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We introduce a notion of s-holomorphicity suitable for certain quantum spin sys-
tems in one dimension and define two observables in the critical transverse-field
Ising model which have this property. The observables are defined using graphical
representations in the complex plane and are analogous to Smirnov’s Fk—Ising and
spin-Ising observables, respectively. We also briefly discuss scaling limits of these
observables. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4982637]

I. INTRODUCTION

Recent years have seen tremendous progress on the understanding of planar models in statistical
physics, particularly the (classical) Ising model at criticality. A major breakthrough in this area was
the proof of convergence, to conformally covariant scaling limits, of fermionic observables in the
critical Ising model, first on the square lattice by Smirnov,?3?* and later on all isoradial graphs by
Chelkak and Smirnov.'?

The fermionic observables enjoy a crucial property called s-holomorphicity, a strong form of
discrete analyticity. Besides satisfying a discrete version of the Cauchy—Riemann relations, if a
function Fgs is s-holomorphic, then one may define a discrete primitive Hs =Im( [ ° F§) of its
square. Moreover this function Hs is very close to being (discrete) harmonic. When combined
with control of the behaviour of Hs at the boundary of the domain, this allows to deduce con-
vergence of the fermionic observables from convergence of solutions to discrete boundary-value
problems.

The identification of the scaling limits of these and related observables has subsequently led to
some outstanding results on the critical planar Ising model, settling several predictions from conformal
field theory. This includes convergence of the energy-density,'® correlation functions,'! as well as
interfaces to SLE-curves'? and loops to CLE-processes,*!® to mention but a few.

In this note, we start to consider similar questions in the context of one-dimensional quantum
spin-systems, specifically the transverse-field (quantum) Ising model, hereafter abbreviated Triv.?!
This model has Hamiltonian given by

N-1 N
—Hy=J Z 03(63)0';(5331 +h Z 0_)((1)7 acting on ®Q’=1C2, (1
x=1 x=1

where o = ((1) _01 ) and o) = ((1) (1)) are the spin-% Pauli matrices, and J, 4 > 0 give the coupling-
and transverse-field-strengths, respectively. (For 4 = 0, this is just the classical Ising model.) We
will be working with the ground-state (zero temperature), where the model is known to undergo
a phase-transition as the ratio 4/J is varied, at the critical point 4#/J = 1.>> The phase-transition is
continuous.®

Itis well-known that the TFM in d dimensions possesses a graphical, probabilistic representation in
Z9%R, and itbehaves in many ways like a classical Ising model ind + 1 dimensions, see, e.g., the results
in Refs. 6 and 7. One may thus ask whether the results mentioned above, on conformal invariance in
the two-dimensional classical Ising model at criticality, have analogs in the one-dimensional quantum
model.

VE-mail: jakob.bjornberg @ gmail.com.

0022-2488/2017/58(5)/053302/24/$30.00 58, 053302-1 Published by AIP Publishing.

@ CrossMark
eclinkte


http://dx.doi.org/10.1063/1.4982637
http://dx.doi.org/10.1063/1.4982637
mailto:jakob.bjornberg@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4982637&domain=pdf&date_stamp=2017-05-05

053302-2 Jakob E. Bjérnberg J. Math. Phys. 58, 053302 (2017)

This note is a first step in this direction. We introduce a notion of s-holomorphicity for functions
on Z + iR € C; we show that functions that satisfy this enjoy (analogs of) the key properties that
hold in the classical case; and we define two observables in the critical TFim which we show to be
s-holomorphic.

The two observables are defined using two different graphical representations, and in analogy
with their classical counterparts, we call them the Fk- and spin-observable, respectively. The graphical
representations that we consider may be obtained as limits of classical counterparts on Z + i(¢Z) as
& — 0. The latter graphs are all isoradial, and some of the key quantities we work with can be
interpreted as limits of the corresponding quantities for isoradial graphs.!> We give examples of this
in Section IV B. However, for all our definitions and results, we work directly in the “continuous”
setting Z + iR and the rescaled version 6Z + iR. Our results for the Trim hold for the choice of
parameters h=J = %.

We do not go into the details for scaling limits (as  — 0) of our observables here, but we
expect this to be very similar to the classical case. As we discuss in Section VI, we expect analogous
reasoning and estimates to show that our observables converge to the same scaling-limits as their
classical counterparts. We also expect that these and related observables can be used to determine the
scaling limits of physically interesting quantities. In the classical case, variants of the spin-observable
have been used to obtain scaling limits of correlation functions,!!-'® and we expect that similar results
can be obtained for the TFIM.

A. Outline and main contributions

After reviewing the graphical representations of the TFim in Section II, we give our definition of s-
holomorphicity in Section III and prove some key properties of s-holomorphic functions in Proposition
3.2. We introduce and study our two fermionic observables in Sections IV and V, respectively. The
main results are that these observables satisfy our definition of s-holomorphicity, stated precisely in
Theorems 4.2 and 5.2.

B. Bibliographical remark

Shortly after this paper was made public, Li*’ announced a complete proof of convergence of the

FKk-observable considered here, as well as the Fk-interface to SLE¢/3, in the scaling limit. Li indepen-
dently arrived at equivalent definitions of the Fk-observable and s-holomorphicity as presented here
and supplied the details necessary to prove convergence. He does not consider the spin-observable.
Most likely his results are useful for proving convergence of that observable as well.

Il. GRAPHICAL REPRESENTATIONS OF THE TFIM

We briefly review three graphical representations of the Trim. They may be obtained using a
Lie—Trotter expansion, see, e.g., Refs. 2,5,8, and 17 for details. We also present a version of the
Kramers—Wannier duality; as for the classical case, this allows us to easily identify the critical
parameters of the model (but for rigorous proofs see Refs. 22 and 8).

We write the partition function Zy g = Zy g(h,J) = tr(e PMV), where Hy is the Hamiltonian (1),
and B > 0 is the inverse-temperature. For illustration we will also consider the two-point correlation

3) (3 3) _(3) -
(0')(5 )0'§ = tr(o-fc )0'; e BHN)/ZN,B.

)
>N,ﬁ
Thermodynamic limits are obtained for N — oo, and the ground-state is obtained by also letting
B — oo.

The TFiM on {1,..., N} maps onto stochastic models in the rectangular domain Q=[1,N] +
i[0, B] € C. We write

Q*={1,...,N}+i[0,B8], Q=(/2+{l,...,N—1})+i[0, B8]

We will let £°* and £° denote independent Poisson processes on Q° and Q°, respectively. Their
respective rates will be denoted r* and r° and will be the functions of 4 and J. We write E,« ,[-] for
the law (expectation operator) governing them, and & = £° U £°. Elements of £* will be represented
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FIG. 1. Left: Nlustration of the rFk-representation. Cuts (X) disconnect, bridges (horizontal line segments) connect, and top
and bottom of the intervals are identified. The number k(&) of components is 5. Right: The same Fk-sample & (solid) with its
dual &’ (dashed).

graphically by X and called “cuts”; an element (x + 1/2) + it of £° will be represented as a horizontal
line-segment between x + it and (x + 1) + it and called a “bridge.” The interpretation of these objects
will differ slightly for the three different representations, as we now describe. See Figures 1 and 2,
for example.

A. FK-representation

For this representation, we set »* =h and r° =2J. We interpret the cuts x + it € £* as severing
a line-segment x + i[0, 8], and the bridges £° as connecting neighbouring line segments. Thus the
configuration £ is a partly continuous percolation-configuration. The maximal connected subsets
of Q° are called components, and their number is denoted k°(£). The components may be defined
with respect to various boundary conditions, but for now we only consider the “vertically periodic”
boundary condition, meaning that the points at the top and bottom of Q° are identified (i.e., we treat
[0, B] as a circle). See Figure 1.

The Fk-representation expresses

Enas [Ix o y128]
Eh,ZJ [zk'(f>]

where {x & y} denotes the event that x,y € {1, ..., N} belong to the same connected component.
With an Fk-configuration &, we can associate a dual configuration ¢, whose connected compo-
nents are subsets of Q° rather than Q°. For simplicity, we describe this in the case when £° has no
cuts on the left- or rightmost intervals 1 + [0, 8] and N + i[0, 8]. We obtain ¢’ by drawing a bridge
from (x—1/2) + it to (x + 1/2) + it for each cut x + it € £°, and placing a cut X at (x + 1/2) + it whenever
£° has a bridge there. See Figure 1. Objects, such as cuts, bridges, and components, pertaining to &’
will be referred to as dual and those of & as primal when a distinction needs to be made. The number
of dual components will be denoted k°(¢). It turns out that £’ also has the law of a Fk-configuration,

Zyp =V VE, 259, (o Pof 2
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FIG. 2. Left: Sample of the random-parity representation with source set A = {a, b}. Intervals where ¢ = 1 are drawn bold,
with red for the unique path between a and b and blue for the loops. Right: Duality between the space—time spin and random-
parity representations. Values + and — indicate the value of o-(z) on the corresponding interval in Q°, and these values flip at
cuts X. Blue vertical intervals mark where ¢/(z) = 1.
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with adjusted parameters. We will return to this construction when we define the rFk-observable in
Section IV.

B. Random-parity representation

For this representation, we set r* =0 and r° =J, thus there are only bridges. We use auxiliary
configurations i € {0, 1}" together with a fixed, finite subset A C Q* of sources. The configuration
¥ is extended to a function ¥4 : Q°* — {0, 1}, in such a way that it depends on £° and A, using the
following rules. The function 4 (x +if) is equal to (x) for ¢ from O to the first time of either a bridge
(x £1/2) + it € £° or a source x + it € A. At such a point, it switches to 1 — ¢ (x). Then it stays at that
value until it encounters another bridge-endpoint or source, where it switches back to y(x), and so
on. See Figure 2 for an example.

The subset of QQ* where 4 takes value 1 is denoted I(¥4) = 1//;1(1) and will for definiteness be
taken to be closed. We denote its total length |/(¥4)|. We will only be considering the cases when
either A =@ or A consists of two points; in the former case /(14) may be viewed as a collection of
loops and in the latter case loops plus a unique path connecting the two points of A.

We impose the periodicity constraint that ¥ (x + i8) =y (x) for all xe{1,...,N}; if x €A, then
the correct interpretation is ¥/ (x + i) = 1 — /(x) due to the switching-rule. Hence we discount some
configurations ¢, specifically those where some line x + i[0, 8] meets an odd number of switching-
points. As we will see presently, this discounting can be done formally by redefining |1(4)| = oo
when the constraint is violated.

The random-parity representation expresses

Zyp=PMNHINDE [N exp(=2hlI o)D),
wel0,1)V

_ Bou[Syeion exp(-2hl0 iy ©)
Y Boy| Syeoap exp-2hl@0D]

(3) 3)
x Yy

This representation is a quantum version of Aizenman’s random-current representation.! There is a
notion of planar duality also for this representation, mapping onto the space—time spin representation,
which we describe now.

C. Space-time spin representation

This representation plays a less prominent role in this note and is mainly interesting since it is
dual to the random-parity representation. We now set r* = i and r° = 0, thus there are only cuts. We let
% (&) denote the set of functions o : Q®* — {—1, +1} which are constant between points of £°, change
values at the points of £°, and satisfy the periodicity constraint o-(x) = o (x+if) forallx e {1,...,N}.
See Figure 2. (For definiteness, we may take o-~! (+1) to be closed; also note that for some &, we have
(¢ =2.)

For readability, we also write o, (¢) for o (x + if). The space—time spin representation expresses

N-1 g
Zyvp=MVE[ Y exp (V)] /0 T (1) dr) ],
z=1

oEx($)
‘ 4)
o o B T c@omexp (12 [P ooz () di) |

x Oy Ing= -
g Eo| Zorexey exp ( 225 5 oeOoan (1) di)|

D. Kramers—Wannier duality

We now describe a duality between the random-parity and spin-representations. We will asso-
ciate (in a reversible way) a spin-configuration o : Q*®* — {—1,+1} with a “dual” random-parity-
configuration =4 : Q° — {0, 1}. Note that the domain of ¢ is Q° rather than Q°. We impose
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the “wired” boundary condition
o(l+ity=c(N+it)=0(x) =cx+iB)=+1,
forallr€[0,Bl,xe{l,...,N}.
As we will see, this will automatically lead to the boundary condition,
Yx+12)=y((x+1/2)+iB)=0, forall xe{l,...,N}.

Subject to the boundary conditions, the sums over o in (4) and ¢ in (3) contribute with at most one
nonzero term each, hence they will not be written out.

We construct ¢ from o as follows, see Figure 2. If two neighbouring points x + it and (x + 1)
+ it have the same spin-value, o-(x + it) = o((x + 1) + it), then we set ¢ ((x + 1/2) + it) = 0; otherwise if
o(x +it)#o((x + 1) +it), then we set Yy ((x + 1/2) + it) = 1. If x + it € £° is a point of spin-flip for o,
we draw a bridge between (x — 1/2) + it and (x + 1/2) + it. Thus the bridges form a Poisson process of
rate h.

Writing ZX, 8 (h, J) for the partition function (4) associated with the spin-configurations, we have
that

N-1 8
25 5 J) =PV o [ exp (JZ /0 TH(D)o 1 (1) ) |
x=1

N-1
=N o[ exp (4 ; /0 ﬁ[l = 2 ((x + 12) + in)] dr ) |

= PINBIN-DR, ([ exp(=271(0)))].

Comparing with (3), we see that the last factor
Enol exp(=2J1[)])] = e /N"DFIN2ZE | (b,

where Z?\,_] ’b,(J ,h) is the partition function associated with the ¢’s with the prescribed boundary
condition. Note that the order of the parameters £, J is swapped.
We conclude that
Z3 g D)= P2y LR,

Assuming (as can be justified) the existence of the limit as well as its independence of the boundary
condition, we deduce that the free energy f(h,J) =limy g ﬁ log Zy g(h, J) satisfies f(h, J) = f(J,
h). This symmetry is consistent with a phase-transition at 4 = J. In the rest of this note, we consider
only the critical case, h = J.

I1l. S-HOLOMORPHIC FUNCTIONS
A. Discrete domains

As indicated above, we will be considering functions on (bounded subsets of) 6Z + iR C C. We
use the notation

Cy=6Z+iR, C5=Ch+9¢p and C4=(CjuUCs)+3

We will sometimes refer to points of C§ as primal or black, points of Cy as dual or white, and points
of C5 as medial. See Figure 3 for illustrations of the definitions that follow.

Let 95 : [0, 1] — C be a simple closed rectangular path, consisting of vertical and horizontal line
segments, whose vertical segments are restricted to C3. Let Qs denote the bounded component of
C\ 5[0, 1]. Such a domain Qs will be referred to as a primal (discrete) domain. We also write, for
x € {e, 0},

Q;=0;NCj, 9Q;=Q;NdQs, QY™ =05\ Q. (5)
Note that Q7 consists of a collection of vertical line segments and dQ; of vertical line segments
together with a finite number of points (forming the horizontal part of the boundary). We similarly
define a dual (discrete) domain Qs by shifting the above definition by /2 (thus swapping C} and
C3).
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FIG. 3. Left: A primal domain Q. The boundary is drawn with solid black lines, while QF consists of the solid black and
gray vertical lines and QF of the dashed gray vertical lines. Right: A Dobrushin domain Qs with 85 drawn solid and 9%
dashed.

,,,,,

We will also consider Dobrushin domains. For this we let as, bs € Cfs be two distinct medial
points, and let Js : [0, 1] — C be a simple closed positively oriented rectangular path, satisfying

05(0)=0s(1)=as, 05(1/2)=bs.
We define 6(;,6; :[0,1] = C by
05()=05(t/2), 05(1)=0s(1-1/2), te]0,1].

Thus §7 goes from as to bs in the counter-clockwise direction, and 83 goes from as to bs in the
clockwise direction. We require that as is placed so that the first point of C§ U C5 visited by 95 (as
it travels clockwise from as to bs) belongs to C3; this will be convenient later. Finally we assume
that the vertical segments of 95 and J; belong to C§ and C3, respectively. Again we write Qs for the
bounded component of C \ d5[0, 1], and we refer to the triple (Qs, as, bs) as a discrete Dobrushin
domain. We define Q3, 0Q3, Q3™ as well as Q3, 9Q5, Q3™ as in (5).

For a primal, dual, or Dobrushin domain Qs, and * € {e, o}, we define the vertical and horizontal
parts of the boundary 9€ by

0"Q5 ={z€0Q):2+£¢ Qs or 7 — & ¢ Qs for small enough & >0},
8"(2:‘5 ={z€0Q5:z+ic¢ Qs or z — ie ¢ Qs for small enough & > 0}.

We also let 0¥Qs =0YQ5 U §YQ} and MQys =6hQ; U 6h§22. In other words, 0¥Qs consists of
the vertical segments of dQs, and 3"Qs of the endpoints of segments in Q5. We finally make the
assumption on Qg that if z € 8YQ; then at least one of z + /2 belongs to the interior Q5™ U Q3™

In what follows, we will consider triples (Qs,as,bs) which are either discrete Dobrushin
domains, alternatively discrete primal or dual domains with two marked points as, bs € 9Qs. One
may think of these as approximating a simply connected domain Q € C with two marked points a, b
on its boundary.

B. S-holomorphic functions

Let Qs be a discrete domain, as above, and F : Qs — C a function. We will be using the notation
F(z+ig) - F(z)

F():=lim ———— "~ witheeR,
e—0 &

for the derivative of F in the “vertical” direction, when it exists. We similarly write F'(z) for the second
derivative.
For a complex number £, with [{| =1, and z € C, we write

Proj[z; {1=Proj[z; {R] = 1(z +2¢%) (6)

for the projection of z onto (the straight line through 0) £. The cases when ¢ = ¢*/ will be particularly
important in what follows, and we will write £(7) = e"/*R and £(]) = ¢™/*R. (This choice of notation
will be motivated below, in the context of the Fk-observable.) We define

F1(2) =Proj[F(2); €M),  F4(2) =Proj[F (2); €(L)]. )
Note that F(z) = F1(z) + F(z) since £(1) L £(]) (Figure 4).
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i

(1)

FIG. 4. Left: The lines £(T) and €(]). Right: Tlustration of conditions (9) and (10) in Definition 3.1. For a pair of adjacent
black and white points, separated by an arrow in direction « € {T, | }, the projections of F onto () are the same.

Definition 3.1 (s-holomorphicity). A function F:Q% U Q% — C is s-holomorphic at a point
z€ Q3™ U QL™ if the following hold:

L(F(z+6/2) = F(z - 9/2)) +iF(2)=0 (8)
and
F'@)=F'(z-9p), F'2)=F'z+3%>), ifzeQy™, ©9)
respectively,
Fl@=F'z+52), F'2)=F'-9p), ifzeQy™ (10)

If F is s-holomorphic at every point z € Q;’im u Q;’im, then we simply say that F is s-holomorphic in
Qs.

The choice of the term s-holomorphic is mainly motivated by Proposition 3.2, which is completely
analogous to the classical case (e.g., Proposition 3.6 of Ref. 12).
Note that (8) is equivalent to the two equations,

Fl(z) = L(FYz +9)2) - FY(z - 5/2)), and

_ ' 11
Fw) = L(F (2 +2) - F(z - 9)2)). v

In establishing s-holomorphicity, we will check (11) as well as (9) and (10).

As for the classical case, the main benefit of s-holomorphic functions F is that they have well-
behaved discrete analogs of Im(f F2). In the next result, we write A for the appropriate Laplacian
operator given by

[Asf1(2) =F (@) + 32 (f(z + 8) + f(z = 6) = 2/ (2)). 12)
We say that a function 4 is As-harmonic (respectively, As-sub- or As-super-harmonic) at a point

7€ C5 U Cs if [Ash](z) = 0 (respectively, [Ash](z) 2 0 or [Ash](z) < 0).

Proposition 3.2. Let F be s-holomorphic in Qs. Then there is a function H : Q5 UQS — R, unique
up to an additive constant, satisfying the following. First, for z such that [z,7z + /2] C Qs,

+HFY ), if z€Q3,
H(z+9/2) - H(z) = { —||FT((Z))||2, oo (13)
and second, for any z € Q% U Q3
H(2)=3F'(0F Y (2). (14)
Moreover, we have for all u € Q:S’im and w € Qg’im that
[AsHIw) =1F)*  and  [AsH)(w) = ~|F(w)l. (15)

e.int

Hence H is As-sub-harmonic in Qg™ and Ags-super-harmonic in Qg’lm.
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Remark 3.3. The function H(z) is a discrete analog of %Im( [% F?). Indeed, since 2F(z)F(z)
=Re[F(2)?], we see that if u,u’ € Q3 with u = x + iy and u’ =x + iy’ for some x € 6Z and y,y’ €R
such that [u,u’] C Q%, then

S yl
H@W') - Hu) = /y H(x +it)dt = é / Re[F(x + if)*] dt
y y

Y u’
=é / Im[iF (x + if)*] dt = $Im] / F(2) dz].

y
Similarly, if v=u+ 6€Qf and w=u + é/2=v — /2 are midway between u and v, then, using
F1(2)? + FY(2)? =i Im[F(2)*], we have
Hw)-Hu)=H(w +9%/2) - Hw)+ Hw) - Hw — 9/2)
= |Ft ) = IFT ) = j(FT(w)* + F(w)?)
=Im[F(w)?].

Proof of Proposition 3.2. Uniqueness up to an additive constant follows since if we fix H(u«) for
some point u, then for v # u, we may obtain the value H(v) by integrating using (13) and (14). To
see that H is well-defined, consider a situation such as in Figure 5. It suffices to show that the total
increment of H around the blue (left) contour and around the green (right) contour are both equal to
0. We prove this for the green (right) contour, the other one being similar.

Let us write, fora,b,c,t;,t, €Randj =1, 2, u; = a + itj, wj = b + it;, and v; = ¢ + it;. We have

[H(vz)—H(v1)]+[H(w1)—H(wz)]=/ (H(c +it) = H(b + ir))dr

1

(5]
=%/ FYb+it)(F(c +it) — F1 (b +ir))dt

n

1
=1 / 2FY b + i) FY b + it)dt

= § (Fr)? = Fw)?) = [F{w2)? = [FHw)l®
=[H(v2) — H(w2)] = [H(v1) = H(wy)].
That is, the increments around the green contour satisfy
[H(v2) — H(uD)] + [H(w2) — H(v2)] + [H(w) — Hw2)] + [H(v1) — H(w1)] =0,

as required.
We turn now to the statement (15). We give the details for u € QF, the case w € QF being similar.
Since H(u) = 2F(u)F (), we have

H@w) =2 (FTwFYw) + FTwF ' (w)).

w2 (%)

Uy

|
?
|
|
|
|
|
|
|
owq U1
|
|

a b c

FIG. 5. Contours in the proof of Proposition 3.2.
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Using s-holomorphicity, we deduce that
Hu) =225 (IF4u+8f2) = FX(u = 8/2)1F ()
+IF @+ 8f2) = FT(u = 9/2)1F ()
= L (2F u = 5p)F u + 6/2) — 2F (u - 9)2)?
+2F u +6/2)% = 2F (u — 6/2)F(u + 6/2)) )

Next,
H(u~ 6) — H(u) = |F'(u - 9/2)|* = |F*(u - 5/2)|?

=i(F"(u - 8/2)*> + F*(u — 9/2)%) and
H(u+6)— Hu) = |FY(u+2))> = |[F'(u+ 9/2))?
= —i(FYu +9/2)* + F(u + 6/2)?).
It follows that
SPHW) + [Hw - 6) — Hw)] + [Hu + ) — Hw)]
= i([F"(u = /) = Fl(u+ /)] = [FX(u — 8/2) = Flu+5/2)]°).
Writing F1(u — 6/2) = ae™™/*, FT(u + 6/2) = be™"™/*, FY(u — 6/2) = ce’™/*, and F(u + 6/2) = de'™'*, for
a, b, c,d e R, the right-hand-side equals
i(a - b —ilc —d?) =(a—b)* +(c - d)*.

]2

But we also have that
|F(u—6/2) = F(u+5/2)|?
=|(FT(u = 9/2) = FT(u+/2)) + (F(u = 6/2) = F'(u + 8/2))|*
=(a—b)> +(c —d)?, since £(T) LL(]).
Thus, using also (8),
O°[AsH(w) = |F(u = 5/2) = F(u+ 5/2)|> = 6°|F(u)|*,

as claimed. O

IV. THE FK-OBSERVABLE
A. Definition

Let (Qs,as,bs) be a Dobrushin domain (see Section III A for notation). We will consider rk-
configurations ¢ in Qs and their duals &’. These are defined as in Section II A with some adaptations
of the boundary condition. We take & = £° U £° with £* € Q3™ and £° € Q3™ finite subsets. Note
that we do not allow &° to have any points on the black part 45 of the boundary nor do we allow
£° to have any points on the white part d5. Instead of applying periodic boundary conditions, we let
horizontal segments in d§ and d; count as primal and dual bridges, respectively. Thus, in essence,
we have separately wired together the black and white parts 45 and 3 of the boundary. See Figure 6.

An Fk-configuration & together with its dual ¢’ define an interface y from as to bs, separating the
(primal) component of 93 from the (dual) component of 4, and y always has black on the left and
white on the right as it travels from as to bs. We take 7y to travel in the directions T, | on the medial
lattice Cg between bridges, and in the directions «, — at bridges (if y passes the same bridge twice,
we slightly separate the points where it passes). We shift bs left or right by 6/4 so that the interface y
ends pointing in the direction — into bs. See Figure 6 again.

Apart from the interface y, we also draw a loop around each (primal and dual) component which
is disjoint from the boundary. We let L(¢) denote the number of such loops.

Let Es(+) denote the probability measure under which £* and £° are independent Poisson pro-
cesses on Q3" and Q™ respectively, both with the same rate #ﬁ' By (2), the density of a random

FK-configuration & with respect to Es(-) is proportional to

2k.(§)h|§.|(2J)|§°|(5\/§)|§.|+‘50|. 16)
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FIG. 6. Dobrushin domain (Qs, as,bs) with an Fk-configuration & and its dual &’, as well as the interface y (left) and the
L(&) =5 loops (right). We have omitted the X-marks for cuts.

Using the Euler-relation, one may see that k*(£) — |£°| =k°(£) — |£°] + cst for some constant not
depending on &. Also, L(£) =k*(£) + k°(£) — 2. We choose the parameters

_7_ 1
h=J =5

It then follows that the density (16) is proportional to simply (V2) &), We write Es =B (q; 4, »5) for
the critical Fk-law in (Qg, as, bs) given by
4B 2)L(&)
o ()= D ere 2, =Bo (V2 (a7)
dEs Zs
Now let z € Q('S U Qg be arbitrary. For @ € {1, |, <, —}, define the event

[T = {&:y(¢) passes by z in direction a}.

For a € {1, |}, we count both the case when y passes on the left side of z (i.e., goes through z — 6/4)
and when it passes on the right side (i.e., goes through z + ¢/4). Similarly, for @ € {«<-, —}, we count
both the cases when y passes “just below” z and “just above” z.

Assuming that 'Y happens, let W}/ (z) denote the winding-angle (in radians) of y from z to the
exit bs; if y passes z twice, in opposite directions, we count here the winding angle from when it
passes in direction @. Note that WJ'(z) is deterministic up to a multiple of 27.

We define the four (random) functions ¢1(¢;2), p4(&;2), ¢ (£;2), and ¢~ (£;2) by

(&) = Tre (€) exp( W2 (2)). (18)

Note that the supports of ¢~ (&; z) and of ¢~ (&; z) are discrete sets contained in £ U9"Qs, whereas the
supports of ¢T(&;z) and ¢! (¢; ) are disjoint from &. Also note that if u € Qf is black and w =u + ¢/2
is the white neighbour of u on the right, then (,DT(.f; u)= goT(f; w), whereas if w’ =u — /2 is the
white neighbour of u on the left, then ¢'(&; u) = p'(&; w’). (Here we assume that u + /2 € Q3 in the
appropriate cases.)

Definition 4.1. Write
Dl (2)=Esle (2], Oh2)=Eslp'(& 2. (19)
We define the vk—Ising observable Fs(z) = F §K(z) by
F5(2)=0)(2) + DL(2), z€QfUQs. (20)

We remark that the notation used here is consistent with our previous notation (7) for the
projections FT, F! of a function F onto £(1) = e™/*R and £(|) = ¢*/*R, in the sense that

Fl(2)=®l(z) and F1(2) = 0} (2).



053302-11 Jakob E. Bjérnberg J. Math. Phys. 58, 053302 (2017)

Indeed, if we identify arrows @ € {T, |, <, —} with complex numbers by the rules

then we have that
WD) = —arg(a) + 2mn(€)

for some random n(¢) € Z. Thus ¢*(¢;z) is a real multiple of \/5, i.e., it belongs to £(a). Note that
the line VaR does not depend on the choice of square root.

B. Comparison with isoradial graphs

For readers familiar with the work of Chelkak and Smirnov!? on the classical Ising model on
isoradial graphs, the following brief discussion may be useful. Let 0 < £ << ¢ and consider a thombic
tiling of C where all the rhombi have two vertices in each of C:s and Cg, and acute angle 2¢g, as in
Figure 7. This corresponds to an isoradial embedding of Z? with common radius 7 js(s) and vertices
restricted to Cj.

Let E(g,g(-) denote the law of the critical (classical) Fk—Ising model in some Dobrushin-domain
in this graph, as given, for example, in Eq. (2.1) of Ref. 12. Thus each rhombus either contains a
vertical or a horizontal edge between two of its vertices. It is well-known that the laws E; . converge
weakly to s as & — 0. (To make this convergence precise, one can identify a configuration with the
collection of thombus centres z for which the rhombus contains a horizontal edge, and view this as
a point process in C§ U C3. The weak convergence is then in the standard sense for simple point
processes, see, e.g., Ref. 14, Chapter 11.1.)

In this setting, the interface vy, is taken to cross the rhombus-sides perpendicularly, i.e., roughly
speaking in the directions 7, N\, \, and /. If we specify a rhombus as well as one of these four
directions of travel, this corresponds to a unique edge of the rhombus, hence the edge-observables
[Ref. 12, Eq. (2.2)] of Chelkak and Smirnov can be indexed as ' ({ @, F (;g (2), . . . forrhombus centres
z. Using notation similar to (18), we have (up to a real factor)

F§ () =Bs o[Mre expGGWe (@)], @€ {7\ No /)

We may further take 7y, to pass “closest” to rhombus centres z in the directions T, |, <, or —.
This allows us to define more observables,

DF () =Bse[Mre exp(A Wy @)], @ €{T,l, <, -}

Clearly each (1)3"8 (z) € {(@) as is the case for the O (z) (provided we assume that y. exits the domain
in the direction —).

Referring to Figure 7, we see, for example, that if y. enters the rhombus of z in direction
(edge on the lower right of z), then it passes closest to z in either direction T as depicted, or direction
«, but not both (7 if there is a black vertical edge at z, and « if there is a white horizontal edge).
Similar considerations apply at all rhombus centres, and this allows us to derive linear relations for

FIG. 7. Isoradial approximation of the rk-representation of the TFiM.
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the F§ (z) in terms of the ®f _(z). Writing g*=7% — g, we have
i i
—75& 7 E
Fo@\ (€72 0 0 ez o} (2)
L _Lgx N
Fy () et e 0 0 ||o5.@ on
Fon@| | 0 e o3 0 || 5.0
|/ . . —
Fe@) \ g 0 o3 ezen )\ Poe®

The rk—Ising observable [Ref. 12, Eq. (2.4)] of Chelkak and Smirnov is given by
Foe@ =% F3. ()
= cos(s/2)[(Dl(z) + CDi(z)] +cos(e*/2)[D5 (2) + D (2)],
where the second line uses (21). Assuming the existence of the limits
@) =lim & ), ®5()=lim D} (),
as well as C[)g’g(z) =0(¢) for a € {—, >}, we get
lim F5.+(2) = ®5(2) + D5(),
which is how we defined our observable Fs(z).

C. S-holomorphicity
In this section, we show the following result.

Theorem 4.2. Let Fs=F gK be the ¥x-observable in a Dobrushin domain (Qs, as, bs). Then Fs
is s-holomorphic in Q.

It is immediate that F'5 satisfies conditions (9) and (10) in the definition of s-holomorphicity, see
the discussion just above Definition 4.1. We thus need to show that also (11) is satisfied. In the proof,
we drop the subscript ¢ from E and E.

Forze Q3™ U Q3™ we let &, = £A{z} and we define the auxiliary observables

@5 (z) = BI(V2)LE L& (£, )],
D (z) = BI(V2)HE L& o= (&5 ).

If z€9¥Q;s is in the vertical part of the boundary, then we set @5 (z) =@’ (z) =0 (we will not
need to define them for z € 9"Q;). As we remarked above, we have that @3’ (z) €{(—) =R and that
@5 (z) € {(«) = iR. We now claim the following.

(22)

Lemma 4.3. Forall z € Q;’im U Qg’im, we have that

D}(2) = 15 (7O @) + e DT (2)). o)
05(2) = 35 (707 () + T HDF ().

Proof. We prove the statement for @;(z) in the case when z € Q:;’im is white, the other case
z€ QY™ is similar. We refer to Figures 8-10.

Let A denote the event that y passes z only once, in the direction T, as depicted on the left in
Figure 8. Let A’ denote the event that y passes z once in the direction — and once in the direction «,
with — coming first, as depicted on the right in Figure 8. Similarly, let B and B’ denote the events
depicted in Figure 9. Explicitly, B is the event that y passes z both going T and |, with | coming first,
and B’ is the event that y passes z in direction « only. Finally, let C and C’ be as in Figure 10: C is
the event that y passes z in direction 7 and later in direction |, and C” is the event that it passes in
direction — only.
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EeB: {LZ & e B

FIG. 9. In &, the interface y passes z in directions T and | and in &, it passes in direction «.

We note the following facts. First,

£€Aeé cA’, and then L(€) = L(£,) + 1,
£€EBo ¢, eB’, and then L(£)=L(&) - 1,
feCo ¢ eC’, and then L(£)=L(&,) — L.

Second, the event FZT = {y passes z going T} satisfies
I1(6) = 1a(§) + Lp(&) + L (©)
and the events I';” and I',” satisfy

Ir-(&) = Lo (&) + 1p(€;) and
Ir- (&) = Ty (&) + L (&2).

Third, the winding angles are related by

W;(f)(z) =Wy (@) +m/2, for§ €AUB,

¥
W;(f)(z) = Wy_()fz)(z) -n/2, foré€AUC.
|
l
EeC: ¥ & e
|
|

v

FIG. 10. In &, the interface y passes z in directions T and | and in &, it passes in direction —.

(24)
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Using these facts, we obtain
¢1(&:2) = (14(&) + Ip(@) + Te(@) exp (W) (2)
= 3Ly (&) exp (A Wy @)e™*
+ 5 Lu(E)exp (W, (2))e
+ U (&) exp (§Wy ey (@) e

+Ie(E)exp (W (@) e ™,
Thus
(V2)KO01 (¢ 2)

= (VMO Iy (&) { exp (§ Wy (@) e™* +exp (5W, . (@) e ™)
+ (V2 Ol (&) exp (S Wy (20) ™
+ (VMO (&) exp (S Wy e (@) e ™

= (V2 [ (G 0)e™ + o7 (e ™).
Taking the E-expectation,

E[(V2)"©¢(&;2)]
= 55 (BI(VD) o (&: 1™ + BI(V2)H P ()17,

This readily gives the claim (23) for ®7(z). o

We now calculate CD(TS and Cb(ls. We will use the notation £(z, z + ie) for the number of elements
of ¢ in the interval (z, z + i€). For a function f (&, z), we write f (&, t+) =limg o f (¢, t £ ig). Recall that

& =En{z}.
Lemma 4.4. Let w € Qg’im and write u=w — /2 and v = w + 6/2. Then

bjw) = D) = 35 (0 (W) — e DT ()

1 —in/4g— i )4 g — (25)
+W§(e DY (u) — ™70 ()
and
by (w) = 030) = 15 (O (w) - 07 () o6)

1 inn /43— —int /4 g
+ 55 (€07 ) - T ).
Proof. The first equalities in (25) and (26) hold since @} (w)=® () and @} (w)=DL(v). We
prove (25) and the other claim (26) is similar. Let £ > 0 (the case € <0 is similar). We have that

ol jg) — @'
7, 2o+ ""2 ) LB (VB w + ie) — o€ ). 27)

Note that ¢'(&; w +ig) — ¢T(£; w) = 0 unless either &(w, w+ig) > 0 or &(u, u+is) > 0. The probability
that both these happen is O(¢*) and may therefore be ignored. Also recall that o1& w) =" (&; u) for
w and u as specified. Thus the right-hand-side of (27) equals

LE[(VD)E (0" (& w +ie) — o1 (& w) I{é(w, w +ig) > 0)]
+ LE[(VD)EO (01 (& u+ ie) — @1 (& u) L{é(u, u+ ig) > 0}] + o(1).

As & — 0, this converges to

SEELOVDHE (0T (i w) = ¢ (€ w-))]

+ BV e G ud) — TG u)].
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Here we used that the conditional distribution of & given &(w, w + ig) > 0 converges to the law of &,,.
Consider ¢'(&,;w+) — @'(£p;w—). We refer again to Figures 8-10 and the events
A,B,C,A’,B’, C’ depicted there, as well as the relation (24) between winding angles. We have that

foré €A, ¢'(Ewwh) - ¢ (Ewsw=)=0
— ¢<—(§w; w)eiﬂ/4 _ ‘p_)(é‘:w; w)e—in/4’
foré€B, @' (Ewswt) = @' (Ewiw—) = ¢ (w3 w )
= (Ews w)e™*
= ¢ Epsw)e™ — 97 (€ w)e T,
foréeC,  ¢lEwiw) = ¢ Ewiw=-) =~ Ewiw-)
=7 s w)e
— ‘p<—(é_—w; w)ein/4 _ ‘P—)(gw; w)e—in/4.
That is to say, we have the identity
Ol Ewiwd) = ¢ Ewiw=) = " Ewiw)e™ — 97 (Eprw)e ™,
This gives
E[(V2)" &) (o (& wh) — @1 (€ws w)) | = Zs (D (w)e™* — 7 (w)e™/*).
Similar considerations give
E [(V2)M& (o1 (&4 ut) — @1 (6w um)) | = Zs (0 (w)e ™ = D (w)e™*).
Combining these and dividing by Zs give the claim (25). O
Proof of Theorem 4.2. As already noted, properties (9) and (10) are immediate, so we need to

establish (11). We check the case z=w € Q3™ the case z € QF™ being similar. Writing u=w — 5/2
and v = w + 9/2, we need to show that

L (w) = bl ()= L (O5w) - DLw),

AR P, (28)
q)é‘(w) = (1)5(0) = é(q)d(l)) - (D(g(w))
But for any z € Qg’im U Q;’im, we have, by Lemma 4.3, first
eiﬂ/4(D<6—(Z) _ e—iﬂ/4(Dg>(Z) — eiﬂ/ze—iﬂ/4®(<§—(z) _ e—iﬂ/zeiﬂ/4(1)g>(z)
=i (D5 (2) + DT (2))
=iV2- d)fs(z),
and second ) ) ] ) ] )
em’/4q)g>(z) _ e—m/4q)<6—(z) — em/2€—m/4q)g>(z) _ e—zn/Zetn/élq)((s—(Z)
=i (DY (2) + DY (2))
=iV2- 0} (2).
Putting these into Lemma 4.4 gives the result. O

V. THE SPIN-OBSERVABLE
A. Definition

Let Qs be a discrete dual domain (see Section III A). We work with the random-parity repre-
sentation (3) in Q%, and as before we set h=J = %. Recall that the set £ =£° C QF of bridges is a
Poisson process with rate J. Define the “lower boundary” of QF as

07Q% ={z€0Q5 : 7 — ie ¢ QF for all £ > 0 small enough},
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and similarly the “upper boundary” of QF as
7Q5 ={z€0Q5 1z + ie ¢ QF for all € > 0 small enough}.
Thus 07Q5 U 07Q} = BhQ(‘S.
We take two distinct points as, bs on the boundary Qs with as € 9%Qg U 6“93 either a white
point on the “sides” or a black point on the “top or bottom,” and bs € 9~ Q5 on the lower boundary.
In the case when as € 0¥Q3, we let ag“ =as * 9/2€ Q5 be the black point in Qs next to as, so that

(as, ag“) is a directed half-edge pointing horizontally into Qs, as in Figure 11. If as € 6h§2;, we let

int

al™ = a5 but sometimes interpret @'l = as = 0i as a point “just inside” Q5™

For as as above and for a fixed z € Q%, possibly z = bs, we let y = a,//fé 2:Q% — {0, 1} be a function
satisfying the following:
(1) Y@ =y@)=1if z#a}", respectively, = 0 if z =all",
(2) Y(u)=0 for all ueahQ; \ {as,z},
(3) forue Q;’mt we have that ¢ (u+&i) = 1 —(u— &i) for all small enough & > 0 if either u+5/2 € £

(that is, u is an endpoint of a bridge) or u € ({aidnt }a{z}), and
(4) the set I(y) ={u € Q5 :(u) =1} is closed.

Thus ¢ is a random-parity configuration with sources A = {ai(;“}A{z} and boundary condition 0

on (9"52:5. It is easy to see that there is at most one function :,Df , 2 satisfying the above constraints, for
each given £ (and ag, 7). We let A(ag, z) be the event (set of £’s) such that there exists such a . We
also extend the definition of A(as, z) to allow z € Qg by letting

Alas,z) = Alas,z — 6/2) U Alas, z + 9/2) if z€ Q3.

Note that this union is disjoint.
It is worth stating precisely a (necessary and sufficient) condition for & to belong to A(as, 7)
when z € Q;. To state the condition, let

V(u)={u' € Qf: [u,u’] CQ%}, forueQf,
be the maximal vertical line contained in 3 and containing u. Let
Sas)= {0 € V)0 £ 52€£) U (laf')a(z)
be the set of points in V(u) where ¢ is required to change the value. Then, for z € Qf,
e Alas,z) & |S§5,Z(u)| is even for all u € QF.

In words, ¥ must switch (from O to 1 or from 1 to 0) an even number of times on each line V' (u).

,4444

I
I

I

I .

I ag‘t — as
I

I

I

1

- ,,i j .

L _____.

|
|
|
-

FIG. 11. Dual domain Qs with 8Qs drawn dashed and QF drawn solid. Left: A labelling lﬁf& by with points u satisfying
¥(u) = 1 marked fat, with blue for loops and red for the path y. In this case a5 € 0YQg. Right: Same domain with a labelling
‘/’afa . for z € Q%™ In this case a5 € 9* Q5.
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IfueQf {ag“} and ¢ € A(as, u), then = l//af .4 CONtains a unique path y(¢) from as to u which
traverses the half-edge (as, ai(;“) if as € 0VQ)%, intervals along which ¢ = 1, as well as bridges of &. For
w € QF and &€ € A(as, w), we complete y to form a path to w by including the half-edge (w —9/2) — w
(if £ € A(as, w — 6/2)), respectively, w < (w + 6/2) (if £ € A(as, w + 9/2)). See Figure 11. In the cases
when z € {as, ag“} the path vy is degenerate, and we interpret it as a small arrow (or half-edge) pointing

i(;“, alternatively as a small path making an angle 7 turn if z = as.

We define W;("g to be the winding-angle of y(¢) from a; to z (with Was:45" = () and W% = ).

It is important to note that, in the case when z = b is on the boundary, W;‘g’;é does not depend on &

(one cannot wind around the boundary, and as, bs have fixed orientations), i.e., it takes a fixed value
which we denote W@s

Write 1°(z) for the indicator that z € Q3. Define the random variable

from as to ag“ ifz=a

X05(E) = Ly (&) exp(=2hI WG, ID(L) .

Definition 5.1. Write E=Eq 125 for the law of & =&° and let (Qs,as, bs) be as above. Define
the spin-observable

E [exp <—i ”‘5’1) X0k

S 2 (] o
F;p(Z) — : Y(Jf) V(f})) , ze€ Q§ U Qé'
E [exp (_L as, 5) x9s:bs
27y (&)

Note that we have defined this observable using the random-parity representation, whose classical
analogue is the random-current representation of Ref. 1 rather than the high-temperature expansion
used by Chelkak and Smirnov.!? The high-temperature expansion is essentially the random-current
representation “modulo two.”

B. S-holomorphicity

In this section, we show the following result.

Theorem 5.2. Let F ;p be the spin-observable in a primal domain (Qs, as, bs) with two marked
points on the boundary, as above. Then FY’ is s-holomorphic at all z € (Q:s’mt U Qg’mt) \{al, it +5/2).

Regarding the behaviour near ai(;“, we note that half of condition (10) in Definition 3.1 holds at
a™, but condition (11) fails.
Since as and b are fixed, we will use the shorthands,

WHE = WP —Wies, XH(E)=XD(E).

Note that F"(z) is a real multiple of

Fs(z)=E [exp (W°(6)) X*(&)], (29)

so it suffices to show s-holomorphicity of this Fs(z).

It will be useful to note the following interpretation of the quantity WW*(¢). Imagine that we
augment y with a curve ¥ in Qs which starts at z in the same direction that y ends, and which finishes
at bs (pointing down). Let Wﬂ;""s denote its winding angle. Then I'=7y U ¥ is a curve in Q} from as

to bs, thus I has a winding angle W%?s, meaning that W(¢) is the winding-angle from z to bs.
We now turn to the proof of Theorem 5.2. Recall that we define F§ (z) by
F§(z)=ProjlFs(2); ()], a€{l, ], < -}

This means that F§ automatically satisty the relations of the ©f in Lemma 4.3, that is,

Fi) = 5 (7 F5 @+ ™5 (2).
. -, -, (30)
F3) =5 (¢"F5 @) + e ™5 (2)) -
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Ifz=ueQf\ {aglt }, then y reaches u either from below or from above; we write these events pictorially

as ) e ()

Similarly, if z = w € Qf, then y reaches w either from the left or the right, pictorially represented as
{w v } and {’Y w .
Lemma 5.3. If ue Q% \ {aM}, then

F5(u)=E [exp (%W“)X”I[{Tz }] , and

(31)
F3 (1) :E[exp WX T {LZ} }
and if we Qg,
F;(w) =E [exp EW")X"1 {L.%”}] , and
(32)

Flw) =E [exp Gwoxer{4 7} ] .

Proof. We show (31) and the argument for (32) is similar. Certainly the two terms on the right-
hand-sides of (31) sum to Fs(u). Moreover, if y reaches u from below, then W* = 7 + 27in for some
n=n(¢) € Z, and if y reaches u from above, then W" =0 + 2zn for some n =n(¢) € Z. Thus the two
terms belong to £(«) and £(—), respectively, and these two lines being perpendicular, the claim (31)
follows. o

Proposition 5.4. Conditions (9) and (10) in Definition 3.1 hold at all z€(Qy™ U Q™) \
{af,alft £ o2}

Proof. We give details for the case z=w € Qz’im, the case z € Q;.’im being similar. Writing
u=w — 9562, v =w + 9/2, we need to show that (when neither u nor v equals ag“)

Fl(w)=Fl(u) and F}(w) = F}(v).

We give details for the case 7T only, the claim for | again being similar.
Consider the terms in (31). Inside the expectations, we have

in Fy (u), X“(&)=V2X"(£) and W"(€) =W"(£) - %, (33)

since if we add the half-edge from u to w, this puts an additional factor 1/ V2 into X, and vy does an
additional —z/2 turn. Similarly,

in Fy (u), X”(f)z\/EXw(f) and W*(&) =W (&) + 7. (34)

We use the symbolic notation
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for the events that y ends with a right- or left-turn at u into w, respectively. Using (30)—(34), we have

for the case when neither u nor v equals ag“,

i = (7 e w)
- \%E[exp (fov+3) X]I{T: }]
+\%E[€XP(%(WM -3 )XH{LZ}]
=E[6XP (%Ww)xwﬂ{ﬁw }]
exp (%Ww)Xw]I{D”w}]

—E[exp (4W*) xo 1 {5 }]

+E

= F;(w), as required. O

The remaining conditions for s-holomorphicity take more work to verify. Theorem 5.2 follows
once we establish the following.

Proposition 5.5. Condition (11) holds at all z € (Q;’im U Qg’im) \ {ai, ai + 5/2).

Proof. Again we give details only forz=w € Qg’i”t. Writing u = w — 6/2, v =w + 6/2, we need to
show (as long as neither u nor v equals ag“) that

Fw) = §(F5(0) = F5w) and Fy(w) = £ (F(v) = F}w).

We give details only for the case of F g(w). Take € > 0 small (the case € <0 can be treated similarly),
and consider F;(w +ig) — Fg(w). Note from (32) that

Fl(w)= FE[exp (AW") exp ( = 2hl Was)]) Litas. |-
Also note that A(as, u) = A(as, u + ie) as long as [u, u + ie] C QF. We may thus write

Fl(w+ie) - Fl(w)

_1 E[ ( GIPVHE 2R (g asie)] _ il 2V” e—zhuw,aa,m) (35)

2 T aas ,u)] .

We will split the expectation into the two cases: (i) &(w,w + i) =0 and (ii) é(w, w + i) >0, i.e.,
according to whether there is a bridge in the interval (w, w + ig) or not.

The first case, when there is no bridge, is illustrated in Figures 12 and 13. In this case, we have
that Wyo "' = Wy**” and hence W* = W***_ Let

&= |I(¢a5,u)| - |[(¢05,u+ia)|’

and note that —e < & < &. We may thus write the contribution from case (i) to the expectation in (35)
as

‘/LEEI:ei/ZW'l’e—zhll(wad,u)l (ezhé _ l) ][‘A(aé,u) ]I{f(w, w+ 18) — O}] . (36)

Since the factor ¢2"¢ — 1 is of order O(g), we can (up to an error of order oY) ignore events
of probability O(¢). Thus we may assume that there is no bridge in (w — d,w — 9§ + ig) (i.e.,
we have a situation as in Figure 12, not as in Figure 13). Under the latter assumption, we have
that

R {+s, if y comes from above,

8 =

—g, ify comes from below.
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. . . | .
U+ 1ce w + 1€ U+ e ¢—ow + 1€

—_——_ - 00— -

Y Y

u—n?w u {#w

FIG. 12. The curvey finishes with a right turn at u (in z//f~ w» displayed left), respectively, u+ie (in wf

ags,w+ie’

displayed right).
The winding angle is the same in both cases.

u + i€ w + i€ U+ e $——wwW + i€

[

v

|
|
|
w U dw
| |
| |
| |
| |

£

FIG. 13. Here u +i¢ is contained in a loop (in cpfb.’w, displayed left), which becomes part of y (in ll/a(; whis®

displayed right).
The winding angle is still the same in both cases.

Thus, up to an error of order O(&?), the integrand in (36) equals

e (ei/zww o D Wap) { Dow} L IV 2kl Wyl { P } ) .

In the first term we have WY = W" — /2 and in the second term we have W* = W" + /2. Dividing
by & and letting & | 0, it follows that the contribution to ¥ ;(w) from case (i) is

IN2(e™ ™ FS () — €A FS (1))
= —ihV2 (™1 F3 W) + ey ()
= —2ihF }(u) = £ F y(u).

We now turn tocase (ii),'when there is abridge in (w, w+ie). We need to show that the contribution
from this case is éFé(w) = éFé(v). We start by noting that, up to an error of order 0(?), we may in
fact assume that & belongs to the event

Ew,w+ig)=1,
B={&w—-0,w—-0+ic)=0, and (37)
Ew+d,w+6+ig)=0.
The possible scenarios are illustrated in Figures 14—17. We write & for the location of the unique

bridge in (w, w + ie). Recall the notation &5 = £A{d} for the configuration obtained by removing the
bridge at @ from &. We have that

£eAas,u) & €€ Alas, u+ ie) © &g € Alag, v).
Moreover, the quantities
&1 =HWa ) = WL, )l
&2 = W5 = WG,
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w + 1€
j—
gl
u o v u
w
FIG. 14. Case (ii) (a), with y/f, ,, to the left, g5 . in the middle, and y/£2,, to the right.

FIG. 15. Case (ii) (b), with l//fé,w to the left, l//dfa o 10 the middle, and wf(;‘fw to the right.

w+i

satisfy —2¢ < &1, &, <2¢&. The contribution from case (ii) to the expectation in (35) may thus, up to
an error of order O(&2), be written as

E[15(6) Lag0nEa)X " (£0) (72V" ©)2r — /2V" (O 20Es
(as,v)
- w+ie - w (38)
= B[ 15(8) Laag.0)(Ea)X " (€a) (¢ © = PV O] 4+ O(e?),

We used that the event B has probability O(g) and that both €41 = 1 + O(g) and €42 = 1 + O(e).
It remains to understand the factor

L&) Liay 0 (Ea) (€/PV"E) — 2V
We claim that, for £ € B and &; € A(ags, v),
GIIVIEE) _ W& _ g | IV E). (39)

Before showing this, we explain how to finish the proof. From (38), and assuming (39), the contribution
to Fg(w) from case (ii) is
2 - lim LB L&) L. (Ea)X " (Ea)e V" €]
= 2i/E [V X () Liag.0(€)] 0
= sFs(w),

as required. (We used (32) and the fact that the conditional distribution of &5 given B converges to
that of £ as € - 0.)

It remains to show (39). There are 4 sub-cases to consider, depending on whether y traverses @
(in zp;’:,u), in which direction, etc. The first case, which we call case (a), is defined by the condition

FIG. 16. Case (ii) (c), with %{;,w to the left, wfd waie 10 the middle, and 1//5“” to the right.

55w
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FIG. 17. Case (ii) (d), with 5 ,, to the left, g5 . in the middle, and y/£?,, to the right.

lﬁ,’f{s,u(u + 07) =1 and is depicted in Figure 14. In this case y(&) necessarily traverses & from right to
left.
It is not hard to see that we get

case (a): WY(E)=W"(¢&g) —m, WUHEE) =W (&y) + 7.

This establishes (39) for case (a). In the remaining 3 cases, we will have wf 5.u(@ +0i) =0, meaning

that (in lﬁai,u) v can traverse @ from right to left (case (b)), from left to right (case (c)), or not at all
(case (d)). The cases are depicted in Figures 15—17, respectively. We get the following:

case (b): W) =W"(&) —n, W HEE) =W (&) +,
case (c): WY(&)=W"(&p) +3m, W™HE(E) = WY (£p) +,
case (d): WY(E)=W"(&p) —mr,  WWHEE) = W™ (&) - 3.

In all cases, we see that (39) holds, as claimed. ]

VI. DISCUSSION
A. Convergence of the observables

As mentioned in the Introduction, we expect that both the Fk- and spin-observables, suitably
rescaled, converge as 6 — 0. We sketch an outline of a possible argument, following the arguments
for the classical case (see Refs. 12, 15, and 24). As also mentioned, the details in the case of the Fk-
observable were supplied by Li?® shortly after this paper was finished. We take the discrete domains
(Qs,as,bs) to approximate a continuous domain (Q, a, b) (e.g., in the Carathéodory sense, i.e.,
convergence on compact subsets of suitably normalized conformal maps from the upper half-plane
into the domains, see Ref. 15, Definition 3.10).

The two main steps are to show (i) precompactness of sequences of s-holomorphic functions
(F5)s>0 and (ii) convergence of the auxiliary functions (Hs)s-( given in Proposition 3.2.

For (1), note first that preholomorphic functions, and hence in particular s-holomorphic functions,
are As-harmonic. Indeed, if Fs satisfies (8) at z and z + 6/2, then differentiating twice using (8) gives

Fs(z) = L (Fs(z = 6/2) - Fs(z +9)2))
=% (Fs(z = 6) + Fs(z + 6) = 2F 5(2)).

Thus precompactness of s-holomorphic functions would follow from Lipschitzness of As-harmonic
functions combined with a suitable boundedness condition, using the Arzela—Ascoli theorem as in
Ref. 15, Proposition 8.7. Completing this argument would require estimates for the Green’s function
Gs(+) in C%, in particular, a suitable form of the asymptotics of G5(z) as |z| — oo as in Refs. 19, 9,
and 13. See Section III D of Li’s paper” for details in the present context.

For (ii), consider the sub- and superharmonic functions H§ = Hs | o and H; =H | o (see Propo-
sition 3.2). It is not hard to partly determine the behaviour of these functions on the boundary. In the
case of the Fk-observable, we can choose the additive constant so that H; =1 on the black part (9(;
and Hg =0 on the white part d;. In the case of the spin-observable, the constant can be chosen so
that H3(w) =0 for all w € dQ5 \ {as} (note also that v(z)'/*F;7(z) € R for all z € §¥Q} U 8"Q% where
v(z) is the counter-clockwise oriented unit tangent).
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To fully determine the boundary-behaviour, one could try to use a variant of the “boundary
modification trick” of Ref. 12 (this is the approach taken by Li*°). In the case of the Fk-observable,
one could alternatively note that the difference of Hs on the boundary and “just inside” the boundary
is proportional to a percolation-probability which converges to zero away from ag, bs, like in the
original argument for the square-lattice case®* (this uses that the phase-transition is continuous?®).
Having determined the boundary-values of H§ and Hg, one would show that these functions are
close to the harmonic function 4 in Q with the corresponding boundary-values. In the case of the
FK-observable, we have & = 1 on the clockwise arc from a to b and & = 0 on the counter-clockwise
arc, whereas for the spin-observable, we have 2 =0 on 0Q \ {a}.

Since these are also the boundary-conditions for the classical case,
to converge to the same limits under the same rescaling, namely,

12.24 e expect the observables

FEO=N0, FPO =
where ¢ is a conformal map from Q to R + i(0, 1) mapping a to —oo and b to +co, and ¢ is a conformal
map from Q to the upper half-plane mapping a to co and b to 0. As mentioned, the first of these limits
has now been established by Li.>°

B. Parafermionic observables

Recall from (17) that the rFk—Ising model at the critical parameters A =J =1/2¢6 has density

proportional to (\/E)L(f) with respect to a Poisson law, where L(¢) is the number of loops. It is
natural to ask also about measures with density (\/EI)L(‘E) for other ¢ > 0. Such measures arise in
the Aizenman—Nachtergaele representation’ of a class of quantum spin systems which includes the
(spin-%) Heisenberg anti-ferromagnet as the case ¢ = 4. One may define an analog of the Fk—Ising
observable (20) which is also a direct analog of Smirnov’s parafermionic observable for critical
random-cluster models.>* We briefly describe this now.

Let (Qs,as,bs) be a Dobrushin-domain as in Section IV and let o satisfy sin(o %)= %\/ﬁ
Thus o = % for ¢ = 2 (tFim) and o =1 for ¢ = 4 (Heisenberg model). Recall the events
I'?" ={y passes z in direction '} and the winding-angle W}'(z) of the interface to the exit. We now
define

¢%(&:2) = Ire (§) exp(ioc Wy, (2)).

Let fi5 denote the measure with density proportional to (\/ﬁ)u‘f)

rate ﬁ@. Similarly to before we define observables

with respect to the Poisson law with

ol =Bslp" (& 2], OL2) =EBslpb(&: )],

as well as Fs(2) =<I)(Ts(z) + (I)(l;(z). Some properties of these quantities are immediate, e.g., for w

€ Q™™ we still have @] (w)=®](w - 9/2) and ®}(w) = D% (w + 9/2). Also, an adjusted version of

im/4 replaced by ¢*“7/2. It might

Lemma 4.4 holds, with the factors #ﬁ replaced by #q and e
be interesting to investigate these observables further, especially due to the connection with the

Heisenberg antiferromagnet.
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