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DISCRETE HOLOMORPHICITY AND ISING MODEL OPERATOR
FORMALISM

CLEMENT HONGLER, KALLE KYTOLA AND ALI ZAHABI

ABSTRACT. We explore the connection between the transfer matrix formalism and discrete complex
analysis approach to the two dimensional Ising model.

We construct a discrete analytic continuation matrix, analyze its spectrum and establish a direct
connection with the critical Ising transfer matrix. We show that the lattice fermion operators of
the transfer matrix formalism satisfy, as operators, discrete holomorphicity, and we show that their
correlation functions are Ising parafermionic observables. We extend these correspondences also to
outside the critical point.

We show that critical Ising correlations can be computed with operators on discrete Cauchy data
spaces, which encode the geometry and operator insertions in a manner analogous to the quantum
states in the transfer matrix formalism.
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1. INTRODUCTION

The transfer matrix approach to the planar Ising model is both classical and remarkably powerful
[KrWa4l, Bax82, McWuT73|. The free energy, critical exponents and a number of correlation func-
tions of the model were calculated using the transfer matrix, and much of the algebraic structure
underlying the model is easiest understood by means of the transfer matrix and the related operator
formalism. The formalism is also manifestly suggestive of the quantum field theories believed to
describe the scaling limit of the Ising model.

Recently, methods of discrete complex analysis have lead to significant progress in the under-
standing of the Ising model, especially in its critical phase [Smi06, SmilOb]. The discrete complex
analysis techniques apply to the model on planar domains of arbitrary shapes, and allow to prove
conformal invariance results.

In this paper, we investigate connections between the transfer matrix approach and discrete
complex analysis techniques. We study discrete level relations between the two approaches, using
concepts of quantum field theory and analytic tools that are well behaved in the scaling limit.

1.1. Ising model. The Ising model describes up/down spins interacting on a lattice. It is a simple
model originally introduced to describe ferromagnetism, but subsequently it has become a standard
in the study of order-disorder phase transition.

The Ising model is a random assignment of +1 spins to the vertices a graph, that interact via the
edges of the graph. We will consider the Ising model on subgraphs G = (V, ) of the square lattice
72

The probability of a spin configuration (s;),c, is proportional to the Boltzmann weight e PH(s),
where 8 > 0 is the inverse temperature and H is the energy given by H(s) = — >, ;s;s; with sum
over pairs of adjacent vertices < i,j >€ £. Hence, the model favors local alignment of spins by
assigning them a lower energy, and the strength of this effect is controlled by S.

For the Ising model in dimensions at least two, a phase transition in the large scale behavior
occurs at a critical inverse temperature, for the square lattice Ising model at 8. = §1n (V2 +1).
For 8 < BB, the system is disordered: spins at large distances decorrelate, i.e. there is no alignment.
For 8 > . the system has long-range order: spins are uniformly positively correlated, i.e. global
alignment takes place. To properly make sense of the large scale behavior, one considers either the
thermodynamic limit in which the graph tends to the infinite square lattice G  Z2, or the scaling
limit in which a given planar domain €2 is approximated by subgraphs Qs of 6Z?2, the square lattice
with fine lattice mesh 6 0.

The square-lattice Ising model is exactly solvable: in particular, the free energy and thermody-
namical properties of the model are well understood. However, the fine nature of the critical phase
and its precise connection with quantum field theory have for long remained mysterious from a
mathematical perspective. Renormalization group and quantum field theory methods have provided
a non-rigorous insight into the nature of the phase transition, Conformal Field Theory in particular
giving numerous exact predictions. At the critical point, 8 = ., the model (like many critical two
dimensional lattice models) should have a universal, conformally invariant scaling limit. Recently
some of this insight has become tractable mathematically by the development of discrete complex
analysis techniques: one can make sense of the scaling limits of the fields and the curves of the model
at the critical temperature.

e The scaling limits of the random fields of the model are described by a Conformal Field
Theory. The CFTs are quantum field theories with infinite-dimensional symmetries, which
allow one to compute the critical exponents and the correlation functions via representation
theoretic methods [BPZ84a, BPZ84b|.

e The scaling limits of the random curves of the model are described by a Schramm-Loewner
Evolution. The SLEs are random processes characterized by their conformal invariance and
a Markovian property with respect to the domain [Sch00].
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A natural framework to investigate full conformal invariance of the Ising model (and other mod-
els) is to study the model on arbitrary planar domains, with boundary conditions. A number
of results in this framework has been obtained in recent years: the convergence in the scaling
limit has been shown for parafermionic observables [Smi06, SmilOa, ChSm09], for the energy cor-
relations [HoSm10b, Honl0a| and for the spin correlations [Chlz11, CHI12|. These scaling limit
results for correlations rely, for a large part, on discrete complex analysis. They have in turn pro-
vided the key tools to identify and control convergence of the random curves in the scaling limit
[Smi06, CDHKS12, HoKy11].

In the special case of the full plane, the progress in the study of scaling limits of Ising model at
and near criticality has been steady over a longer time. In notable results, massive correlations in
the full plane have been computed [WMTB76] and formulated in terms of holonomic field theory
[SMJ77, SMJ79a, SMJ79b, SMJ80, PaTr83, Pal07]|. Critical correlations in the full plane have been
computed using dimer techniques and discrete analysis [BoDT09, BoDT08, Dubl1la, Dubl1b].

1.2. Transfer matrix and discrete holomorphicity. In this subsection, we briefly introduce
the two approaches to the Ising model studied in this paper: the transfer matrix and the discrete
complex analysis formalisms.

1.2.1. Transfer matrix approach. Let I be an interval of Z, with boundary 0I C I consisting of the
two endpoints of the interval, and consider the rectangular box I x {0,..., N} with rows Ip,..., Iy
(set I, := I x {y}). Using the transfer matrix, we can represent the Ising model on I x {0,..., N}
as a quantum evolution of spins living on I from time 0 to time N.

The Ising model transfer matrix V acts on a state space S, which has basis (e,) indexed by spin

1 1
configurations in a row, o € {:I:l}I. We set V = (Vh) zyv (Vh)z7 where the factors separately
account for Ising interactions along horizontal and vertical edges. The matrix element of V'V at
o,p € {+1}' is defined (with fixed boundary conditions) as

vv = 1o (B eroipi) i olor = plor
op 0 otherwise

and the matrix VP is diagonal with elements

VE = exp (6 Z azay> .

r~Yy

Viewing the y-axis as time, the transfer matrix can be thought of as an exponentiated quantum
Hamiltonian in 1+ 1 dimensional space-time: at the row I,,, we have a quantum state v, € S which
we propagate to the next row I, 1 by vy, y1 = Vv,

In the path integral picture, the evolution vg,..., vy becomes a sum over trajectories weighted
by their amplitudes: the trajectories are spin configurations s : I x {0,..., N} — {1} and the
amplitudes are the Boltzmann weights e #(8) As a result, the partition function Z = Y os e BH(s)
equals <f |[VN |1> = fTV/Ni, where i,f € S encode the boundary conditions on Iy and I.

Ising fields (such as the spin, energy, disorder, fermions) are represented by the insertion of
corresponding operators. The position of the fields appear in two ways: the operator is applied to
the state on the row y on which the field lives, and the applied operator O, : & — S depends on
the position = of the field in that row. We combine the dependence on the horizontal coordinate x
and the vertical time coordinate y by using the operator O(z) = VY0, VY for the field located at
z = & + iy. Then the correlation function of fields O, ... O™ located at zi,..., 2, is

(EVVOW (1) - O™ (z0) li)
(E[VN) '

<o<1> (z1)---O® (Zn)> =
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For probabilistic fields such as the spin s,, represented by 6 (z) : S — S, the correlation functions
are the expected values of products, e.g. (6 (21)---6 (2n)) = E[sz, - -s,,]. Non-probabilistic fields
(such as fermion and disorder) can also be represented within the transfer matrix formalism.

Also in Conformal Field Theory, the field-to-operator correspondence is fundamental. However,
naively connecting the algebraic structure of Ising model and the one of CFT is problematic: the
transfer matrix does not have a nice scaling limit and it is best suited to very specific geometries
(rectangle, cylinder, torus, plane).

Contrary to the transfer matrix formalism, discrete complex analysis is well suited to handle
scaling limits on domains of arbitrary geometry, and hence to discuss conformal invariance. For this
reason, relating the transfer matrix to discrete complex analysis seems a promising way to provide a
manageable scaling limit for the quantum field theoretic concepts of the transfer matrix formalism.

1.2.2. Discrete complex analysis approach. The idea of discrete complex analysis is to identify fields
on lattice level, whose correlations satisfy difference equations — lattice analogues of equations of
motion. A particularly useful type of such equations are strong lattice Cauchy-Riemann equations
(massless at 3., massive at 8 # [3.), which we will refer to as ’s-holomorphicity’.

For the critical Ising model, certain s-holomorphic fields can be completely characterized in terms
of discrete complex analysis: their correlation functions (called ’observables’) can be formulated as
the unique solutions to discrete Riemann-type boundary value problems (RBVP). The convergence
of s-holomorphic observables is in particular the main tool to establish convergence of Ising interfaces
to SLE [Smi06, CDHKS12, HoKy11], and to prove conformal invariance of the energy and the spin
correlations [HoSm10b, Hon10a, CHI12|.

A key example is the Ising parafermionic observable of [ChSm09]. On a discrete domain 2 (finite
simply connected union of faces of Z?), for two midpoints of edges a and z, the observable is defined
by

f (a7 Z) _ l Z 672ﬂ#edges('y)efifwinding('y:aaz)?
y:all z
where Z is a partition function, the sum is over collections = of dual edges, consisting of loops and
a path from a to z, and winding (v : @ — 2) is the total turning angle of the path.

At critical temperature § = fS., when a is a bottom horizontal boundary edge, the function

fa := f(a,-) is the unique solution of a discrete RBVP:

e f, is s-holomorphic: for any two incident edges e, =
satisfy the real-linear equation f, (e,) + % fa(ey) = fa

—~

vu) and e, = (wu), the values of f,
ew) + & fa (€w), where § = F“ﬂ

2u—v—w|”

—~

e On the boundary, values of f, are real multiples of Tcw?, where 7., is the clockwise tangent
to the boundary.
e f, satisfies the normalization condition f,(a) = 1.

N

One can then show that the solutions of discrete RBVPs converge to the solutions of continuous
RBVPs, which are conformally covariant [Smi06, SmilOa, HonlOa, HoSm10b, ChSm09, Chlz11,
CHI12]|.

The approach of s-holomorphic functions has proved succesful for the study of conformal invari-
ance: it applies to arbitrary planar geometries, general graphs and behaves well in the scaling limit.
Still, the algebraic structures of CFT are not apparent in the s-holomorphic approach: there is
no Hilbert space of states, no obvious action of the Virasoro algebra and no simple reason for the
continuous correlations to obey the CFT null-field PDEs. To connect the Ising model with CFT,
one would like to write algebraic data (e.g. from transfer matrix) in s-holomorphic terms and then
to pass to the limit.

1.3. Main results. The goal of this paper is to explore the connection between the transfer matrix
formalism and s-holomorphicity approach to the critical Ising model, and to lay foundations for a
quantum field theoretic description that behaves well in the scaling limit.



DISCRETE HOLOMORPHICITY AND ISING MODEL OPERATOR FORMALISM 5

We construct a discrete analytic continuation matrix, analyze its spectrum and establish a direct
connection with the Ising transfer matrix. We show that the lattice fermion operators of the trans-
fer matrix formalism satisfy, as operators, s-holomorphic equations of motion, and we show that
their correlation functions are s-holomorphic Ising parafermionic observables. Finally, we show that
Ising correlations can be computed with lattice Poincaré-Steklov operators, which encode the geom-
etry and operator insertions in a manner analogous to the quantum states in the transfer matrix
formalism.

The results admit generalizations to non-critical Ising model, with s-holomorphicity replaced by
a concept of massive s-holomorphicity.

1.3.1. Discrete analytic continuation and Ising transfer matrix. Let a < b be integers, consider the
interval I := {x € Z : a < 2 < b} and let 91 := {a, b} denote its boundary. Let I* be the dual of I,
the set of half-integers between a and b. Write Ij := I* x {0}, I% =1 x {%}, etc. For simplicity of

notation, we identify edges with their midpoints.

Lemma (Section 2.4). Let f : I — C be a complex-valued function. Then there is a unique
s-holomorphic extension h of f to IjU I% U I} with Riemann boundary values on 61%.

Since s-holomorphicity and RBVP are R-linear concepts, we identify C = R? and denote by

P : (RQ)I* — (RQ)I* the R-linear linear map f — h " In other words, P is the row-to-row
1
propagation of s-holomorphic solutions of the Riemann boundary value problem.

Proposition (Proposition 7 in Section 2.5.). The operator P can be diagonalized and has a positive
spectrum, given by A\X! where \, > 1 are distinct for a =1,..., |T|".

Let PC : (CQ)I* — ((CQ)I* be the complexification of P, i.e. the C-linear map such that
PC‘ &) = P. Let W, C ((C2)I be the vector space spanned by the eigenvectors of PC of eigenval-
ues less than 1 and let Péc : W, — W, be the restriction of P€ to Ws.

Theorem (Theorem 18 in Section 3.3). Let /A W, be the exterior tensor algebra @'I* ‘0 A" W, and let

T (PS) : AW, — AW, be defined as @/ (PS)®". Let Vy : S, — Sy be the Ising model transfer
matrix at the critical point 5 = 3., restricted to the subspace S; C S defined as span {e, : 0, = 1}
(see Section 1.2.1).

Then there is an isomorphism p : S; — A (W,) such that po Vo p=! = Ag x T' (PL) for some

Ay > 0.

It follows in particular that the spectrum of the critical Ising model transfer matrix is completely
determined by the spectrum of the discrete analytic continuation matrix P.

1.3.2. Induced rotation and s-holomorphic propagation. The theorem of Section 1.3.1 relies on the
Kaufman representation of the Ising transfer matrix [Kau49]: V' can be constructed from its so-called
induced rotation Ty on a space of Clifford generators defined below. The connection with discrete
analysis is made by observing that the s-holomorphic propagation PC is actually equal (up to a
change of basis) to Ty.

For £k € TI* and a spin configuration o € {:I:l}l‘ We define the operators pp : S — S and
qr : S — S by

Pk (€0) = Opt1€r o for x > k
. 2 , where Te =
. (es) = |0k_%er —0y for x < k.

Let W be the space of operators S — S spanned by {pk, qx | ke I*}. The conjugation O — VOV !
defines a linear operator W — W, which we denote by T3, and call the induced rotation of V.
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Theorem (Theorem 10 in Section 3.2). Let Ty, : W — W be the induced rotation of V' at critical
point 3 = f,, and let PC : ((CZ)I — ((CZ)I be the complexified s-holomorphic propagation. Then
there is an isomorphism o : (((32)1 — W such that Ty := po PCop L.

1.3.3. Fermion operators. An important tool for the analysis of the Ising model in the transfer matrix
formalism are the fermion operators; similarly, the study of the scaling limit of the Ising model on
planar domains relies on s-holomorphic parafermionic observables. We discuss two facts pertaining
to the relation of these two, namely that the fermion operators are complexified s-holomorphic
(as matrix-valued functions) and that their correlations are indeed the parafermionic observables
discussed in Section 1.3.1.

Theorem (Theorem 19 in Section 4.2). For x € I*, define the fermion operators ¢, 1, : S — S

by ¢, = ﬁ (pz + qz) and ¢, = % (pe — ¢.). Define the operator-valued fermions on horizontal

edges = + iy € I* x J by ¢ (v +iy) = V¥, V¥ and Y (z +iy) = V7Y, VY. At the critical point
B8 = Be, the pair (w, w) has a unique operator-valued extension to the edges of I x J, which satisfies
complexified s-holomorphic equations (see Section 4.2).

Conversely, the s-holomorphic parafermionic observables of [SmilOa, ChSm09, HoSm10b, Hon10a|
are indeed correlation functions of the fermion operators.

Theorem (Theorems 22 and 25 in Sections 4.3 and 4.5). The correlation functions of the fermion
operators are linear combinations of s-holomorphic parafermionic observables. In particular, in the
box I x J, in the setup of Section 1.2.2, we have

(¥ (2)¥ () = f(a,2).

More generally, all the multi-point correlation functions of ¢ and ) can be written in terms of
parafermionic observables.

This allows one to combine the algebraic content carried by the transfer matrix formalism with
the analytic content of the s-holomorphicity formalism. As an application we give a simple general
proof of the Pfaffian formulas for the multi-point parafermionic observables, transparently based on
the fermionic Wick’s formula.

1.3.4. Operators on Cauchy data spaces. The above results relate the transfer matrix formalism, close
in spirit to Conformal Field Theory, and s-holomorphicity, suited for scaling limits and conformal
invariance. We would like to interpret some of the content of the transfer matrix structure in s-
holomorphic terms. The goal is to pass to the scaling limit and to connect the model with CFT. Can
we construct quantum states in s-holomorphic terms, that encode domain geometry and insertions,
and have a scaling limit?

We present an algebraic construction that encodes the geometry of a domain in a Poincaré-
Steklov operator: all the relevant information about the domain (for correlations) is contained in
the operator. This operator converges to a bounded singular integral operator in the scaling limit.

Let Q be a square grid domain with edges &, let b C 9€ be a collection of boundau:y edges. Let

R% (resp. Ig) be the Cauchy data space of functions f : b — C such that f || 7cce on b (resp.
1

I || Tew® on b), where Teew = —Tew is the counterclockwise tangent to 0.

Lemma (Lemma 28 in Section 5.1). For any u € RY, there exists a unique v € Z8 such that u + v

has an s-holomorphic extension % : Q@ — C satisfying i || 7cw* on 992\ b. The mapping u — v defines
a real-linear isomorphism U§ : R?, — Z8.

The operator Ug is a discrete Riemann Poincaré-Steklov operator. The continuous version of this
operator is defined and studied in [HoPh12].
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When Q = Z xZy and b = Z x {0}, we have R?, = RZ and the operator Ugqp, (limit from bounded
domains) is a discrete analogue of the Hilbert transform (the Hilbert transform maps a function
u:R — R tov:R — iR such that u 4 v has a holomorphic extension H — C).

Proposition (Lemmas 30 and 31 in Section 5.1). The operator U8 is a convolution operator, whose
convolution kernel is the Ising parafermionic observable at the critical point 5 = 8.. When Q =
Ix{0,---,N} and b =1, then Ug is given in terms of the s-holomorphic propagator PV .

The operators Uf’2 can be used to compute correlation functions by gluing Cauchy data. Denote
by fo(z,y) the Ising parafermionic observable in domain €, defined as in Section 1.2.2.

Theorem (Theorem 35 in Section 5.3). Let ©1, Q9 be two square grid domains with disjoint interiors,
with edges &1, &, and let b := 9&; N 9&;. The inverse operator Q = (id — UQ, ng)_l exists. For
any z € 9&; \ b and any y € &, the critical Ising parafermionic observable in Q@ = Q; U Qs can be
written as

fo(zy) = Y far (k,2) Qrefo, (Ly)

k,leb

In other words, the operator ) allows one to ’glue’ the domain 5 to €2y, and to compute the
fermion correlations on 27 U 9: all the information about each domain is contained in U& and

b
Ug,-

1.3.5. Away from critical temperature. All the results generalize to temperatures other than the
critical one. The fermions of Section 1.2.2 satisfy the same boundary conditions and are massive

s-holomorphic (see Section 2.2 for definition). A massive s-holomorphic propagation Pg : (RQ)I* —

(]RQ)P (see Section 2.4) and the non-critical transfer matrix are related like in the critical case.

Theorem. Let 3 # 3.. The massive propagator Ps is diagonalizable, with distinct eigenvalues \:!
with A\, > 1 for a =1,2,...,|T*.

Theorems of Sections 1.3.1, 1.3.2 and 1.3.3 hold true, if one considers the Ising transfer matrix at
temperature 5, massive holomorphicity equations, and the massive s-holomorphic propagation matrix
Pg.

2. S-HOLOMORPHICITY AND RIEMANN BOUNDARY VALUES

2.1. S-holomorphicity equations. S-holomorphicity is a notion of discrete holomorphicity for
complex-valued functions defined on so-called isoradial graphs [ChSm11]. In this paper, we consider
the case of the square lattice: we consider functions defined on square grid domains, by which we
mean a finite simply connected union of faces of Z2. More precisely, we will consider functions
defined on the edges of square grid domains; when necessary, we will identify these edges with their
midpoints.

S-holomorphicity is a real-linear condition on the values of a function at incident edges; it implies
classical discrete holomorphicity (i.e. lattice Cauchy-Riemann equations) but is strictly stronger.
The fact that Ising model parafermionic observables are s-holomorphic is the key to establish their
convergence in the scaling limit and hence to prove conformal invariance results.

Definition 1. Let Q be a square grid domain. Set A\ := ¢™/*  We say that F: Q — C is s-
holomorphic if for any face of Q with edges E, N, W, S (see Figure 2.1), the following s-holomorphicity
equations hold
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FIGURE 2.1. The four edges adjacent to a face on the square lattice.

(2.1) F(N)+ AF(N) = F(E) + \F(E)
F(N)+ A 'F(N) = F(W) + X'F(W)
F(S)+ MF(S) = F(E)+ XN*F(E)
F(S)+ A 3F(S) = F(W) 4+ A 3F(W).

In other words F': Q — C is s-holomorphic if for any pair of incident edges e, = (uv) and
ew = (uw), we have F'(e,) + 4 F (ey) = F (ew) + 5F (€w), where 6 = ﬁ“ﬂ Equivalently, the

2u—v—w|

orthogonal projections (in the complex plane) of F' (e,) and F (e,) on the line \/gR coincide.

The above equations imply (but are not equivalent to) the usual lattice Cauchy-Riemann equa-
tions: for the four edges around a face as in Figure 2.1 we have F'(N)— F (S) =i (F (E) — F(W)),
and a similar equation holds for the four edges incident to a vertex. Discrete Cauchy-Riemann
equations imply in turn the discrete Laplace equation 3 ,_ vy xy, (F'(Z2) — F'(X)) = 0 for every
edge X € Q\ 09Q.

2.2. Massive s-holomorphicity. We now define a perturbation of s-holomorphicity which we call
massive s-holomorphicity. The massive s-holomorphicity equations with parameter 5 are R-linear
equations satisfied by the Ising model parafermionic observables at inverse temperature 5. At the
critical point 8 = 3., massive s-holomorphicity reduces to s-holomorphicity.

Definition 2. Let 8 > 0, let v = v (8) be the unit complex number be defined by v = XS 337 where
a=e2 and A = ™4 A function F: Q — C is said to be massive s-holomorphic with parameter
S if for any face of 2 with edges E, N, W, S, we have

(2.2) F(N)+ v 'A\F(N) =v 'F(E) + \F(E)
F(N)+vA'F(N)=vF(W)+ X 'F(W)
F(S) +vA\*F(S) = vF(E) + M F(E)
F(S)+ v ']A\TBE(S) = v 'E(W) + \3F(W).

At B = (., we have v = 1 and these equations coincide with the Equations (2.1) defining s-
holomorphicity. It can be shown (see [BeDC10]) that massive s-holomorphicity implies (but is not
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equivalent to) the massive Laplace equation

; Y. (F(Z2)-F(X))=pF(X) YXe€Q\o9,
Z=X+1,X+i

with the mass yu = u(8) given by p = 5%5_1—1, where S = sinh (23). The dual inverse temperatures
B and (%, related by sinh(25) sinh(25*) = 1, have equal masses u(8) = p(8*), and at the critical
point the mass vanishes p(f5;) = 0.

2.3. Riemann boundary values. The boundary conditions that are relevant for the study of Ising
model specify the argument of a function on the boundary edges 9¢): these conditions are trivially
satisfied by the Ising parafermionic observables for topological reasons (see Section 4.3), at any
temperature.

Let Q be a discrete square grid domain. The boundary 9f2 of €2 is a simple closed curve. For an
edge e € 01, this defines a clockwise orientation 7.y (€) of e, which we view as a complex number:
Tew (€) € {£1} if e is horizontal and 7cy (e) = {=£i} if e is vertical.

1
Definition 3. We say that a function f : Q — C satisfies Riemann boundary conditions f || Tew?
at an edge z € 99 if

) | e (),

_1
i.e. f(z) is a real multiple of 7cw? (2).

1

When € is a rectangular box I x J, the condition f || 7cw? means that f is purely real on the top
side of €2, purely imaginary on the bottom side, a real multiple of A = ¢i™/4 on the left side and a
real multiple of A~ = e~"™/4 on the right side.

2.4. S-holomorphic continuation operator. For a (massive) s-holomorphic function on a rect-
1

angular box with Riemann boundary conditions || 7ew?, we can propagate its values row by row as
illustrated in Figure 2.2. This is supplied by the following lemma (we use the same notation as in
Section 1.3.1).

Lemma 4. Consider the box Ix {0, 1} for an integer interval I = [a,b]NZ and let I* = [a,b]N(Z+3)
be its dual.

Let f : I — C be a complex-valued function and let 3 > 0. Then there is a unique massive
s-holomorphic extension h of f to I U I% UI; with Riemann boundary values on 81%.

Proof. For z €1 1 \ 01 1 the value h (2) can be solved uniquely from the last two of Equations (2.2)

in terms of f (z — % — %) and f (Z + % — %) For z € 61%7 the value h (z) can be solved uniquely

from the Riemann boundary condition and (2.2) in terms the value f (z — % + %) (£ depending on
whether z is on the left or the right part of I 1 ). For z € I}, h(2) can be solved in terms of h at

z+3-1Le I% and z — 5 — % € I% by the first two of Equations (2.2). The definition of h thus
obtained satisfies all the required equations. (]

Definition 5. Let I be an interval of Z as above. We define the S-massive s-holomorphic propagator
Ps: (]RQ)I — (]RQ)I by Psf = hl;,, where f and h are as in Lemma 4
1

We can explicitly write down the s-holomorphic propagator in critical and massive cases. The
explicit form will be useful in the next section.
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FIGURE 2.2. The values of a massive s-holomorphic function in the row above can
be solved in terms of the values in the row below, both in the bulk and on the

boundary.

Lemma 6. Let I* = {a + 3,a+ 3,...,b— 3} and denote the left and right extremities by k7, = a+1
and kg = b— 1. Set A := €™/, The s-holomorphic propagator P is given by

(PR = 25 J(k=1)+2f(k) + 25 f(k+1)
+ L= 1) - V2T + S+ 1) Vk € T°\ {kp, kr}
(PR ke) = (1+25) Flke) + 25 Flhe +1)

+ (N X2) ) + L+ 1)
(P 1)) = 22 flhon— 1)+ (1+ &) f(kn)
57— 1)+ (X 23) Tk

For 8 # B., denote S := sinh (23), C' := cosh (25). The massive s-holomorphic propagator Ps is
given by
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((Psf)(k) = =S fk—1)+ S f(k) + =S5 f(k + 1)
+55f(k=1) = Cf(k) + 5 f(k +1) Wk € T\ {kr, kr}
(Ps f) (k) = S f(ky) + =5 (ko +1)
+ OB F k) + & F (ki + 1)
(Po f) (k) = =55 Sl = 1) + (558€) f(kp)
+ & [l — 1) + (FEESHC) k),

2.5. Spectral splitting of the propagator.

Proposition 7. The matrix P? is symmetric, with eigenvalues \X!, where )\, > 1 are distinct for
a=1,...,|1".

Proof. Clearly Pg is invertible: the inverse of Pg is the propagation of values of a massive s-
holomorphic function downwards. Notice that exchanging S and N in the massive s-holomorphic
equations (2.2) amounts to replacing F' by iF. Denoting by j : (RZ)I* — (RQ)I* the (real-linear)
involution f +— if, we deduce that (Pﬁ)f1 =joPgoj1
the same as the one of (Pg)~" and hence that the eigenvalues are of the form AF! with A\, # 0 for
a=1,... |T*.

For n € |(C,| observe that the real-linear transpose of the map z — nz is z — 7z and that the
map z — 7z is real-symmetric. From the formula of Lemma 6, we deduce that Pg is symmetric.
To show that Pg is positive definite, it is enough to show this at the critical temperature 5 = £,
since the eigenvalues of Pg are continuous in $ and cannot be zero. We can write the propagator

Pg as BA, where A : (RQ)I* — (RZ)I is the propagation of f : Ifj — C to I% (see Definition 2) and
B: (]RQ)I — (RQ)I* is the propagation of g : Iy — C to Ij. At 8= f, we have that B = AT and

hence P = A" A is positive definite.
Let us now show that 1 cannot be an eigenvalue. Suppose f : I — C is such that Pgf = f; we
want to show that f = 0. Let h: IfUI 1V I7 — C denote the massive s-holomorphic extension of f.

. We deduce that the spectrum of Py is

At = . (i.e. when Pg = P), there is a particularly simple argument. Since h satisfies the
discrete Cauchy-Riemann equations, i.e. for any « € I, we have
2

o02) 21 oo+ ) 2o ) -t s

Hence h must be constant on I 1 and the Riemann boundary conditions easily imply that h = 0. In
turn, this implies that f = 0, by the s-holomorphicity equations.

For general 3, writing I% ={zp,xzr +1,...,2r}, we can deduce (from an explicit computation)
that A (z + 1) and h (z) (for x € {xp,...,zr — 1}) satisfy a linear relation:
(2.3) h(z+1)+iBh(z+1)=h(x)—iBh(x),

for B = v/23m(v), where v = ei3”/4g—f: and o = e~2% as above.

The Riemann boundary condition on the left extremity imposes that h (z7) = Ce~"™/* for some
C € R, and the above equation (2.3) yields h (z) = Ce "™/4 A" where A = % # 0. But the
Riemann boundary condition on the right extremity, h (zg) || €™/%, then requires that CA*™R~2L =0
and hence h = 0 everywhere by the massive s-holomorphic equations.

Finally we show that the eigenvalues are distinct. Suppose A > 0 is an eigenvalue of Pg, and
let fo € (R is an eigenvector, and let hy be the massive s-holomorphic extension of f to
Ul 1 U Ij. The massive s-holomorphicity equations can be solved to obtain a recursion relation
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ha(z + 1) = nha(x) + n’ha(z) with some explicit n,7" € C. This shows that the eigenspace is
one-dimensional. O

3. TRANSFER MATRIX, CLIFFORD ALGEBRA AND INDUCED ROTATION
In this section we review fundamental algebraic structures underlying the transfer matrix formal-

ism introduced in [Kau49|. See [Pal07] for a recent exposition with more details.

3.1. Transfer matrix and Clifford algebra. In the introduction, Section 1.2.1, we defined the
Ising transfer matrix V : § — S with fixed boundary conditions at the two extremities of the row
I={a,a+1,...,b—1,b} as the product

V= (Vv (v,
where the matrix elements in the basis (e,) indexed by spin configurations in a row, o € {il}l, are
given by
yv o P (6 Z?:a Uz’ﬂi) if 04 = pq and oy, = py
> 0 otherwise
and
(Vh )5 _ )exP <§ Z?;; U¢0i+1> ifo=p
" 0 otherwise.

There is a two-fold degeneracy in the spectrum of the transfer matrix: the global spin flip 0 — —o

commutes with both V'V and (Vh) 2. To disregard the corresponding multiplicity of eigenvalues, we
restrict our attention to the subspace

S, = span {eo. ’ op = —|—1}7

spanned by spin configurations that have a plus spin on the right extremity of the row. This subspace

1
is invariant for both V'V and (Vh) 2. Note that the dimension is given by

dim (S;) = 2=t = 2l — gb~a

In Section 1.3.2, we defined also the operators pi and g on S, for k € T* = {a + %, a—+ %, oo, b— %,
by
Pk (ea) = Opy1€r O for x > k
. 2 , where Te =
q (er) = |Uk_%e7' —0s for z < k.

Again, the subspace S C § is invariant for all pg,qr. We denote W = span {pk,qk | ke I*} C
End(S).
It is easy to check that pg, qx satisfy the relations

PkPe +pepr = 20k ids
Qe + qqr = 20k ,ids
Peqe +qepr = 0,

i.e. that they form a Clifford algebra representation on S; and on S. This representation is faithful,
so we think of the Clifford algebra Cliff simply as the algebra of linear operators S — S generated
by W.
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Consider the symmetric bilinear form (-, -) on W given by (pk, pi1) = 20k, (qk: 1) = 26k, (Pr- @) =
0. Then Cliff is the algebra with set of generators W and relations uv + vu = (u,v) 1, for u,v € W.
The dimensions of the set of Clifford generators and the Clifford algebra are

dim(W) = 2|T*| = 2(b — a), dim(Cliff) = 2dmOV) = 92l — 92(b=a)

The transfer matrix can be written in terms of exponentials of quadratic expressions in the Clifford
algebra generators as follows.

Proposition 8. We have

() = oo (i) un)

keI*
Vo= 2P29) e i8S P11 |
FEI\OL
where 3* is the dual inverse temperature given by tanh (3*) = ¢=2% and S = sinh (23).
Proof. Note that the operator i ¢xpy has the following diagonal action in the basis (e)
| qepr €5 = Okt 1 Ok—1 €0

s . . :
so the first asserted result €'z k &Pk — (Vh)% follows immediately. The operator i pj_
the value of the spin at j,

19511 mverts

i B b ;o Oy for x # j
Pj_14j41 €0 = €5 where o), = o, for © = j
so we have

exp (iﬁ*pjf%q]qr%) e, = cosh(3") e, +sinh(8) e,

Taking £* such that tanh (5*) = e~28 and computing the product of these commuting operators at
different j we get

b—1
exp | i" Z Pj_1q;11 | €0 = cosh(ﬁ"‘)b_a_1 Z tanh(ﬂ*)#{z\ax#px}ep

J=a+l pe{£1}!
Pa=0a, Pp=0b

b—1
= (28)17% Z exp ( Z aipi> €,

pe{+1}! i=a+1
pPa=0a, Pb=0b

which is the second asserted result. O
3.2. Induced rotation. Since the constituents of the transfer matrix are exponentials of second

order polynomials in the Clifford generators, conjugation by the transfer matrix stabilizes the set of
Clifford generators. In the formulas below, we use the notation

s = sinh(p) s* = sinh(5%)
¢ = cosh(p) c* = cosh(B3")

h(2p*
S = sinh(28) = smh(123‘) C = cosh(28) = M'

The following lemma is a result of straightforward calculations, which can be found e.g. in [Pal07].
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Lemma. Conjugation by V" is given by the following formulas on Cliford generators py, qi. (k € T*)
(Vh); opg o (Vh>; =cpp —isq
(Vh>_ oqo (Vh>; =ispg + cqx.

Let k;, = a+ 5 and kg = b — % be the leftmost and rightmost points of I*. Conjugation by V¥ is
given by

N|=

_ C i
(VV) 1OpkOVV:§pk+§Qk+1 fork;ékR

_ —i C
(V) ooV = cpat g fork#ky
and on the remaining generators by
(V)™ o prg o VY = pig (V) ogr o VY =gy .

We see that W C End(S) is an invariant subspace for the conjugation by the transfer matrix V.

The conjugation is called the induced rotation of V', and denoted by
Ty: W—=W Ty(w) =Vowo VL

Note that the induced rotation Ty preserves the bilinear form, (Tyu, Tyv) = (u,v) for all u,v € W.

We will next show that the induced rotation is, up to a change of basis, the complexification of
the row-to-row propagation Pj of massive s-holomorphic functions satisfying the Riemann bound-
ary condition. To facilitate the calculations, we introduce two symmetry operations on the set of

Clifford algebra generators. We define a (complex) linear isomorphism R: YW — W and a (complex)
conjugate-linear isomorphism J: W — W by the formulas

R(pk) =1 qato—k R(qr) = —iPatb—k (extended linearly)
J(px) = ipg J(qp) = —iqx (extended conjugate-linearly).
We will moreover use for W the basis
W:%(kaer), ?EkZ\}é(pk—Qk), kel
Lemma 9. The maps R and J commute with Ty, i.e. we have
Ty oR=RoTy, Tyod=JoTy.
For all k£ € T* we have
R(Yk) = Ybra—ts R(Yk) = Yora—k
J () = b, I () = .
Proof. By the explicit expressions of Lemma 3.2 one easily verifies that R and J commute with the
conjugation by both (Vh)% and V'V, (]

Theorem 10. The induced rotation 77, : W — W is up to a change of basis equal to the complexi-
fication of Pg, i.e. there exists a linear isomorphism o : (CQ)I — W such that Ty, = po PCop L.

Proof. Consider the action of the induced rotation in the basis (¢, ¢)rer-. With the formulas of
Lemma 3.2, it is straighforward to compute that for k£ € I* \ (0I*)

o2 L .
Ty () = 5 e+ <—2 - 2|5> Y1+ <—; + 2'5) Yri1

- 1C - 1C -
—C¢k+§§¢k—1+§§¢k+1-
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To get a formula for T;l(@/_)k), k € I*\ (0I*), apply the map J on this and use Lemma 9. We still need
formulas for the two extremities, k € 0I* = {a + %, b— %} On the left extremity, at kr, = a + %, a
straightforward calculation yields
c(S+C 14iS5),
SR g
-S(C+8)+i(C—-89) - C -
29 ka +2ka’|_+1‘

To get a formula for 77y, Y(41, ), apply the map J on this. To get the formula for Ty 1(1/;kR ), where

T\;l (ka ) =

kr=>b-— %, apply the map R. To get a formula for T‘;l(ka ), apply the composition J o R.

Since the coefficients in the formulas for 77, L(41) coincide with the coefficients in the formulas for
(Psf)(k) in Section 2.4, and the coefficients in the formulas for 7}, ' (¢/;) are the complex conjugates
of the corresponding ones, we get that the complexification of Pg agrees with Ty, L up to a change of
basis. This finishes the proof, because Pg and its inverse Py L are conjugates by Proposition 7. [

3.3. Fock representations. Finite dimensional irreducible representations of the Clifford algebra
Cliff are Fock representations, defined below. To define a Fock representation, one first chooses a
way to split the set W of Clifford algebra generators to creation and annihilation operators. Let
(+,-) denote the bilinear form on W defined in Section 3.1. A polarization (an isotropic splitting) is
a choice of two complementary subspaces W, (creation operators) and W, (annihilation operators)
of the set of Clifford algebra generators,

W =W, oWy,
such that
(wo,wh) =0 forall wy,w’ € W-
(wo,w')=0  forall w,w/, €W,.

Note that due to the nondegeneracy of the bilinear form (-,-), the two subspaces W, and W, are
naturally dual to each other, and in particular

1
dim(W.) = dim(W.) = 5dim(W) = |[I'| = b —a

is the number of linearly independent creation operators.
As a vector space, the Fock representation corresponding to the polarization W = Wy & Wy is
the exterior algebra of W,

1|

/\WD = @ (/\nWD) .
n=0
f)II*I

To define the representation of the Clifford algebra on this vector space, let (aa),—; be a basis of

W, and (aoé)gk:l1 the dual basis of Wy, i.e. (ag,a,g) = 0a,3- The action of the Clifford algebra on
the Fock space A\ Wy is given by the linear extension of the formulas

a];.(aTB1 /\aTﬁz/\---/\a;n):a:[y/\oﬂtﬁ1 /\aTﬁz/M-'/\aTBn

T
Na Bn -

n
ao-(aly Aaly Ao nal )= 3 (-1 6 ab A Al B

B1 B2 Bj -1

Jj=1

The vector 1 € C = AW, C /A W: is called the vacuum of the Fock representation: it is annihilated
by all of Wy,. Irreducible representations are characterized by such vacuum vectors as follows.
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Lemma 11. Suppose that W = W & W is a polarization. Any irreducible representation of Cliff
is isomorphic to the Fock representation A W;,. If a representation V of Cliff contains a non-zero
vector vy, € V satisfying W, vvac = 0, then the Fock space A\ W, embeds in V by the mapping

ak A agz Ao A agn — (ag1 a};z e a}}n ) Vvac-

Proof. Consider a representation V of Cliff. Choose a non-zero v(°) € V. Define recursively v(®), for
a=1,2,...]T*, to be aov @Y if this is non-vanishing and v(@~1 otherwise. Then vyae = v(T'D is
non-zero and Wrvyae = 0, i.e. vyye is @ vacuum vector. This argument shows in particular that any
non-zero subrepresentation of the Fock representation A W- contains the vacuum vector 1 € AYW-,
and thus the Fock representation is irreducible. The mapping A Wi — V given in the statement
defines a non-zero intertwining map of Clifford algebra representations, and by irreducibility of the
Fock representation, this is an embedding. If V is irreducible the embedding must be surjective, and
thus an isomorphism. O

The fact that the Fock representation is the only isomorphism type of irreducible representations
of the Clifford algebra would follow already from the irreducibility of the Fock representation and
the observation that (dim(A W, ))? = dim(Cliff), by the (Artin-)Wedderburn structure theorem.

A standard tool for performing calculations in the Fock representation is the following. We recall
that the Pfaffian Pf(A) of an antisymmetric matrix A € C™"*™ is zero if n is odd, and if n = 2m is
even, then it is given by

1 m
Pf(A) = 2m ! ZS: Sgn(ﬂ) qAﬂ(Zs—l),w(Zs)-
TES2m s=

Lemma 12 (Fermionic Wick’s formula). Let W = W- @)W, be a polarization, and consider the Fock
representation A W:. Let vyae = 1 € A°W € AW, bethe vacuum and v}, € (A°W-)" C (AW-)*

vac

be the dual vacuum normalized by (v}, ., vyvac) = 1. Then for any ¢1,..., ¢, € W we have

<U\tac-, 1 ¢nvvac> = Pf (|:<U\tac7 ¢i¢jvvac>i|zj:1) .

Proof. Write the elements ¢; € W as sums of creation and annihilation operators, and then anti-
commute the annihilation operators to the right and the creation operators to the left. O

3.4. A simple polarization for low temperature expansions. The following lemma gives one
of the simplest possible polarizations.

Lemma 13. The following formulas define a polarization
W#) = span {pk — gy ’ k€ I*}
Wéﬂ = span {pk +iqg ’ ke I*} .

Proof. The vectors py + iqx, pr — ig for k € I* form a basis of W, and we have (py +iqx, py £iq) =
20k, + 0+ 0+ (£i)? 26, = 0. 0

Recall that in the state space S of the transfer matrix formalism we have the vectors corresponding
to the constant spin configurations in a row,

;) €Sy () = (+1,+1,...,+1) € {1}
ey €S (=)= (=1,-1,...,-1) e {£1}\.

Directly from the defining formulas of the operators py;, gk, one sees that the vectors ey, ey € S
satisfy (px +iqr)e) = 0 and (pr, +iqr)e—y = 0 for all k € I*.
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Corollary 14. As a representation of the Cliford algebra, S; is isomorphic to the Fock space

A Wé”, with vacuum vector U5:3 = e(4), and § is isomorphic to the direct sum of two copies of this
Fock space.

We emphasize that the polarization of this subsection is not the physical one, but by Lemma
11, the isomorphism type of the Fock representation doesn’t depend on the polarization, so the
state space of the transfer matrix formalism is in fact a Fock representation for any polarization.
The polarization is, however, the zero temperature limit (8 ,* oo0) of the physical polarizations
of the next section, and it is very closely related to the low temperature graphical expansions of
correlation functions and observables considered in Sections 4.3, 4.4 and 4.5. In particular, a slight
modification of this simple polarization together with the fermionic Wick’s formula will be used for
the proof of Pfaffian formulas for fermion operator multi-point correlation functions and multi-point
parafermionic observables. The modified polarization is the following.

Lemma 15. Let NV € N. The following formulas define a polarization
Wﬁr):’N = span {V_N(pk —ig) V¥ | ke I*}
Wﬁr) = span {py +iqy | k € T"}

for all § except possibly for isolated values. The space S is isomorphic to a Fock representa-

tion A\ (Wﬁ);N), with vacuum vector o()?V — e(;) € S; and dual vacuum vector (WY =
1 T N
e <emV

Proof. The special case N = 0 was treated above. Since we have (py £ igr, py £ig;) = 0 and the
bilinear form is invariant under Ty, (17, Nu, Ty, Nu) = (u,v), it follows that also for general N the
choice of subspaces is a polarization if the two subspaces span the whole space W, that is if the
vectors T‘;N(pk —igr) and pg + igx for k € I* form a basis of W. It suffices to show that the

matrix {(pk; +iq, T‘;N(pl — iql))} el of the bilinear form is non-degenerate. The non-degeneracy
1

)

is evident in the limit 8 oo, since e 28T, (py, —iqr) = pr —igqr + O(e™?) and e~ 2Ty ! (py +iqy) =
O(e™?) by the formulas of Lemma 3.2. The determinant det ([(pk +ige, Ty (pr — iql))hl 1 )
JHel”

is analytic in £, so its (possible) zeroes can’t have accumulation points. We conclude that W =
Wéﬂ;N @ Wéﬂ is a polarization except possibly for isolated values of (.
The same calcuation as before shows that e ;) is a vacuum vector of the Fock representation

S+ = A Wﬁ+);N, and similarly from the calculation e(T+)(pk —igr) = 0 we get that the dual vacuum
of St = A Wng);N is proportional to eL)VN. (]

3.5. The physical polarization. The relevant polarization and basis is the one in which the

particle-states a, a Uy JUyac ale el1genvectors o € evolution demnne € transier matrix.
ticle-states al, a’ f igenvectors of the evolution defined by the transf tri
1 ﬂn

We make use of the fact that 1 is not an eigenvalue of Ty, which follows from Proposition 7 and
Theorem 10.

Lemma 16. Let wghys C W be the subspace spanned by eigenvectors of T3y, with eigenvalues less
than one and W‘j’hys C W the subspace spanned by eigenvectors of Ty, with eigenvalues greater than
one. Then w#hys@wghys is a polarization. As a representation of Cliff, the space S, is isomorphic
to the Fock representation A WP™*.

Proof. Recall that for any u,v € W we have (Tyu,Tyv) = (u,v). For eigenvectors of u,v of Ty it
follows that (u,v) can be non-zero only if the eigenvalues are inverses of each other, and thus the
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bilinear form vanishes when restricted to Wghys or Wé’hys. Finally, W = Wghys ® Wghys because Ty,
is diagonalizable with real eigenvalues and 1 is not an eigenvalue. (]

Then let (aa) 1 be a basis of Wp Y® consisting of eigenvectors of the induced rotation Ty (aq) =
Aala With g > 1, and let (a )lI | be the dual basis of WPIYS e (ak,ag) = da,8- Note that we
have Ty (al) = /\a1 ag

Proposition 17. If v € S is an eigenvector of V' with eigenvalue A, then the vector a&v eSis
either zero or an eigenvector with eigenvalue A\ 'A and a,v € S is either zero or an eigenvector of
eigenvalue A\, A. In particular, if Ag is the largest eigenvalue of V and 51 € S, is the corresponding
eigenvector, then vPS is a vacuum of the Fock space S and the vectors aiuaiyz - -aLn Uyvac fOrm a
besis of S consisting of eigenvectors with eigenvalues Ao x []0_; )\;sl.

Proof. For v € S an eigenvector, Vv = Av, compute Va,v = (Va,V")Vo = Ty (aa) Vv = Ao A aqv,
and similarly for aLv. It is then clear that vS}fg ® is annihilated by all of W, because A\ A is larger

than the largest eigenvalue of V. O

Theorem 18. Let PJ: (C*)I" — (C*)I" be the complexified massive s-holomor phic row-to-row prop-
agation, and let W, C (C?)"" be the subspace spanned by eigenvectors of PJ with eigenvalues less
than one. On the exterior algebra A W, = @} A", define I(P§) = el o(P§|w.)®". Then
there is a linear isomorphism p : S — A W, such that

poVop t= const. x F(Pf).

Proof. The state space S; is isomorphic to the Fock space A Wlﬂ)hy ® by Lemma 16. By Proposition

17, in this identification the transfer matrix V becomes diagonal in the basis ajm JARERW a:&n, with

eigenvalues Ao [T0_; A,

®n
and thus it coincides with EB (TV|thys) apart from the overall
multiplicative constant Ag. It remains to note that by Theorem 10 the induced rotation Ty : W —

W coincides up to isomorphism with the complexification Pg: (CHY — (CHY of the row-to-
row propagation, and the same holds for the restrictions T|thys and Péc lw. to the corresponding

subspaces. O

4. OPERATOR CORRELATIONS AND OBSERVABLES

In this section we discuss correlation functions of operators in the transfer matrix formalism.
We introduce in particular holomorphic and antiholomorphic fermion operators, and show that they
form an operator valued complexified s-holomorphic function. The low temperature expansions of the
fermion operator correlation functions are simply expressible in terms of parafermionic observables.

4.1. Operator insertions in the Ising model transfer matrix formalism. We consider the
Ising model in the rectangle Ix J, withI = {a,a+1,...,0—1,b} and J ={0,1,...,N — 1, N}, and
we denote the row y by I, = Ix {y}. We use the notation of Section 3.1 for the transfer matrix (with
locally constant boundary conditions on the left and right sides of the rectangle) and the Clifford
algebra.

The total energy of a spin configuration s € {1} is H(s) = — > peow SvSw, with the sum
over v,w € I x J that are nearest neighbors on the square lattice, |v — w| = 1. The probability
measure of the Ising model with plus boundary conditions is given by P*[{s}] = Z%e_ﬁH ) on

the set {s € {:I:l}I><J slaaxa) = —I—l} of spin configurations that are +1 on the boundary of the
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rectangle. The normalizing constant in the formula is the partition function

Zho Y HHe),

sef{x1}"Y
sla(1x y)=+1

The partition function can be expressed in terms of the transfer matrix V' by expanding a product
of transfer matrices in the basis (e,) indexed by spin configurations in a row, o € {il}l. More
precisely, we have

0
zt=" 3 e vewms =TV N = (FV VD),
sef{x1}1"?
sla(ixg)=+1
1 B [y
where the “initial state” i and the “final state” f are given by i = f = (Vh) ey = ezl ‘e(ﬂ — we
included a factor to correctly take into account the interactions along the horizontal edges in the
top and bottom rows.
The spin operators ¢;: S — S are the diagonal matrices in the basis (e,) with diagonal entries
given by the value of o € {£1}' at position j € I, i.e.
6j(e0) =0j€;5.
Note that for example the expected value of the spin s, at z = z +iy € I x J, with respect to the
probability measure P of the Ising model with plus boundary conditions, can be written as

Etfs.] = 2582 exD(B Y0,y Susw) _ (FIVN Yo, VY[
Zs eXp(ﬁ vaw Svsw) <f|VN|i>
by expanding also matrix products in the numerator in the basis (e,). Moreover, the initial and

final states i,f oc e(;) could be replaced by e(y) because the constants would cancel in the ratio.
Finally, the formula takes a yet simpler form if we define the time-dependent spin operator

o(z+iy) =V Y5, VY
and indeed it is simple to check that then

= lHS] _ lenlVo(a) o (a)lew)

(e(r)|VNle())
We define, as in the proof of Theorem 10, the Clifford algebra elements 1, = ﬁ(pk +qr) €W,
VY = %(pk —qr) € W for k € I*. The corresponding time-dependent operators

Yk +iy) =V VY .
4.1 = . = , kel yeld,

-y Ol +iy) = VIV v

are called the holomorphic fermion and the anti-holomorphic fermion, respectively. The reason
for this terminology is Theorem 19 below, which states that the pair of operator valued functions
(1,1) satisfies local linear relations that have the same coefficients as the defining relations of s-
holomorphicity for a function and its complex conjugate.

The following abbreviated notation

<¢(1)(21) .. ‘¢(”)(zn)>

will be used for the correlation functions of the fermion operators, where z1,. .., z, are edges, and
for cach i = 1,2,...n we let 9 stand for either ¢ or 1.
Note that if R: W — W is the linear isomorphism introduced in Section 3.2, then we have

R(¥(2)) = (r(2)), R(¥(2)) = ¥(r(2)),

(e VNP (z1) ™) (z) e )
IxJ <e(+)|VN|e(+)>




DISCRETE HOLOMORPHICITY AND ISING MODEL OPERATOR FORMALISM 20

where r(z +iy) = a+b—z +iy, and if J: W — W is the conjugate-linear isomorphism of the same
section, then

J(¥(2)) = 9(2), J((2)) = ¥(2).

4.2. S-holomorphicity of fermion operator. The fermion operators () and (z) were defined
in the previous section for z € I* x J, i.e. on the set of horizontal edges of the rectangle I x J. The
following theorem says that we can extend to vertical edges so that the pair (1, 1)) is a complexified
operator valued (massive) s-holomorphic function.

Theorem 19. Let the fermion operators (), (z) be defined by Equation (4.1) for horizontal edges
z € I* x J. Then there exists a unique extension of ¢ and ¢ to the set of vertical edges I x J*, such
that the following local relations hold. For any face, with £, N, W, S the four edges around the face
asin Figure 2.1, we have

(4.2) Y(N) + v I\ (V
D(N) +vA~ (N
»(S) +vA%P(S
D(S) + v IATY(S
and on the left and right boundaries we have
(4.3) Y(a+iy) +iv(a+iy) =0
P(b+iy) —iy(b+iy) =0  for any y € J*.

v HH(E) + M(E)

v (W) + A"1p(W)
v (E) + A (E)
v(W) + AT (W),

)
)
)
)

Remark. The coefficients of the linear relations among the operators on incident edges, Equations
(4.2), coincide with the coefficients in the definition of massive s-holomorphicity, Definition 2. Simi-
larly, coefficients in the Equations (4.3) coincide with the equations defining the Riemann boundary
condition on the left and right boundaries. The situation at the top and bottom boundaries is
slightly different: the operators v and 1) are linearly independent, but when the operators are ap-
plied to specific boundary states we recover similar relations, e.g. at the bottom for z € Iy we have

(¥(2) +1(2)) ey = 0.

Proof. The uniqueness of such extension is clear by the following explicit construction similar to
the one in the proof of Lemma 4. Consider the vertical position y € J*. For z € (I, \ 0I,) one
can solve for 1(z) from Equations (4.2) (the third and fourth equations on the plaquettes on the
left and right of z) in terms of the operators ¥(w) and 9 (w), w € I* , more precisely in terms of

Y(z—5— f) P(z— ) Y(z4+ 3 p 2) 1/)(z+ 5— f) Similarly one can solve for ¢)(2) and the result

is J(¢ ( )) For z € GIQ = {a+iy, b+iy} on the boundary, using both Equations (4.2) and (4.3)

one can solve for ¢(z) in terms of the operators (w) and 1/J(w) w e I* 1, more precisely in terms
2

of plat+i—5andPla+i-—Horpb—1-5andP(b-1-1). Agam similarly ¢ (z) = J(1(2)).
Extendlng ¥ and 1 to I with the above formulas in terrns of ¥ and 1 in the row I* b the

Equations (4.3) as well as the third and fourth of Equations (4.2) hold by definition. Then note that
by a similar argument, there are unique values of ¢ and 1) in the row IZ+1 such that the first and

2
second of Equations (4.2) hold. Since the coefficients of the equations we have used are the same

as the coefficients defining massive s-holomorphicity, the unique definitions of ) in the row IZ L1 are
2
expressible as linear combinations of the operators in the row 12_1 with the same coefficients as

in the massive s-holomorphic row-to-row propagation Pjg, in Lemma 6. But by Theorem 10, these
linear combinations are just the inverse induced rotations applied to ¢ in the row IZ 1, l.e. the
-2
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definitions of the fermions 1) on horizontal edges in the row IZ+ 4. Again 9 is recovered by the
2

application of J. This proves the existence of the extension satisfying the local relations (4.2) and
(4.3). O

4.3. Ising parafermionic observables and low temperature expansions.

4.3.1. The two-point Ising parafermionic observables. We next consider graphical expansions of cor-
relation functions of the fermion operators 1(z), 1(z). These are expansions in powers of the
parameter o = e~ 2% and they are called low temperature expansions because the parameter is small
when the inverse temperature is large (a \, 0 as 5 7 00).

Let a € I* x J be a horizontal edge and z € (I* x J) U (I x J*) any edge of the rectangle
I x J. The set of faces I* x J* of the rectangle forms the dual graph, and we denote by £* =
{< p,p > |p,p’ el xJ* p—p| = 1} the set of dual edges. The low temperature expansions of
fermion correlation functions will be simply expressible in terms of the following two parafermionic
observables:

1 i .
J(Z) _ g Z aL('y)67§W('y.a%z)

yech (z)

fi(z) _ % Z aL(fy)e—%(W('y:a%z)-i-ﬂ')’
vECk (2)
where the notation is as follows:

° C(I(z) is the set of collections v C £* of dual edges such that the number of edges of

adjacent to any face p € (I* x J*)\ {a + i%, p,(ﬂ)} is even, and the number of edges adjacent

() (O

to a + i% and p;'’ is odd, where p;'’ is one of the faces next to z. The set Ci (z) is defined

()

similarly, but the exceptional odd parities are now at a — i% and at p;’’ one of the faces next
to z. We visualize v as in Figure 4.1 as a set of loops on the dual graph, together with a
path from a to z starting upwards/downwards from a, by including two “half-edges”: from a

toa+ i% and from pg) to z.

e For v € Cg/i(z) we let L(y) = |7| + 1 denote the total length of the loops and the path,
where || is the cardinality of v C £* and the additional one is included to account for the
the two half-edges.

e The number W (v : a — 2) is the cumulative angle of turns along a path in 7 from a to z.
The path is not necessarily unique, but if it is chosen in such a way that no edge is used
twice and no self-crossings are made, then one can show that the winding is well defined
modulo 47 and thus the factor =2 W% 22) is well defined [HoSm10b).

e Zisgivenby Z2 =5 . al“l, where C is the set of collections w C £* of dual edges such
that the number of edges of w adjacent to any face p € I* x J* is even. We visualize w as a
collection of loops. The expression for Z is the low-temperature expansion of the partition
function, and it is easy to see that Z = Z+ x const., where the constant is e#*II"xI)UAXI7)]

The Ising parafermionic observables are s-holomorphic and satisfy the Riemann boundary condi-
tions, with a discrete singularity at z = a. To give a more precise statement, we first define a notion
of discrete residue.

Definition 20. Let a be a horizontal edge. For a function z — f(z) that is (massive) s-holomorphic
for 2 # a in a domain containing the faces a & §, the discrete residue of f at a is Res,(f) =
o= (fEont(a) — fP2k(a)), where ff°"(a) is such that if f is extended to a by this value, then f

becomes (massive) s-holomorphic on the face a + i§, and f2k(q) is such that if f is extended to a
i

by this value, then f becomes (massive) s-holomorphic on the face a — 3
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FIGURE 4.1. A configuration in CJ(z). The winding in the picture is W(y : a — z) = —27.

Proposition 21 ([HonlOa|). Let a € I* x J. If a is not on the boundary, a € T* x (J \ 9J), then
the Ising parafer mionic observables fg and fi are functions defined on edges z # a such that

e 2 fl(2) and z — f¥(z) are massive s-holomorphic
e f1 and f satisfy RBVP: for z a boundary edge of the rectangle fJ(z) € Rrey? and fi(z) €
1
R7ew?

e the discrete residue of f(I at ais ﬁ and the discrete residue of fi at ais g—;

N[—=

If a is on the bottom boundary, a € I, then fi is zero and f(I is a function defined on edges z # a
such that

° 2z f(I(z) becomes s-holomorphic in the whole domain with the definition fg(a) =1
1
. fi and satisfies RBVP: for z a boundary edge of the rectangle fi(z) € Rrew?.
If a is on the top boundary , a € I%,, similar statements hold.

The parafermionic observables can be defined similarly in any square lattice domain [HoSm10b].
At the critical point, § = ., one can treat scaling limits as follows. Take the domains to be
subgraphs Qs of the square lattice §Z2 with small mesh &, approximating a given continuous domain
Q as § \( 0. The analogue of the above Proposition holds. The convergence of the parafermionic
observables as § N\, 0 can be controlled [HoSm10b, Honl0al: the functions f; and f(f divided by §
converge uniformly on compact subsets of Q\ {a} to the unique holomorphic function with Riemann

boundary values and the appropriate residue. By Theorems 22 and 23 below, we can deduce from
this also the convergence in the scaling limit of the renormalized fermion correlation functions.

4.3.2. Fermion operator two-point correlation functions.
Theorem 22. We have
W)y = — fa(2) +ifi(2)
(U(2)¥(a))y, 2(2) +if1(2)

— fi(a) —i fH(a)

((2)0(a) )y, g = — fa(z) =1 fa(2).

Proof. Note that because of the relations of Theorem 19 and the fact that faT/ ¥ are massive s-
holomorphic, it suffices to prove the statements when z is a horizontal edge. Denote z = x + iy
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and a = 2/ 4+ iy’. Suppose for simplicity first that y > 3. Consider the numerator of the second
correlation function,

(e VNV, VY Y iy VY le(4)

Expand the matrix product in the basis (e,). Note that for any given o € {£1}" the matrix elements
(Vs )m and (¢),, are non-zero only if 7 is obtained from o by flipping the spins on the left of 2’
or . The expansion is

(e VNV VIV g VY e )
=COIlSt.><ZV(+)U(N—1)V( N=1) g(N- 2V n- 2) g(N-3) """
Vo) 200 () r) o0 Vo) gty=-1) -

Vo 00 (wr)T(y)oy)V(Y)gy—U
Vo@ 52 V@) o0 Voo

o ) (+)
where the sum is over indices o, 6@ ... o@D ¢ {+1}! and the flipped spin configurations are
) a§y) for j >« () O'J(»y) for j >
T.- = _T. =
J —aj(-y) for j < z. J —O'](»y) for j < o’

For the matrix elements of V' use the formula
0 0

* P 1Py 1 _ . 5 £ 0 _10,,1
Vpa’zez kel* Pk ?k+?><€ﬁ jel TPy 2 kel* T- 1%+ 1

iz

! 1
— const. x a2 T FIP 170 g (#lilo#a ) o2 FFI e g Py d

where o = e~ 28, In most rows, we can combine the factors from the matrix elements of two (Vh)%
to just one factor. The sum essentially amounts to summing over spin configurations in the entire
box, except from the peculiarity that in rows y and 3 we have two configurations related to each
other by flipping the spins on the left of  or z’. Thus the terms in the sum correspond to contours
v € C}(2) UCL(z) by the rule that a dual edge is in 7 if it separates two spins of opposite value: in
rows y and 3’ the two flipped configurations amount for half-edges arriving to the points z = = + iy
and a = 2’ + iy’. The half edge in row y has two possible directions. The half-edge is either from

x + iy to the face = + i(y + %) above (resp. the face z +i(y — %) below) if a(y) = a(y) and
2

T(y)1 # T(y)1 (resp. O‘ 1 =+ O‘ 1 and T(y) (y) 1) and in this case we set n = +1 (resp. n = —1)

rt3 T—3 -2 oty -3

Similarly we set 1’ = —1—1 or y = —1 if the half edge in row g/ is from 2’ + iy’ to the face above

or below, respectively, i.e. if o(y) = O'(y ) U4 or a(y ) 1 F O'(y ) er respectively. The matrix elements
2 2

of all V together produce a factor () times a constdnt. The matrix element of 1, produces the
complex factor i(—1)#OM I\ where #(y N I;%) is the number of edges of the contour v on row

im/4

y on the right of z and A\ = €™/4. Similarly the matrix element of 1, produces the complex factor

(_1)#(vﬂly A= We now write the result of the expansion in terms of sum over contours,

(e VN ¥ VIV 4 VY e(4))
= const. X i Z aL(V)(—l)#(ml;xH#(mI;X )\’
v€CE (2)UC4 (2)
Combinatorial considerations of the topological possibilities for the curve in 7y from a to z show that

(—1)#(mlyx)+#(mlv Ian=n = —ie"2W0ra=2) where W(y : @ — 2) is the winding of the path as
in the definition of the parafermionic observable (note a difference to the case y < y’: we would
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have (_1)#(’yﬁly JHHONLE) \n— — je=3 W(r:a—2) instead). Thus we write our final expression for
the numerator of the second correlation function,
(e VN, VY b VY e )
= const. X Z alMe=3 W(ra=2),
V€CE (2)UC4 (2)

The denominator is (e(4)|V™|e)) = const. x Z with the same multiplicative constant (here Z is
as in Section 4.3.1), so we get the expression

(Y(2)(a)) = fI(2) +i f2(2).

In the case y < v/, before we do the expansion of the matrix product, we must anticommute 1)(2)
to the right of ¢(a), which gives an overall sign difference. This is nevertheless cancelled in the
end result by another opposite sign resulting from the combinatorial considerations of topological
possibilities for the curve ~.

For the first correlation function, a similar consideration gives when y > 1/,

(e VN VY 4 VY Je(y)

= const. x (—1) Z aL(w)(_l)#(mﬁxH#(mI;x ) \n+n”

€€k (2)UCa (2)
In this case we have (—1)%""W THIOLT At = ple= s W(ao2) eading to

(W()p(a)) = = f1(z) +1 f3(2).
0

4.4. Pfaffian formulas for multi-point fermion correlation functions. The multi-point cor-
relation functions of the fermions can be written in terms of two-point correlation functions. Recall
the abbreviated notation of Section 4 for fermion correlation functions — in particular each ¥ in
the statement below can be either 1 or 1.

Theorem 23. We have

(89 - .q/)(")(zn)>:—x.} =Pt (KW (zi)w‘j)<2j)>l+xJ] n 4_1> :

Proof. We use the polarization of Lemma 15, which works for all 5 > 0 except possibly isolated
values, and since both sides of the asserted equation are analytic as functions of 3, the statement
will be proven for all 5. By the aforementioned lemma, the state vyac = €(4) is a vacuum of the

Fock space St = A\ Wﬁr);N, and the mapping

1
S
eV Ve

e(T—F)VNu = <U:ac7 u>

U —r
defines the dual vacuum v},. € /\Wng);N . The denominator in the definition of correlation
functions in Section 4 is the same as the denominator in the above formula for the dual vacuum,
(e [VNlewy)) = eE'—+)VNe(+). The correlation fun_ctions thus read <w(1)(zl) . --w(”)(zn)>;rXJ
(Ve ¥ (21) -+ ™ (2,)0yac). Finally note that (@ (z;) € W for all i = 1,2,...,n, so the state-
ment follows from the fermionic Wick’s formula, Lemma 12, applied to the polarization W =
Wéﬂ;t &) Wg)ﬁ of Lemma 15. O
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4.5. Multipoint Ising parafermionic observables. Let us now define multipoint parafermionic
observables introduced in [HonlOa|. Let € be a square grid domain, with dual Q* consisting of
the faces. Denote the set of edges of 2 by £ and the set of dual edges by £*. Let z1,..., 29, be
(midpoints of) edges, and for each z;, let o; be a choice of orientation of the corresponding dual
edge e (i.e. oj € {£1} if €] is horizontal and o; € {£i} if €] is vertical), and let ¢; € C be choices
of square roots of the orientations, 5? = 0j.

We define the multipoint observable f€(z1,..., z2m,) by

fE (21, BRI} ZQm) = Z OéL(W) Sign (")/) H gie_iw(ﬂ'] )7

Eea
YECE, 7 izsy L 2, 5j

where

o C5, ., istheset of v C £* consisting of the (dual) half edges < zj, zj + 4 > and of (dual)
edges of £* such that each vertex p € Q* belongs to an even number of edges/half edges of
~: in other words a configuration ~ contains loops and m paths 7y, ..., T, linking pairwise
the z;’s. By L(y) we mean the number of edges of £ in v plus m, with the additional m
accounting for the 2m half edges.

e The product is over the m paths 71, ..., my, where each 7; is oriented from 2y to zd4; where
sj < dj (i.e. we orient the paths from smaller to greater indices).

o sign (7) = (—1)7°®"8 where #crossings is the number of crossings of the pair partition
Hsjsdj} 17 €{1,...,m}} of {1,...,2m} induced by the paths 71,..., 7y, (7; from zy to
z4 ), i.e. the number of 4-tuples s; < d; < s1, < dj.

e It can be checked [Hon10a] that if there are ambiguities in the choices of paths 71, ..., m,, the
weight of a configuration v is independent of the way that they are resolved, provided that
wherever there is an ambiguity each path turns left or right (going straight is forbidden).

The observables f€(z1,...,22m) can be used to compute the scaling limit of the energy density
correlations, as well as boundary spin correlations with free boundary conditions (see [HonlOal).
The key property that allows one to study the observable at criticality is its s-holomorphicity:

Proposition 24 ([Honl0a]). Let o1,...,02m—1 € C be orientations of edges e,...,e5,,_; and let

€1,...,89m—1 € C be such that €3 = oy,...,€3,, 1 = oam-1. Leét 21,..., 29,1 be the midpoints
of e],... €5, ;. For any midpoint of edge 22, let o2, and os,, be its two possible orientations,
let 2, and &y, be such that €3, = 09y, and &3, := —o9,,, and let € := (e1,...,9,) and & =
(61, ey 82m—1, §2m).

Then we have that g (22im) := 22~ f* (21, . ., 22m)+ 52 f* (21, .. ., 22m) is independent of the choice
of eom,E2m and at criticality zs,, — g (22,) is ssholomorphic on Q \ {z1,..., 22;n,—1}, With || ’T(;W%

boundary conditions.

As for the fermion operator two point correlation functions and two point parafermionic observ-
ables, it is true that the fermion operator multipoint correlation functions are expressible as linear
combinations of the multipoint parafermionic observables and vice versa.

Theorem 25. Define ¢'(2) = 1 (1(2) — ¥(2)) and ¥*(2) = £(1(2) + 1(2)). Then we have

<¢$zm (22m) - - - ¥ (Z1)>+ = f(z1,...,29m),

IxJ
where the arrows J;€ {1, ]} and the square roots of directions ¢; = ,/0; are chosen as follows

g =A if 3=1
Ej = A3 if ij:\L .
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Proof. Suppose for simplicity that z; = x; +iy; with y; <y2 < --- < y2p,. Form a low temperature
expansion of the fermion operator correlation function as in the proof of Theorem 22. Consider
any fixed j = 1,2,...,2m. Adding up the low temperature expansions of the two terms in the
definition of % (zj) we get that the total weight for the configurations where the half edge from z;
to z; —|—%77ji is used (n; € {£1}) is used is in the two cases ;=1 and J ;=] respectively proportional to
(AT —iAm) = A716, 4 and SN A7) = A30,, 1, where the Kronecker deltas in particular
ensure that only the contributions of the contours C5, . = survive, as in the definition of the
corresponding parafermionic multipoint observable. In the low temperature expansion, contours -y
always come have a factor aZ(?) in their weight due to the product of matrix elements of V! and
V¥, and for any surviving contour v € C;, . the remaining phase factor coming from the matrix

33 R2
Edp

elements of <1/J% ) equals sgn(pairing(v)) x [[;L; > O
Sp

As a direct consequence of Theorems 23 and 25, we get a Pfaffian formula for the multi-point
parafermionic observables.

Corollary 26. Let e],...,e5, bedual edges with orientations o4, ...,02, and let ¢, ..., 2, be such
that e = o1, ...,e3, = 02,. Then we have that

e (Zl, R Zgn) = Pfaff <f(€l #k) (Zj, Zk) 1j7$k> \<ik<om

This formula was proved in [Honl0a] in the critical case 5 = . for domains of arbitrary shape, by
verifying that the s-holomorphic function in Proposition 24 satisfies a discrete Riemann boundary
value problem with singularities, which uniquely characterizes the parafermionic observable. The
special case which gives the Ising model boundary spin correlation functions with free boundary
conditions was proven by direct combinatorial methods in [GBK78, KLM12| for very general classes
of planar graphs. Our approach works at any 3, but for the Ising model on square lattice only, and
for domains of general shape some minor technical modifications are needed in the proof: the domain
should be thought of as a subgraph of a large rectangle I x J, and for every row the transfer matrix
should be replaced by a composition of V' and a projection which enforces plus boundary conditions
outside the domain. Nevertheless, we believe that our approach in conceptually the clearest, as the
Pfaffian appears simply because of the fermionic Wick’s formula (Lemma 12). This illustrates an
advantage of the operator formalism, some algebraic structures underlying the Ising model are more
evident and can be better exploited.

4.6. Correlation functions of the fermion and spin operators. It is also possible to consider
correlation functions of fermion operators and spin operators simultaneously. It turns out that as
functions of the fermion operator positions, these become branches of multivalued observables. For

example, when a € I is on the bottom side of the rectangle and wy,...,w, € I x J,
H<¢(2)1/7(a)ff(w1)"-6(wn)>;;J e VNY(2)P(a)o(wi) - 6 (wn)le))
(0 (wi) -6 (wn))1xy (e(|VNG(wi) - 6(wn)ley))

becomes a (massive) s-holomorphic function in the complement of the branch cuts starting from
each w; € I x J to the right boundary of the rectangle. The function can be extended to the branch
cut in two ways, one of which satisfies (massive) s-holomorphicity conditions on the faces below
the cut and another which satisfies them on the faces above the cut — the two definitions differ
by a sign, indicating a square root type monodromy of the function at the locations w; of the spin
insertions. A low temperature expansion like in the proofs of Theorems 22 and 25 shows that this
function is a branch of the parafermionic spinor observable of [Chlz11, CHI12|, where the observable
is properly defined on a double covering of the punctured lattice domain in order to obtain a well
defined s-holomorphic function.
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5. OPERATORS ON CAUCHY DATA SPACES

As explained above, the Ising transfer matrix can be constructed directly in terms of the s-
holomorphic propagator (Sections 1.3.1 and 3.3). We now discuss s-holomorphic approaches to the
data carried by the transfer matrix quantum states. In Sections 4.3 and 4.5, we learned the following:

e The correlation functions of the fermion operators can be expressed as linear combinations
of parafermionic observables.
e The parafermionic observables can be characterized in s-holomorphic terms: they are the
unique s-holomorphic functions with Riemann boundary values and prescribed singularities.
In this section, we present an s-holomorphic construction inspired by transfer matrix states. A
quantum state Q € S living on a row I contains all the information about the geometry of the
domain and the operator insertions below Ij. Likewise, we construct discrete Riemann Poincaré-
Steklov (RPS) operators living on a row (more generally, any crosscut of the domain), which act
on Cauchy data spaces. These RPS operators together with the vectors on which they act contain
all the information about the geometry of the domain and operator insertions. These operators can
be written as convolution operators with parafermionic observables, which are fermion correlations
and hence can be directly represented from the quantum states. They also can be propagated using
explicit convolution operators.

A great advantage of the discrete RPS operators is that they have nice scaling limits, as singular

integral operators, and that they work in arbitrary planar geometries.

5.1. Discrete RPS operators. In this Section, we define the Riemann Poincaré-Steklov operators.
Let © be a square grid domain, let b C 9€ be a collection of boundary edges and R?z and be the

1
space of functions f : b — C such that f || 7ec? on b. Let Z8 be the space of functions f : b — C

such that f || 7w’ on b.
First, we state a key lemma, which guarantees the uniqueness of solutions to Riemann boundary
value problems.

Lemma 27. Let © be a square grid domain with edges £. If h : £ — C is an s-holomorphic function

1
with h || 7ew? On OE, then h = 0.

Proof. The proof of this lemma is given in [Hon10a, Corollary 29| (where the notion of s-holomorphicity
comes with a phase change of elm/4 compared to the present paper). The idea is to show that for any
s-holomorphic function g : £ — C with boundary values u + v, where u € R% and v € Ig, we have
that > v (2) 12 < Y e lu (2)? (the proof of this inequality relies on the definition of a discrete
analogue of M ¢?). In our case u = 0, and hence v = 0 as well. (]

Lemma 28. For any u € Rg, there exists a unique v € zg such that « + v has an s-holomorphic
1
extension h : £ — C satisfying h || 7ew* on 92\ b.

Proof. For any v € Z8, there exists at most one u € RY such that u 4+ v has an s-holomorphic
1
extension h to Q — C with || 7ew? on 0E \ b: if we suppose there are two extensions, their difference
1
will satisfy the boundary condition || 7cw? on O and hence be 0 by Lemma 27. By a dimensionality
argument, there exists exactly one such u and the mapping v — w is an invertible linear map.  [J

Definition 29. We define the RPS operator Ug : Rg — I&bz as the mapping u — v defined by
Lemma 30 (which is an isomorphism by the proof).

Lemma 30. With the notation of Lemma 28, we have that

(5.1) v(z) = Z u(y) fa (y,x) Va € dE

yeb\{z}
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and the s-holomorphic extension h is given by

(5.2) h(z) =) u(y) foly,z) Vrek.

yeb

Remark. The convolution formula, Equation (5.2), is the key to pass to the scaling limit: the kernel
fa converges to a kernel of a continuous singular integral operator (see [HoKy1l, Section 13]).

_1
Proof. Let us first notice that (5.2) implies (5.1): if 2 € 0&, we have u(x) fq (z,2) € Teed and
1

u (y) fo (y,2) € Te? (y) for y € OE \ {z}, and hence the projection of (5.2) on Z is indeed (5.1).

To prove (5.2), notice that the right-hand side is an s-holomorphic function, with the right bound-
ary conditions (i.e. the same as h in Lemma 28). The difference of both sides must then be 0, by
Lemma 27. O

In rectangular boxes, the RPS operator can be written simply in terms of the s-holomorphic
propagation

Lemma 31. Let Q be a rectangular box I x {0,...,N}, let b = I x {0} be the bottom side and

let P : (]RQ)I — (RQ)I be the s-holomorphic propagation as defined in Section 2.4. For N > 0,
decompose the s-holomorphic propagation PY into four |T*| x |I*| blocks

pN — <P§]€€V§R PE%E%)

N PN.

SR 1ss

ocorresponding to the decomposition (]RQ)P =~ RT" @ iR!" into real and imaginary parts. Then have
vy~ —(PY) R

Proof. Let u € R (i.e. purely real in this case) and v € Z8§ be defined by v = USu. By definition

of Usb27 we have that
PR PRy (w) _ (w
(P S Pas) \v) \0

for some purely real function w : I x {n} — R. Hence, we get that Pévmu + PYsv = 0. Since we know
that for any u € Rg, there exists a unique v satisfying this equation (as Ug is an isomorphism), we
get that v = — (Pég)fl PR . O

5.2. RPS pairings. In this subsection, we explain how to pair together s-holomorphic data coming
from two adjacent domains with disjoint interiors, using RPS operators and Ising parafermionic
observables. A related discussion about discrete kernel gluings (in a different framework, without
boundaries) can be found in [Dubllal. In our framework, the gluing operation arises as an analogue
of pairing of transfer matrix states.

Let us define the setup of this subsection. Let €21, {25 be two adjacent square grid domains with
disjoint interiors, with edges &1, &, let © := Q1 U Qg and assume that b := 9&1 N 9, is connected.
Let U; := Ugb21 and Us := ng be the RPS operators defined in the previous subsection and set

R; = jo and I]b = Igj for j = 1,2. We have R1 =7 and Ry = Z;.
Lemma 32. We have that (Id — U1Us) : Ra — R2 and (Id — UyUy) : Ry — R are isomorphisms.

Proof. The injectivity (and hence the bijectivity) of these operators follows from the fact that if a
function u € Ry is a fixed point of Uy Us, then u+ Usu admits an s-holomorphic extension to €2 with
1

boundary condition || 7ew? on 9€, and is hence 0 by Lemma 27. U

A useful corollary of the previous lemma is the following fixed point result:
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Corollary 33. Let h; € Z; and hy € Zs. Then there exists a unique function f : &€ — C such
that for j = 1,2, the function f — h; has an s-holomorphic extension to £; with boundary conditions
1

Tews ON OE;. We have that f = u; + us, where u; and wuy are given by
J

wy = (Id—UsUy) "t (Ushy + ha),
Uy = (Id — U1U2)71 (U1h2 + hl) .
Proof. Suppose first that there exists an f such that the functions f — h; have s-holomorphic exten-
_1
sions to £; with boundary conditions || 7ew’ on ;. Set f; := f — h; and write f; = u; + v;, where
uj € R;j and vj € Z;. We have that f = u; + uz and
up = v+ hg =Usug + ho = Uz (v1 + h1) + he = UsUrug + Ushy + ho
uy = v1+h=U1u+h =U; (UQ + hQ) + h1 = U1 Usug + Urhe + hy,
which gives that (Id — UsUy) uy = Ushy + hg and (Id — U1Usz) ug = Urhg 4+ hy. By Lemma 32, we

obtain the asserted formulas for u; and us, proving the uniqueness of f. For any (h1,ha) we have
seen that there is at most one and hence exactly one solution (uj,us) of the equations

U1 —id (75} - —hl
—id Uy U o —hy |’
showing the existence of f with the desired properties. (]

As illustrated in the next subsection, Corollary 33 has the following consequence: the value (on
b) of an s-holomorphic observable h : Q@ — C with Riemann boundary conditions and prescribed
singularities in ©1, Q9 can be recovered from (hy,U;) and (hg, Uz). In other words, these pairs carry
all the relevant information about €21, €9 that is needed to compute s-holomorphic correlations.
More precisely, and as will be illustrated in the next subsection: U;, Uz encode the geometry of the
domain and hi, hy encode the sing1ularities (in practice, they are the restriction to b of functions

with singularities in Q1, Qs and 7.w? boundary conditions on 9&7, 0E3).
Once the values of an s-holomorphic observable h on b are known, one can compute the values of
h — hi on & and the values of h — hy on &, using the convolution formula (5.2) in Lemma 30.

5.3. Fermion correlation and fixed point problems Cauchy data. The fermion correla-
tor/parafermionic observable fits naturally in the framework of the previous subsection. A first
consequence is the following.

Proposition 34. With the notation of Section 5.2, set Q := (Id — U;Us)"*. For any z € 9, \ b,
we have

fa@,)| = 1d+02) Qo ()]
Proof. Set f := fq(x,-) K f1:= fo, (z,°) ’b' Write f = uy 4 up where u; € R;. Applying Corollary

_1
33 to f, hy := f1 and he = 0, we get ug = Qf1. Since fq (x,-) is s-holomorphic with 7cw? on 0& \ b,
we have that f = ug + Usus. [

Extending fq (z,-) to & gives in particular the following nice formula:

Theorem 35. For any z € 9&; \ b and y € &, we have

(53 forw9) = fou (o) |, @ o ()

b
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Proof. Set f := fq(z,-) X and write f = uo + v, with us € Ro and vy € Zy. By Lemma 30, we

have that fo (z,y) = Y .cpu2 (2) fo, (2,y). By Proposition 34, uy = Qfao, (z,") ’b and the result
follows. n

The formula is an analogue of a natural pairing in transfer matrix formalism: for example when
Q=1Ix{0,1,...,N}, and z € Iy, 2/ +iN € Iy, the correlation function <1Z ()Y (' + iN)> can
be obtained by propagating the state ¥,i with V* to the k:th row and pairing it (with the inner
product in §) with the state w:f propagated downwards from row N to row k: Equation 5.3 is the
analogue of

i (wIf) VN G
<d)<$) (x +|N)> fTVN§ :

When x and y are both in &1, we can pair the states associated with z and y (this is not possible
with transfer matrix):

Proposition 36. For z € 9&; \ b and y € &, we have
T -1
o (0,y) = for (09) + (fo, (9) | ) =002 s (fo (@) )

Proof. Set f = fq(x,-) . and write f = u1 +v1, with u1 € R1 and v; € Z;. By Lemma 30, we have
that
fa(z,y) — fQ1 r,y) Zul fQ1 (2,9)

z€b

As in the proof of Proposition 34, with Corollary 33 applied to h; = fq, (z,-) A and hy = 0 we get
that u; = (Id — U1U2)_1 Uy <fQ1 (z,-) ’b) and the result follows. O
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