescription that the fermionic species are identified by a mod n, e.g. f,41
destroys to the same fermion as f;.

The fermionic Hilbert space of n fermions possesses a dimension of 2", whereas the original
clock-spin space has dimension n. In order to achieve a valid mapping it is necessary to take
care of the 2" —n'! fermionic excess states with no corresponding clock-spin state. One way to
do so is to label some fermionic states as physical and the remaining ones as unphysical, and
deal with the latter in such a way that they do not contribute in the computation of physical
quantities.

The choice of the fermionic states used to form the physical subspace is a crucial step in the
development of the mapping. For example, a natural choice may be to consider as physical the
n states with occupation number (N = ZZ=1 fo: f.) equal to one. However, as will be shown
below, this is not the only way to proceed. For reasons that will become clear in the subsequent
sections, we require that the mapping has the following generic features:

(i) The physical subspace can be divided in an integer number ¢ of subsets, each containing
n states and independently mapping to the whole clock-spin space.

(ii) The representation of the clock-spin operators in terms of fermions, that we denote here
as ¢ and 7, live on a Hilbert space of dimension 2". They act on the physical states just
as the clock-spin operators act on the corresponding clock-spin states, while giving zero
when acting on the unphysical states.

(iii) & and 7 only contain terms which are product of an even number of fermionic cre-
ation/destruction operators.

Once the correct mapping for the o and 7 operators on a single site has been established, it
can be extended identically to any site. This is done by defining fermionic destruction and
creation operators f; , and fj'fa on every site of the lattice 2. Then, 6; and T; are found by
replacing the fermionic operators in the single site expressions (which satisfy the conditions
(i), (ii) and (iii)) with those at site j. In particular, condition (iii) ensures that [&;,%;] = 0 for

n this work, we discuss two valid versions of the mapping that deal with a different number of fermionic
excess states: 2" —n and 2" — 2n, respectively.
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i # j. This enables us to write down the mapping from the clock-spin Hamiltonian (3) to the
corresponding fermionic one:

g™ »—>H£n) =HM({6 }icq, {Fi}icn) - )

By construction, the action of ng”) on the physical states — that for the lattice are defined as the
tensor product of physical states on every site — is the same as that of H™ on the corresponding
clock-spin states. Then, the partition function corresponding to the clock-spin Hamiltonian,

(n
—BHY

. . ).
that we denote as Z. ¢, can be equivalently computed by taking the trace of e just on the

physical states
n (n)
Tres. e PHY = Trphys e PHe (5)

The right and left side of Eq. (5) are identical up to an integer factor (¢N) accounting for the
ratio between the dimension of the physical subspace and that of the actual clock-space (if
different from unity).

Following Ref. [20], the next step consists of extending the trace over the whole fermionic
Hilbert space while preserving the above identification. For that, we need to add a suitable
imaginary interaction term iOlgn) to the Hamiltonian, such that the trace over the unphysical
states does not contribute to the final result

n (n) , : ~(n)
T, e PH = Tre PUH+O") (6)

Suppose that the imaginary interaction term has the same form on each site, so that it can
be decomposed as

N
(n) _ (n)
Op _ZOF]- ’ (7
i=1

with each of the 015’?) terms involving just operators on site j. Furthermore, assume that OI(;_I)
J J

consists only of combinations of fermionic number operators, i.e. terms of the form f ].Ta fia-
Now let us focus on the following family of states defined on the whole lattice

|s) = [unph;) {®;4; Is;)}, (8)

that present an unphysical state at site i and any state, either physical or unphysical, at the
other sites. We want to compute the trace of the operator e (P +i0{") over the different un-
physical states at site i, while leaving the part of the state concerning the other sites unchanged.
That is W

Z {®;.4; (s;|} (unph;| e PU"+0:) [unph,) {®;ils;)}- €

unph;
In order to simplify the notation, from here until the end of this section we omit the (n)
superscript on the operators. Let us denote with Hg, (Og,) the part of Hg (Op) that collects all
the fermionic operators at site i and with ngi (olgi) the remaining part of the operator. Now, if
the condition

Hp, |unph;) =0 (10)

is fulfilled— which is indeed the case if &; [unph;) = 0 = 7, |unph;) as required from condition

(ii) —then Eq. (9) reduces to

{® 41 (s;}e P @ 4 1s;)} > (unphy|e % [unph,) , 1D
[unph;)
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as demonstrated in appendix A. Thus, to ensure that the unphysical states do not contribute
to the trace, one has to choose the form of O, such that

Z (unph,| %% lunph,) = 0. (12)
lunph;)

Indeed, if condition (12) is satisfied then

Tr e~ PHr+O0p) — Trphys o B(Hp+iOp) (13)

The remaining last step consists in relating the trace over the physical states of e P08 to
the clock-spin partition function. However, this identification strictly depends on the choice
made about the physical subspace and on the explicit form of Og.

Now that the general framework of the theory has been set up, we proceed with the actual
development of the mapping. The task will be addressed in two distinct ways, that differ for
the choice of the physical subspace at each site of the lattice: in the next section we choose
the n states with occupation number Nj = 1 to form the physical subspace at site j. Instead,
in Sec. 4 we build the physical sector from the n states with occupation number N ; =1, and
those with occupation number N i=n—1.

3 Minimal physical subspace mapping

In this section we develop the mapping choosing as physical states those with occupation
number equal to one. Although this choice makes the implementation straightforward, it also
induces a major issue: With this version of the mapping it is not possible to provide a general
expression for the imaginary interaction term iOé") as a function of the clock-spin order n.
Here we will focus on the derivation of its expression just for the two examples of n = 3 and
n = 4. Though similar procedures could be followed for higher values of n, a closed formula
cannot be given.

Let us first consider a single site. After all, as outlined in Sec. 2, once the single site oper-
ators are mapped to fermions, the extension of the mapping to the whole lattice is trivial. We
denote the physical states as f J |0), a €{1,...,n}. As a starting point, we follow Abrikosov’s
proposal [50] to map spin % operators to fermions, and write

n
Ga= Z fJUaﬁfﬁ, (14)
a,f=1
n
Ta= Z flrapfs (15)
a,f=1

with 0,4 and 7,4 the matrices defined in Eq. (2). Then, the action of &, and 7, on the
physical states is given by

Gafl10) = w1 f10), (16)

Tafo 10)=fys110), (17)

where the identification fn'+1 = fl' is implied in the second line. From Eq. (16) and Eq. (17),
it seems to be well justified to identify the eigenstate with eigenvalue w® ! of o with the
fermionic state f (;r |0). However, a problem arises when we consider the action of these opera-
tors on the states that we labeled as unphysical. It is easy to see that the action of both &, and

6
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%, on these states is nor zero — except for those with occupation number N =0 and N =n -
neither the same as on the states we dubbed as physical. In order to achieve the desired action
on all the unphysical states, we modify the above expressions of G, and 7, in the following
way

6=Zn:wa_1ﬁaﬁ(1—ﬁp), (18)

a=1 p=1
p#a
n n
t=>flf ] a-n. (19)
a=1 p=1
p#a,a+1

where fi, = f; f, is the occupation number operator associated to the flavor a. One can see
that these new definitions leave the action of & and 7 unchanged in the physical subspace.
However, the introduction of the products of terms (1 —1,,) assures that they yield zero when
acting on any fermionic state with occupation number different from one. The fermionic oper-
ators in Eq. (18) and Eq. (19) correctly reproduce the commutation relations of their clock-spin
counterparts (see Eq. (1)). This fact is most easily verified by computing and comparing the
action of 67 and 75 on a complete basis of fermionic states. For what it concerns the physical
sector & and T act on the fermionic states as o and 7 act on the corresponding clock-spin
states, so that the correct algebra is automatically implemented. Moreover, also in the un-
physical sector the commutation relations are trivially satisfied thanks to the fact that & and
T are zero on the whole subspace.

We can now extend the mapping to the whole lattice, by associating n fermionic operators
to each site. Then, the operators at site j will be written in terms of fermionic operators at site
j only, with the same functional dependence derived for the single site

n n
5=y 0 | J1—4;,), (20)
a=1 p=1
pFa
n n
=D flnfia [] Q=50 21
a=1 p=1
p#a,a+1

We note that this implementation of the mapping automatically ensures the condition
H{"” |unph;) =0. (22)
J

Moreover, since 6; and T; only contain terms which are the product of an even number of
fermionic operators at site j, condition (iii) is naturally satisfied. Then we have

[64,%;]1=[%,%;1=[64,6;1=0,
for any i # j. Henceforth, the mapped fermionic operators correctly reproduce the off-site
commutation relations of the clock-spin operators.

In the remainder of this section we use Egs. (20) and (21) to explicitly derive the mapping
for the cases n = 3 and n = 4. While working out these examples, we also derive appropriate
expressions for the imaginary interaction term iOé"), proceeding case by case. By doing so, it
becomes clear what hinders the derivation of a closed formula for a generic order n, at least
inside the framework provided by the present mapping. For the case of odd order clock-spins
this problem is overcome in the next section, where we develop the mapping starting from a
doubled physical subspace.
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3.1 The n =3 case

As a first example, we consider the n = 3 case. To simplify the notation, in this subsection we
denote the annihilation operators associated with the three fermions involved in the mapping
for each site j as a;, bj, c; instead of f; 1, fj 2, fj3-

Before deriving the full expression of the correct mapping according to Egs. (20) and (21),
it can be interesting to focus on a single site again and try to consider the Abrikosov-like
implementation, that is

Ga=da'a+wb'b+wcic, 23)
#a=b'a+c'b+d'c, (24)
- 27
where, being n = 3, w = e'3. As outlined in former sections, these operators correctly re-

produce the action of the clock-spin operators on the clock-spin states, as far as the physical
subspace is concerned. However, the action on the unphysical states is given by

5410,0,0) = %410,0,0) = (25)
G411,1,0) —(1+w)|1 1,0), #411,1,0) = |1 0,1), (26)
G411,0,1) = (1 + w?)[1,0,1), #411,0,1) =10,1,1), 27)
G410,1,1) = (w + ©?)[0,1,1), %410,1,1) = |1 1,0), (28)
Ga11,1,1) =1+ w+w?)|1,1,1) =0, %al1,1,1) = (29)

Here we see explicitly what we asserted at the beginning of this section: if one implements the
mapping as in Egs. (14) and (15), then the action on some of the unphysical states— those with
occupation number N = 2 for the present example —does not yield zero, nor the same as on the
physical states. This justifies the mapping in Eqs. (18) and (19), which in some sense projects
the states onto the physical subspace. With this in mind, we can proceed to use Egs. (20) and
(21) to write down the complete mapping of the clock-spin operators for the whole lattice.
Shifting to the present notation and performing some minor algebraic simplifications we find

&;=ala(1-blb;— c.)+wb"rb.u—a"fa.—c'ifc.)+w2cjcj(1—ajaj—bj.'bj), (30)
T—a (1—b )+b (1—c )+c ~(1—aa) (31)

By plugging these expressions into any H ®) clock-spin Hamiltonian akin to Eq. (4), we obtain
the corresponding fermionic Hamiltonian, H E).

Next, we start looking for a suitable imaginary interaction term. Recall that we require it to
be decomposable as 0(3) Z =1 0(3) with each of the O( ) having the same functional form

and being built from fermionic number operators at site j only. Moreover, OS) must satisfy
Eq. (12) for any site index j.

Suppose first that, for the sake of simplicity, we try to take 0(3) symmetric for the exchange
of any two fermionic operators at site j, meaning that

O (Ufy.ad 1)) = OF (i parhs U, iar}) (32)

for any permutation p of the flavor indices. If this condition holds, then clearly OS) will have
J

. X . s . o n T
to be degenerate on any subspace with fixed fermionic on-site number N; = Dot fj’a fja- If

we introduce a set of coefficients 7, k € {0, ..., n}, such that
Op Ny = k) = B~ i IN; = k) (33)
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then Eq. (12) becomes

—ipo® 3 ; 3 ; 3 ;
Z (unphj]e PO, lunph;) = (o)e_mo + (z)e_”“ + (?’)e_”’3 =0. (34)

|Unphj)

Unfortunately, a set of parameters 1, for which the above sum yields zero cannot be found.
This can be easily understood by taking the norm of the sum and applying the triangular
inequality. The only way to satisfy Eq. (12) is then to pick an operator OS) that is asymmetric
in fermionic operators. Choosing ]

OS) 3/5(a a; (1+2c Ci )+bTb (1+2a a; )+c Ci (1+2a a;)), (35)
J
we have
0;”10,0,0); =0, (36)
3) 4 _
OF]. |171)0)]_3/5 |1)1J0>]) (37)
3) _bm ,
OFJ. |1’091)]_3/3 |1JOJ1>]J (38)
27
0;10,1,1); = —ﬂ 0,1,1);, (39)
(3)
(@) 1,1,1~——111 40
BRI R (40)
and, thus, Eq. (12) is satisfied:
—i 3) .41 .61 .21 .om
Z (unph;]|e o, lunph;) =1 +e T 4o 4T e T =0, (41)
|Unphj)

Of course the choice of OS) is not unique: different asymmetric implementations would still
give the desired result, as Jlong as the condition of the trace over the unphysical sector being
zero is satisfied. To conclude, we observe that the action of olﬁf) is the same on any of the
physical states at site j,

TT
05" Iphys;) = 35 Phys;) - (42)

Then, as the last step, we redefine the total Oé?’) operator as follows

N
(3) _ T T T T T _ T
o} le 35 —[(a]a;(1+2c[c;) + b]b;(1+2a]a;) +cfe;(1+2a]a;))] 3ﬁN, (43)
j
so that its action on the physical states yields zero. Crucially, adding a constant term to OéS)
has no effect on the trace over the unphysical states. Indeed, if we replace Os’) by OS’) +Cin
J J

Eq. (41) (C €R) we get

_iB(0® , o
Z (unph;|e L0 +C) lunph;) = ihC Z (unph;|e PO lunph;) =0, (44)
[unph;) [unph;)

so that the trace over the unphysical states still add up to zero.
Eventually, we obtain

Tre_ﬂ(H(B)J”O(S)) = Trphys e_/j(H(B)“O(B)) = Trppys € _ﬁHl(f) =Tr, e PH® (45)

The partition function corresponding to the original clock-spin Hamiltonian is just the same

as the one corresponding to the non-Hermitian fermionic Hamiltonian Hé?’) + iOé?’).

9
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3.2 The n =4 case

For n = 4 we can proceed along the same lines as for n = 3, except for one notable difference:
in this case the single-site interaction term O}Sf‘) can be chosen symmetric for the exchange of

J
the fermionic operators, in the sense of Eq. (32).
In analogy to what was done in the previous example, we will denote the annihilation oper-

ators associated to the four fermions involved in the mapping (for each site j) as a;, bj, c;, d;
respectively. According to Eq. (20), the o operator at site j () is mapped into
&;=ajaj(1-blbj—clc;—dld;+blbjcic;+b'b;d]d; +c/c;d]d))
+ wb}f b;(1— a}?aj — c}Lcj — dJ'.'Ldj + aj.'ajc;cj + a;'.'ajd;dj + c}Lcjd;."dj) 6
+w’clej(1—blb;—ala;—d]d; +blbjala; + b]b;dd; +aa;d]d))
+ a)gd].de(l — bj.'bj — c;-cj — a}'aj + bJ'Tbijch + bj.'bja;raj + c;cjajaj),
where in this case w = i. Furthermore, following Eq. (21), T j transforms as
T = a;dj(l — b;bj — c;.rcj + b;bjc;.rcj
+ bj.-aj(l —c;-cj —d;."dj +c;cjd;dj) )
+ c;fbj(l — a;aj — ddej + ajfajdjdj)
+ d;cj(l — aJTaj - b;.rbj + ajajbjbj) .

As desired, the operators defined this way act on the physical states at site j (N ;=1) as the orig-
inal clock-spin operators act on the corresponding clock states. On the other hand, they yield
zero when applied onto the unphysical states at site j (N ; €{0,2,3,4}). Next, we determine

the operator O§4) = Z?’:l Og‘).
J
As done for the n = 3 case, we first look for solutions of Eq. (12) that are symmetric

under the exchange of any two fermionic operators at site j. Then, leaning on the the same
arguments supporting Eq. (33), we write

ogj) IN; =k) =B n, IN; = k) . (48)

Consequently, Eq. (12) becomes

—igo™W . . . .
Z (unph;|e % lunph;) = (g)e_mo + (;)e_“h + (:)e_”’?’ + (:)e_”“ =0. (49

lunph;)

In contrast to n = 3, the above equation can indeed be satisfied for a proper choice of the
phases. For example, if one takes 7y, 13, N4 to be integer multiples of 27 and 1, = 7w+ 21/
with ¢ € Z, then

ipe@
Z (unphjle PO, |unphj) =1—-6+4+1=0. (50)
junph;)

We note that the existence of such an easy solution for the n = 4 case is quite peculiar. Indeed
for higher (even) values of n, solutions of the equations corresponding to Eq. (49) with all the
phases equal to +1 rarely exist and, in general, possible solutions sensitively depend on n.

It is now straightforward to write down a proper candidate for 01(34). The explicit calcu-

lations are done in appendix B; here we simply report two of many possible solutions. An
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expression of 054) that involves one and two-particle interactions only is given by

T
B

tbTh 4 gt ot
+(aja]bjbj+aja]cj

N
@) — T T T T

j=1

Tq.dt Tp.of Tp.df to gt T

¢j+ala;dd;+blbjcic;+blbid d;+cle;dd)) | - g ©D

In case one wants to avoid one-particle terms— that give non zero contribution in the physical

sector —another possible choice is

N
@_T tq.pt Tq.cl to.df Tp ot Ty gt te.df
Op —BZ(ajajbjbj+a].ajc].cj+ajajdjdj+bjbjcjcj+bjbjdjdj+cjcjdjdj
Jj=1
T T T T T T oot g7 T T T

One can readily check that both these expressions are such that Eq. (6) holds.

4 Doubled physical subspace mapping

In this section we provide an alternative implementation of the mapping, which mainly differs
from the previous one in the partitioning of physical and unphysical sectors. We will see that
for this new version of the mapping, at least in the case of odd clock-spin order n, we will be
able to write down a generic formula for the imaginary potential term. The price to pay in
order to get this appealing feature, which was absent in the first version of the mapping, is
that one has to deal with more complicated expressions for the mapped fermionic operators.
In order to avoid confusion between the two versions of the mapping, we will denote these
latter fermionic representations of the clock-spin operators as & and 7T instead of & and 7.

The idea here is to consider as physical both the states with occupation number 1 and n—1.
Indeed, there are exactly as many states with occupation number n — 1 as with occupation
number 1, that is, ('11) = (nfl) = n. Using Egs. (18) anAd (19) as a starting point, we need to
add a second term each with non-zero action on the N = n — 1 subspace only. These terms
are chosen in such a way that the action of T and & in this subspace is perfectly equivalent to
that in the N = 1 subspace. These considerations suggest the following identification for the
single site clock-spin operators in terms of fermions

n n n
=y o, ] [a-t)+w 2 -a)] [, |, (53)
a=1 p=1 p=1
pFa pFa
noo n n
t=>fif ) ] a-a0+ [T 8- (54)
a=1 p=1 p=1
pFa,a+l pFa,a+l

It is straightforward to check that the new terms added to & and 7T have non-zero action just
on the subspace with occupation number n— 1. The action on the states with N = 1 coincides
with that of & and 7, which has already been discussed. In the occupation number basis, it
can be represented as

T|0,...,0,0,\1,_/,0,0,...,0> =|0,...,0,0,0,\1,_/,O,...,0) ,
a a+1

= — a1

aglo, .,0,0,\1’_/,0,0,...,0) =w |O,...,0,0,\1,_/,0,0,...,O).
a a
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On the other hand, the action of 7 on a state with occupation number n —1 is

7l1,...,1,1,_ 0 ,1,1,...,1)=11,...,1,_ 0 ,1,1,1,...,1).
~—
a a—1
In other words, T moves the only occupied state in the elements of the subspace N = 1 “to the
right”, while moving the empty state in the elements of the subspace N = n—1 “to the left”.
Instead, the action of & just yields a phase

Jl,...,1,1, 0 ,1,1,...,1) =™ *[1,...,1,1, O ,1,1,...,1),
~—~—

~—
a a
_ _ n—a+1
O'|1,...,1,\(l_/,1,1,1,...,1)—w |1,...,1,\(l_/,1,1,1,...,1).
a—1 a—1

This justifies the opposite sign of the phases in the second part of &: it is chosen to ensure that
the on-site commutation relations are satisfied on the N = n — 1 subspace too. The extension
of the mapping to the whole chain is performed again by defining fermionic operators f; ,, f i
for each site to get

ajzz ]a]_[u fi; )+ @ “(1—nla)l_[ ol s (55)

a=1
paéa p;éa
" " "
2= flaafia| T =)+ [T Al (56)
o p;éo:;ﬂ p#aj«iﬂ

Next, we derive an explicit expression for the imaginary potential term. The constraints
we demand for Oé") are the same we discussed in the previous section: we assume that it can
be decomposed as a sum of operators O(r.l), each of which has the same functional form and

only contains number operators at site j. Moreover, we require each addendum O(") to be

invariant under the exchange of any two fermionic operators at site j. Similar to Secs. 3 1 and
3.2, we denote
Op” IR = k) = B~ i IN; = k) (57)

for any site-j state with occupation number equal to k.
Then the condition of Eq. (12) yields

ol I .
Z (unphjle " lunph;) = (Z)e_”’k =0. (58)
|unphj) k;élf -

In the case of odd n, we can write n = 2m + 1 and separate the sum as follows

n 2m+1
> (=2 e X (T e
k=0 k=0 k=m+1
k#1,n—1 k#1 k#2m
Using () = (,",), one can finally rewrite Eq. (59) as
m
2m+1 : :
Z( mk )[e—mk temimmik] =0, (60)
k=0
P
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The easiest way to satisfy this condition is to choose the parameters 7 in such a way that

Mk = Nam+1—k + (20 + 1), LeZ. (61)

A trivial solution to Eq. (61) is given by 7, = km, which corresponds to Og) = [5‘11\7j7t.
However, it is necessary that 1; and 1,,, do not satisfy the above condition: in that case the
contribution to the trace from the physical states with N ; =1 would cancel out with the one
coming from those with Nj = n— 1. This issue can be solved by adding an appropriate term
to Ogl), which prevents the cancellation of the physical contributions to the trace. A possible
solution is:

n n

ogl):/rln N+ > - )] [h, | - (62)
a=1 p=1
p#a

We show in appendix C that if O( ") is defined this way (i.e. symmetric for the exchange of
any two fermionic operators and made out of number operators only), then it necessarily
commutes with the operators &; and 7;, both for j # i (trivial) and for j = i. This implies that

Oén) commutes with the Hamiltonian and so one can factorize the exponential in the partition
function. In the end, for odd values of n we find

(), = ~() (), :~(n) (n) n
Tre PURTHOD) = Trpp e PUHOD = Trg ) e P (—1-1) = (-2)" Tr e PH” (63)

Unfortunately this derivation cannot be extended to the case of even n. Indeed, if we consider
n = 2m and we impose the same constraints on OFJ, as in the odd case, then Eq. (60) becomes

m—1

Z (zm)[e—ink + e_”lszk] + (zm)e_”’m =0. 64)
k m

k=0
kA1
In general, for arbitrary n there is no set of 1), satisfying this equation. Moreover, even for the
cases where such a solution actually exists, it is cumbersome to derive it analytically. In that
case, in order to find an operator 012”) for which Eq. (12) holds one would have to relinquish
the symmetry constraint. This makes the search for the imaginary term as hard as for the
first version of the mapping. Thus, the “symmetrized” version of the mapping with a doubled
physical sector turns out to be advantageous with respect to the “asymmetric” one just when
considering clock-spin models with odd order.

4.1 A special case: n=3

As a concrete example, let us consider the case n = 3. The mapping is simply achieved by
explicitly rewriting Eq. (55) and Eq. (56) for n = 3. Analogously to Subs. 3.1, we shift to the

notation a;, bj, c; for the destruction fermionic operators at site j. Straightforward algebra
yields:
= _ i 2.0 . T Tt T
O']—a]aj+cob b +w C;C; coalajb]bj+2waj ajc;c; cobe]ch], (65)
T]-:bjaj+cjbj+ajcj, (66)

- 27
with w = e'3. As already discussed in Sec. 2, these choices for ¢; and 7; ensure that they
act on the physical states at site j, both with Nj =1 and with Nj = 2, the same way as the
original clock-spin operators o; and 7; act on the corresponding clock-spin states. Although
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this is evident for the Nj = 1 states, it may be worth working out the explicit calculation for
the N ; = 2 states

O_-]|1J1)O)]=|1J]‘JO>]J %]|1’150)]=|110’1>]5
ol 75l

jo
Oalal)j=w2|0>171)j’ 0:1:1)]:“-:1:0)]

At the same time we have that

as requested for the unphysical states.
Finally, we need to determine the imaginary interaction term. According to Eq. (62), a
possible choice for Ol(f) is
J

®_T

OFj =5

Note that, however, just for the case n = 3 the desired result can also be achieved with

a simpler imaginary operator. Following the derivation in [20] for the spin 1 case, using

N
OIEB) = n—, then we see that
3p
0y IN; =0) =0,
(31X TN =
OFJ. |Nj—1>—%| i=1),
G N =)= 2T =
OFJ. |N] - 2> 3 | ]J 2) )
. T .
oY |N; = )= 5N =3),
which satisfies Eq. (12)
—ipol” i
Z (unphjle "% |unph;) =1+ =0. (69)

lunph;)

Therefore, given that (up to a phase) the traces over the physical states with N ;=1and N ;=2
lead to the very same result, we obtain

Tp o—BHD+ink/3p) _ Triphys e BH+inN/3B) _ Trg _; e BHY o [e7i7/3 4 e 203N (70)
=
In the end we have @) . N
Tr e PHg +ink/3p) _ [—i @] Zes . (71)

This result is especially relevant: given that the imaginary term is simply an addition to the
chemical potential, it enters the fermionic Matsubara Green function [51] at the zeroth level

. 1
€,lwp ) = - - >
9( ) iwp, —e—1im/3f

with wg = 2[3—"(v + 1/2) the fermionic Matsubara frequencies. As duly noted by Fedotov and
Popov [20] this correction to the propagator corresponds to a redefinition of the Matsubara
frequencies

(72)

, 2 2
FVZva—%=£(v+1/2—1/6)=§(v+1/3). (73)

Thus, in this case, the introduction of the imaginary interaction term does not introduce new
vertices in the diagrammatic perturbative expansion.

w
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5 A mapping-inspired interesting fermionic model

The mapping presented in the previous sections was developed with the main goal of im-
proving numerical calculations for clock-spin models, by making available the Wick theorem
once the Hamiltonian is rewritten in fermionic language. However, as we anticipated in the
introduction, it can also provide fruitful intuitions for conceiving fermionic models with ex-
otic properties. To see why this may be the case, let us consider the zero-temperature limit.
In this case the imaginary term, that is proportional to 37!, disappears, so that the mapped
fermionic Hamiltonian becomes Hermitian. This results in coinciding low energy spectra of
both the clock-spin and the fermionic Hamiltonian and the fermionic model inherits all the
ground-state physics of its corresponding clock-spin parent.

To provide an interesting explicit example, we consider the clock-spin model proposed in
a recent paper by Hu and Watanabe [52], which comprises recently discovered unexpected
even-odd effects [53-57]. The Hamiltonian of the model is

N

. o ,

H:—Ezll[(ajajﬂ+G}+1U;)+8(Tj+TJT'):|’ 79
]:

with a transverse field of strength g > 0 on a lattice with N sites and periodic boundary
conditions, so that o ,; = 07. We assume the clock-spin operators o and 7 to be of order
three, which implies w = els

In Ref. [52], the authors show that for g < 1 this model gives rise to spontaneous symmetry
breaking (SSB), though its features are drastically different for chains with an even or odd
number of sites. In the even case, the model exhibits all the well known traits of SSB: the
ground state is (three-fold) degenerate in the limit g = O and the energy splitting shrinks
exponentially in the thermodynamic limit for g < 1. Moreover, upon the introduction of a
symmetry breaking field ¢ the thermodynamic limit (N — ©0) and the vanishing field limit
(¢ — 0) are found to be non commuting. On the other hand, the odd case is found to be quite
peculiar: Although for odd N the ground state is unique even in the ordered phase (g < 1),
the two limits of the mean value of the order parameter are nonetheless non-commuting. The
authors conclude that, since the thermodynamic properties should not depend on the system
size or boundary conditions, the model with odd N actually represents an example of SSB in
the absence of exact symmetry or degeneracy.

Interestingly, our mapping allows to reproduce the physics of the model in a fermionic
system (at zero temperature). To show this, we first have to pick one of the two mappings
developed, and use it to map the Hamiltonian (74) into its fermionic counterpart. One could
wonder about which version of the mapping is the most suitable for the present task. How-
ever, as long as we are only interested in the ground state properties of the model, we can
greatly simplify the mapping and still land on a fermionic Hamiltonian with the same ground
state as the ones obtained by an exact application of the mappings. Let us prove this point.
The Hamiltonian obtained by applying the first and second version of the mapping would be
respectively given by

N

- 1 - 5T gt to il
j=

1< '

Notice that although the two Hamiltonian are formally identical, the operators &; and T; are
given in Eq. (30) and Eq. (31) respectively, while & j and T j are given in Eq. (65) and Eq. (66);
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hence the two actually differ from each other. We will be interested in the ordered phase
(g € 1), so we consider g = 0 for now. Moreover, we fix the total number of fermions in the
chain to be equal to the number of sites N.

Given the Hamiltonian in Eq. (75) (Eq. (76)), for a pair of adjacent sites the energy is
minimized when 66,1 (60 ;,;) assumes the value +1. Thus, if the state at either the site
Jj or j+1is one of the unphysical states, the action of 6541 (5;7;41) yields zero, and the
energy is not minimized. The physical states for the ﬁrst mapping are those with NJ =1 on
each site; this is consistent with having fixed the total number of fermions to N. For the second
mapping, as we discussed in full detail in Sec. 4, also the states with Nj = 2 are labeled as
physical. However, having the total number of fermions fixed to N implies that for a physical
state with Nj = 2 at site j there will necessarily be an unphysical state with Nj/ = 0 at some
site j’: therefore such a configuration does not minimize the energy. In light of this, we can
safely restrict to the subspace with Nj =1 at each site. Once this is done, both versions of the
mapping reduce to the Abrikosov-like implementation, that we reported for the single-site in
Egs. (23) and (24)

S T 2 %

GAj—ajaj+cobjbj+a> ¢ Cjs (77)

= g T T

TAj—bjaj+cjbj+ajcj. (78)

The resulting fermionic Hamiltonian- that we denote as Hy —is explicitly given by
=——Z[(2a +1 J+1+2b 'b; C]+1 ]+1+2ch b1+1b]+1
Jb]+1bJ+1 a] aJC]-H j+1 —b] b] j+19j+1 (79)
T il T il
_C] Cj9jt1%j+1— b] b] j1bja1 —€;€i¢1 1 C541)

+g(aTb +ch +c a +bTa +ch +a; c)].

Crucially, we observe that the Hamiltonian (79) is such that [HF,NJ-] = 0 Vj, implying that
the time evolution preserves the occupation number at each site. This, together with the fact
that the mapping in Egs. (77) and (78) is exact and bijective upon restriction to the Nj =1
subspace, adds consistency to our simplification of the mapping.

It is easy to show that for g = 0, in the case of even N there are three degenerate ground
states, given by

N N/2 N/2
sy =] Jaj10), Is,) ]_[sz 0y, 18y =] [l ibiil0),  (80)
j=1 j=1

while for odd N there is a unique ground state, that is

N
’_ i
1) =] [a]10) - (81)
j=1
In both cases the excited states are gapped.
We now introduce a symmetry breaking field, following [52]

N

_ 1 1N A1)

V(e) = —5€ (w El G, + h.c.) , (82)
J:

1

where the identification 0, = o)
J J

space —is assumed. In the even-N case, the introduction of this term in the Hamiltonian (79)

— which is indeed valid upon restriction to the Nj =1 sub-
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clearly favours one of the three ground states (|S,)), so that the limits of the mean value of
the order parameter on the ground state necessarily do not commute. Explicitly:

N N
o ISt L ISyt
Jim lim (%(e) N;% [Wo(e) # lim lim_(Wo(e) N;U’*J‘ [Wo(e)) . (83)

where |, (¢)) is the ground state of the Hamiltonian given by Hg+V (¢). This can be easily seen
in the g < 1 limit: in this special case, for ¢ — 0 the ground state is a symmetric combination
of [S1), |S,) and |Ss3), so that the LHS of Eq. (83) goes to zero. The RHS on the other hand
will give w as a result, since for g = 0 and ¢ # 0 the ground state is given by |S,).

In the odd N case, although the ground state is unique, still the two limits will differ.
Indeed, if we assume that g = 0 and we first take the ¢ — 0 limit (LHS in Eq. (83)), we get
that the mean value of the order parameter has to be computed over the |S;) state, giving 1
as a result. Taking the N — oo limit first (RHS of Eq. (83)), the state

N-1)/2
ISz>’=( 1 bgj_lc;j) by 10) , (84)
j=1

which for € = 0 is an excited state, becomes the lowest one in energy: the mean value of the
order parameter over this state yields w as a result. The explicit calculations are reported in
appendix D. However, we remark that upon restriction to the subspace with N ; = 1-a choice
which is consistent with the dynamical evolution of the system —our mapping becomes exact
and bijective. Therefore all the discussions and results reported in [52] hold in our fermionic
representation as well, and we refer the interested reader to the work of Hu and Watanabe for
more details.

In the end, by virtue of our mapping, we were able to take off from a clock-spin model
exhibiting SSB with non conventional features and land on a fermionic model manifesting
similar behaviour. Interestingly, chains of interacting fermions like the one described by the
Hamiltonian in Eq. (79) can be effectively simulated on quantum computers [58].

6 Discussion and outlook

In the present work, we have shown an exact mapping between clock-spin and fermionic par-
tition functions. The mapping is based on an extension of the Fedotov-Popov theory to clock-
spins. In particular, we have mapped a generic n-th order clock-spin model onto a fermionic
counterpart in a local way: this is done by associating n fermions to each lattice site and identi-
fying a portion of the fermionic Hilbert-space, dubbed as physical, with the clock-spin Hilbert-
space. The clock-spin operators are then mapped onto local combinations of the fermionic
creation and destruction operators, in such a way that they act on the physical states just as
the original clock-spin operators act on the corresponding clock-spin states, while yielding
zero when acting on the other— unphysical —states. In order to avoid contributions from the
unphysical states in the computation of the fermionic partition function, a suitable imaginary
interaction term is added to the mapped fermionic Hamiltonian. Most notably, in particular
for mimicking clock-spin models on quantum simulators, such imaginary interaction terms are
not necessary if the simulator has a fixed number of fermions per site. We finally prove that
the resulting fermionic non-Hermitian model has the same partition function as the original
clock-spin one.

We have explicitly derived two distinct mappings, both sharing the general properties just
recalled, but differing among each other for the choice of the physical subspace. We have
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shown that the identification of the physical sector is a crucial step in the development of
the mapping, with the two possibilities assessed leading to two mappings with quite different
properties. In particular, for the version of the mapping with doubled physical subspace we
have derived a general expression for the imaginary interaction term, valid for any odd clock-
spin order. For both the versions we have investigated explicit examples, where, interestingly,
in the case of clock-spins of order n = 3 with the second version of the mapping the imaginary
interaction term can be taken simply proportional to the number operator.

These results are particularly relevant for numerical computation, since they allow the
use of various numerical tools for computing fermionic correlation functions in the study of
clock-spin models. Moreover, in one dimension, they allow to use the substantial literature
about bosonization of fermionic systems to assess the low energy physics of clock-spin models.
Finally, as we have shown in Sec. 5, the mapping can also be used to conceive new inter-
esting fermionic models with peculiar features starting from their already known clock-spin
counterparts, or vice versa.

As a perspective of our work, we point out that the mapping can be seen as a first step for
a more ambitious result: it is well known that parafermionic models are related to clock-spin
ones, into which they can be mapped via a non-local transformation akin to Jordan-Wigner.
Up to date, a truly local mapping on the level of operators from parafermions to fermions has
not been achieved yet, despite attempts in this direction [32]. The present work constitutes
the first half of the bridge that needs to be built in order to locally connect parafermions to
(non-Hermitian) fermions.
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A Computation of the trace

In this appendix we give a proof of Eq. (11). Let us first consider an operator e“+B) with

A= Ziinl ® A, and B =1® B,, and a state |s) = [s;) ® s,) such that A"1 |s;) = 0 for every i.

Then one has that i !
(A+B) B
e U+B) |5y — Zl e Is) = El o Is) = eBs) . (A.1)

Indeed, for any positive integer m,

AB™[s) = > AL @ ALBIs,) ® |sy) = D Al |s;) @4LB] [s;) =0. (A.2)
ij ij ‘“Of"

We now add a third operator, defined as C = C; ® I, with the property C; |s;) = a;[s;). C
does not necessarily commute with A, but it commutes with B. Thus, any term of the Taylor
expansion of exp(A+ B + C) presenting the B or C operators at the right of an A operator can
be rewritten as some string of powers of A, B and C, times a term AB™C, for some integers
m and k. Moreover

AB™CK|s) = > AL CKs)) @ ALBI |sy) = ak > Al Is)) @ ALBI s,) = 0. (A3)
ij ij
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In light of this, we have

p(A+B+C) s) Z(A+B+C)l Z (B-I-C) BHC Is) = e B,C ls) (A.4)

where the last equivalence is due to the fact that [B, C] = 0. As claimed in the main text, this
proves Eq. (11). It is sufficient to make the following identifications in order to get the thesis:
|s) = [unph;) ®;; Is;), A=Hg,, B=Hy + 0 and C = O..

B Derivation of the Oy operator in the n = 4 case

We focus on deriving the form of the operator 054) on a single site, being the extension to
the whole lattice trivial. By doing so, we can omit the lattice site index. The most general
operator that one can build satisfying the condition stated in the main text (which include
symmetry under the exchange of fermionic operators) has the following form, at least up to a
term proportional to the identity

0(4) ﬁ[a(a a+b'b+cfc+d'd)
+n(a’ab’b+a’ac’c +a'ad’d + bTbcTc + bTbd d + cTed'd)
+y(atab’bcic +atab™pd’d + afactcd™d + bTbcTed'd)
+ 6a’ab’bcled’d],

(B.1)

with a, 1, v and 6 real coefficients. To determine the appropriate values for the parameters, it
is useful to build a table that reports the eigenvalues of 054) on each eigenstate of the number
operator. Recall that, by construction, 0124) is degenerate over the subspaces with fixed N.

From Tab. 1 it is straightforward to see that two of the (many) possible combinations of
the parameters yielding the desired phases are

(a,m,v,6)=(1,1,0,0), (B.2)
(a,1,7,6)=1(0,1,1,0). (B.3)

Table 1: Result of the action of the single-site 0124) operator on the unphysical states.
The eigenvalue A, is defined by O |s) = A, |s), |s) being on each line the indicated
unphysical state. On the last column are reported the desired phases, as discussed in
the main text.

ls) As @
N=0|]0,0,0,0) 0 2k
N=2]]1,1,0,0), .. Z[2a+1n] 2k + D7
N=3|]|1,1,1,0), .. %[3a+3n+}f] 2k
N=41|]1,1,1,1) %[4a+6n+4y+5] 2km

C Proof of commutation

Let us consider the case in which n is odd and we choose to pick as physical both the states
with occupation number N; = 1 and N; = n—1. Once the imaginary potential is chosen in

19


https://scipost.org
https://scipost.org/SciPostPhysCore.6.3.055

SCIl SciPost Phys. Core 6, 055 (2023)

such a way that the trace over the unphysical states does not give a contribution to the final
result, one is left with having to compute

—p(HP+iol")

Trphys 5

where |phys) = ®;_ 1 |phys;). We now prove that if O(n) is made of number operators at site i
only and, moreover, is symmetric under the exchange of any of them, then it commutes with
the rest of the Hamiltonian. In particular, the operator in Eq. (62) satisfies these conditions.
The terms in Hl(:n) involving fermionic operators at site i will be those coming from the
fermionic counterparts of o; and 7;. As can be seen from Eq. (55), &; only contains number
operators at site i. Then, if Oé?) satisfies the above assumptions, it is trivial to conclude that

[6:.0("]=0. €1

On the other hand 7; (Eq. (56)) contains the terms f Lot fi o> that may not commute with

O(n) However this is not the case, thanks to the requirement that O(") be invariant under the
exchange of any two fermionic operators. Indeed, given that

[fi;ra.,.lfi,a: fi:a+1fi,a+1] = _fi.:a.,.lfi,a > [fi’ra.;_lfi,m fi:afi,a] = +fi.:4a+1fi,a 5 (C.2)

if to any term in O( ) containing the product of a certain combination of number operators
at site i, among Wthh there is f1; o, corresponds a symmetrlc one where #; , is replaced by

fl; g+1, then their contributions to the commutator with fl w41fi,a cancel out. If this happens

for any a € {1,...,n}, which is indeed the case if 01(:- " is invariant under exchange of any two

fermionic operators, then Ol(f) actually commutes with 7; as defined in Eq. (54)
[7.0{"]=0. (C.3)

But then we have that
[HF, OF] - O. (C.4)

: . Moy ap® o
In light of this we can factorize e PHr +10") = ¢=PHy" g—1B0:"

D Explicit proof of SSB

We discuss in two separate subsections the even and odd N cases.

D.1 N even

For g = 0, upon restriction to the Nj = 1 subspace, the three degenerate ground states of the
Hamiltonian in Eq. (79) are

N N/2 N/2
sy =] [ajl0), Is2) l_[bZJ 16210 53) =] [ 3,403 10) (D-1)
j=1 j=1

One can readily check that the action of the Hamiltonian on these states gives
E, = E; = E3 =—N. Following [52], we introduce the order parameter

N
Z&Aj = 5 (On + 5L+ Ga 5L, (D.2)
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and the symmetry breaking field

V(e) = —%sN(w‘lz“' +he), (D.3)

which commutes with H(g = 0). Then we have

21S,) =11S,), (D.4)
£2S;) = w|S,) (D.5)
21S3) = w?|S;), (D.6)
and, as a consequence

[H(g =0)+V]|S;) =[N —Necos(w)][Sy) , (D.7)
N

[H(g=0)+V]|S,) = |:—N — ;(w_lw +h.c.):| ISy) =[N —N¢€]|S,) , (D.8)

[H(g=0)+V]|S3) =[-N —Necos(w)]|Ss3) . (D.9)

So the symmetry breaking (SB) field selects the ground state |S,). Thus the large system size
limit and vanishing field limit of the order parameter cannot commute. Explicitly,

lim lim (¥y(e)|2|¥y(e)) =0, (D.10)
N—00 g0t
lim lim (¥,(€)|2|¥y(e)) = w, (D.11)
>0t N—oo

where |¥,(¢)) is the ground state of the Hamiltonian given by Hg + V (¢). The first limit is zero
because for ¢ = 0 and g < 1 the ground state is a symmetric combination of the three above
(T5(0) o< (IS1) +1S,) +1S3))), and 1 + w + w? = 0 since w = exp(i27/3). The second one is
w because for ¢ # 0 (and g = 0) the SB field selects the ground state |S,).

D.2 N odd

For g = 0, upon restriction to the N ; =1 subspace the ground state is unique

N

5:) =] [all0). (D.12)

Jj=1

And its energy is E; = —N. The states corresponding to [S,) and |S3), that we denote here
with a prime, are given by

(N—1)/2 (N-1)/2
1S,) = ( l_[ béj_lcz'j) by, 10) , 1S;5) = ( l_[ CZ'j—lbéj)C],\l |0) . (D.13)

Jj=1 j=1

These are now excited states, with energy E, = E; = —(N — 1)+ 2 = —N + 3. So the gap with
3

respect to the ground state |S;)" is A = 5. The order parameter is defined similarly to the even
case

N 1
A -1y~

. 1 . ot . ot .
ZoAj :N(O-Al+01[\2+"'O-AN72+O.1,\N_1+O-AN)’ (D.14)
j=1

Z|=

so that again we get

218;) =11s;), (D.15)
21S,) = wlS,), (D.16)
21S3) = w?|S;)” . (D.17)
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Then, introducing the same SB field as before

V(e)= —%eN(w_lé +h.c), (D.18)
one has
[H(g =0)+V]|S;) =[N —Necos(w)]|S;) , (D.19)
[H(g = 0) +V]Isy) =[N+ —Nellsy)’, (D.20)
[H(g =0)+V]|S3) =[-N + 2 —Necos(w)]|S3) . (D.21)

Then Ej(g) —E;(¢) = —% + Ne(1—cos w), which is positive for fixed ¢ and N — co. Then the
SB field selects a different ground state in the odd case as well. Thus, the large system size
limit and vanishing field limit of the order parameter cannot commute, despite the fact that
the ground state is unique.

Explicitly,
lim lim (¥y(e)l2|Py(e)) =1, (D.22)
N—00 g0+t
lim lim (¥,(e)|2|¥(e)) = w, (D.23)
e—0t N—oo

where |¥,(¢)) is the ground state of the Hamiltonian given by Hg + V(¢). The first limit is 1
because for ¢ = 0 (and g = 0) the ground state is |S;)’. The second one is w because for & # 0
(and g = 0) the SB field selects as ground state the state |S,)".
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