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CHAPTER 1

Presentation of scientific activity

1.1. Synthesis of work

In this section, I will summarise my scientific work, going backwards in time,
without going into too many details, the following chapters being more comprehen-
sive.

My present interest is in Discrete Differential Geometry, especially applied to
Computer Graphics, but it stems from Discrete Complex Analysis and Integrable
Models, which has been my main subject of study during the past 6 years. The
intention is to translate the best part of the theory of surfaces and complex analysis
to the era of computers and discrete surfaces. This XIXth century theory, paved
the way to the world of engineering marvels of the XXth century. Its discrete
counterpart would be a real benefit for many different subjects of industrial interest.

I have developped the theory of Discrete Complex Analysis and Discrete RIE-
MANN Surfaces as a tool to tackle issues in Exactly Solvable Models in Statistical
Mechanics. The main idea is to try to see, in an exactly solvable model, a Finite
Conformal Field Theory, without having to go to the thermodynamic limit. This
life long project, set by my advisor Daniel BENNEQUIN, was given positive partial
answers in my PhD thesis: criticality in the Ising model can be seen at the finite
level as compatibility with discrete conformality.

1.1.1. Discrete Complex Analysis. This subject is at the heart of my work
and most of my recent papers deal with it [6] [8, 10}, I1]. The initial impulse, based
on previous work by LELONG-FERRAND [62] and DUFFIN [59, [60], was given in
my PhD thesis, summarized in Comm. in Math. Phys. [16], [17].

Analytic functions are everywhere, behind every key of hand-held calculators,
like x +— 22, 1/x, tan, exp, log, and the theory of RIEMANN surfaces that gen-
eralizes them on non flat surfaces has proven to be a highlight of XIXth century
mathematics. Nowadays, Computer Graphics use it to globally parameterize dis-
crete surfaces for a variety of reasons, texture mapping, segmentation, remeshing,
animation...

At the root of RIEMANN surfaces is the concept of complex differentiability and
line integration of complex valued functions. In order to discretize these notions,
one needs a discrete version of exterior differential calculus, HODGE theory and
CAUCHY-RIEMANN equation.

Points in the Cartesian plane (z,y) € R? gain in being seen as complex numbers
x +iy € C with the famous “imaginary” number i such that i> = —1. But the
XVIth century trick, of manipulating the square root of negative numbers, is now
as “real” as the real line of lengths, giving to the complex numbers the structure of
a field, with addition and multiplication, unifying points of the plane and Euclidean
transformations of them: ¢ € C is whether a point, a vector acting by translation

9



10 1. PRESENTATION OF SCIENTIFIC ACTIVITY

when added, or a similitude when multiplied. The similitude z — « z + 3 scales
the whole plane by a factor |a| and turns it by an angle arg(«).

A holomorphic function f is a complex differentiable function, that is a trans-
formation of the plane which is, except at isolated critical points, locally a similitude
and the local similitude factor is called the derivative f' of the function:

f(z+20) = f(20) + f'(20) X 2 + 0(2).

At the zero of the derivative, the function behaves locally like a monomial z —

2%, GOURSAT noticed that simply asking for this local feature of differentiability

Figure 1.1: The pull-back of the picture of a clock paving the complex plane, by a
polynomial (see Sec. . One can see the branchings at the zeros of the derivative
where the zoom factor diverges.

actually implies that the derivative f’ is itself a holomorphic function. Compared
to the vast zoo of differentiable real functions, complex differentiation is very rigid.

A natural discretization of these equations takes place on cellular decomposi-
tions of surfaces by quadrilaterals of a given shape, the two dual diagonals locally
playing the role of coordinates. With g, {1, {2 the vertices, edges and faces of
a quad-decomposition, for each face (z,y,2’,y’) € {2 (see Fig. [L.2)), prescribe a
certain diagonal ratio p on the unoriented edges:

/
p(y.y') Z(a') = Z(x)

for any realization Z of the shape of the associated (oriented) quadrilateral in the
complex plane. This ratio is by construction invariant by similitudes. It is real
when diagonals are orthogonal (see Fig. [1.3)). A function f on the vertices is said
to be discrete holomorphic if, for each such face, the diagonal ratio of the image is
unchanged:

W) = fly) = ip(a,a")(f(2) — f(=)).
This equation is reminiscent of the CAUCHY-RIEMANN equation when the diago-

nals are orthogonal, mimicking local orthogonal coordinates and the compatibility
between the partial derivatives.
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Figure 1.2: A quadrilateral (z,y,2’,y") with a given shape in the complex plane.

T e

p=1+1

Figure 1.3: Different quadrilateral shapes and the associated diagonal ratio.

Although very simple, this definition yields a lot of results similar to the con-
tinuous theories of complex analysis and RIEMANN surfaces.
As in the continuous, there is a (infinitesimal) contour integration formula for

the differentiation, analogous to f'(zp) = lim #'m f(z)dz:
Y20 v

Pleway)=§  fads

(@, y,x"y")
but it is only in the case of flat rhombi decompositions that the derivative itself
can be integrated into a holomorphic function. A contour integral formula with a
CAucHY kernel holds as well for the value of a holomorphic function at an interior
point given by its boundary values. This kernel is associated with the GREEN
potential of the discrete LAPLACE operator, giving a discrete analogous of the
logarithm. Every discrete holomorphic function is harmonic for this Laplacian
and a discrete HODGE decomposition theorem splits forms into exact, co-exact
and harmonic parts, the harmonic themselves in holomorphic and anti-holomorphic
parts. In the flat rhombic case, we recovered in [10], using methods from integrable
models, the result by KENYON [71] that gives an explicit formula for the discrete
GREEN function.

The integration of functions is defined through a discrete wedge product that
couples k and ¢-forms into k + ¢-forms. This is not trivial since functions, 1-forms
and 2-forms don’t live at the same place, respectively on vertices, edges and faces
but averaging values on incident cells yields a consistent discrete exterior calculus
fulfilling the expected LEIBNIZ rule d(a A 3) = da A S+ a AdB. In the flat
rhombic case, this product becomes compatible with holomorphy in the sense that
holomorphic functions can be integrated into holomorphic functions, whereas in
general, even though f is a holomorphic function and dZ a holomorphic 1-form,
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the 1-form fdZ is closed (that’s the discrete CAUCHY’S integral theorem) but not
holomorphic.

Other authors investigated similar theories,especially DYNNIKOV and NoviKoV [61]
on the triangle lattice, and KISELMAN [74] in the framework of monodriffic func-
tions.

1.1.2. Integrable Models. Holomorphy condition can be understood in terms
of dynamical systems; indeed, there exists a GREEN potential for discrete holomor-
phic functions, the discrete GAUSS kernel Z”iZZO, that allows to solve for a solution
in the interior of a domain, given boundary values.

This is the point of view I took during my postdoctoral stay at the Technical
University in Berlin, in the team of Alexander BOBENKO, where many constraints
that define classes of surfaces, such as constant mean curvature surfaces, isothermic
surfaces and so on, are treated in this way [38, 40l [66), 67, 68, [69].

The linear theory of Discrete Complex Analysis appeared to be the ground
level in a hierarchy of discrete integrable models, called the ADLER, BOBENKO and
SURIS hierarchy [20]. The actual first step is the so called Q; 6 = 0 equation of
preservation of cross-ratio and can as well be understood as a model for discrete
complex analysis:

Similarly to the linear case, fixing on each face (x,y,2’,y’) € {2, a complex

1

number q(z,z') = T ORTa] allows to define a function f of the vertices to be quadratic

holomorphic if, on each face, the cross-ratio of the four values is the fixed number:

fly) = fx) ) = F(2))

f@) = ) f(@) = f(y)

Whereas the diagonal ratio of a quadrilateral is invariant under similitudes,

the cross-ratio of its four vertices is invariant under the larger group of MOBIUS

transformations and while a holomorphic function is to the first order a similitude

(away from zeros of its derivative), it is such a MOBIUS transformation up to the
second order:

=q(z,2).

az+b
cz+d
The condition of cross-ratio preservation can actually be unified with the lin-

ear version of diagonal ratio preservation because both can be seen as a discrete
MORERA theorem: a function of the vertices is discrete holomorphic whenever

}{fdzzo
9

on every trivial loop . The difference between the linear and the quadratic version

being the wedge product coupling functions to 1-forms; it is the arithmetic mean

for the linear version, [ fdZ := W | dZ, and the geometric mean for
(z,y) (zy)

the quadratic one, [ fdZ:=./f(z)f(y) [ dZ.
(z,y)

(z,y)
This is seen after a HIROTA change of variables: F' is a map with the same

cross-ratio as a map Z if and only if one can find a function f such that, on each
edge (z,y) € 01,

(1.1) F(y) — F(z) = f(z) x f(y) x (Z(y) — Z(z)).

fz4 20) = +0(22).
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In effect, this transformation is a derivation, dF = f dZ where the derivative (or,
better, its square root, or its real and imaginary parts) f is split onto the two dual
graphs. The cross-ratios of a function F' verifying is clearly the same as Z
since the contributions of f cancel. The constraint on f is that the associated exact
1-form is actually closed: fa(x,y,z/,y/) fdZ =0.

After this change of variables, the linear theory can be shown to be a lineariza-
tion of this quadratic theory around the trivial solution f = 1.

We will see that circle patterns are special cross-ratio preserving maps where,
the values for the derivative on the primal graph, center of circles, stay real, con-
trolling the homothetic factor of the image circle, and the values on the dual graph
stay unitary, controlling the rotational part of the local similitude. A linear dis-
crete holomorphic function, real on the primal graph and pure imaginary on its
dual, can be seen as an infinitesimal direction in the space of circle patterns. A
geometric condition on circle patterns can be translated into a vector field of linear
holomorphic functions pointing a direction of change. Such a vector field can be
numerically integrated into a flow of circle patterns, converging to the desired circle
pattern; I have done so in an applet using the Oorange development environment.

Both theories are, in some special configurations, discrete integrable, in the
sense that some over-determinate problems have a solution, allowing for the con-
struction of families of solutions and deformations of existing solutions:

The discrete conformal structure, that is to say the ratio p or ¢ put on diagonals,
can be defined by quantities that naturally live on the edges of the quadrilaterals, to
be understood as the local directions of the quad-edge for a particular holomorphic
map. We showed in [I0] that the system is integrable when these quantities are
constant along the directions attached to train-tracks [11,[72]: two edges belonging
to the same train-track when they are opposite in a quadrilateral, like the two edges

tagged « in Fig.
. N _ ZW)-Zy) _ oa=p
1p(2,7") = Zan=Z6) = x5

(z)-z@)) (zw-2@) _
(z6)-2w) (2)-20)) — °

[%

q(z,z')

Y

Figure 1.4: In the integrable case, the diagonal-ratio p(x, z’) and cross-ratio ¢(z, ')
depend on the edges of the quadrilateral.

Geometrically, it means that there exists a holomorphic map such that all faces
are sent to parallelograms.
Integrability means that the system is 3D-consistent [20], [10]:

ProrosiTION 1.1.1. Consider a cube (x,y1,y2,Ys,21,Z2,T3,y) with opposite
faces holding the same discrete conformal structure ratios and the system, which
given four values f(x), f(y1), f(y2), f(ys), solves for the four values f(x1), f(z2), f(x3)
and f(y), with f a discrete holomorphic function (in the linear or quadratic frame-
work). The system accepts a non trivial solution for f(y) if and only if the discrete
conformal structure comes from parallelograms.

M
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Figure 1.5 The four wvalues f(x),f(yl),f(y2),f(ys) determine uniquely
f(x1), f(z2), f(zs) when f is discrete holomorphic, but f(y) is over-determined
unless the weights come from parallelograms.

In this integrable case, the machinery of integrable systems gives us powerful
tools, a zero curvature representation, DARBOUX-BACKLUND transformations and
isomonodromic solutions.

Our main results in this respect was to unify the linear and quadratic cases in
the same framework, and to recover KENYON’s result [71] giving the GREEN func-
tion of the discrete Laplacian in the rhombic case as a linear combination of discrete
exponential functions. We understood this GREEN function as an isomonodromic
solution and gave interesting properties of the discrete exponential functions [10].

When the diagonal ratios p are real numbers, or the cross-ratios ¢ are wuni-
tary numbers, it implies that these quadrilaterals are rhombi, where even more
interesting features appear: primitives of holomorphic functions can be defined.

This real integrability condition has been singled out by DUFFIN [60] in the
context of discrete complex analysis, and by BAXTER [30] as Z-invariant ISING
model [24], 25|, 42, [95].

In my thesis, I called this configuration critical for this link with exactly solvable
models and Richard KENYON called it isoradial for its link with circle patterns [71],
55].

Notice that BAZHANOV, MANGAZEEV and SERGEEV make a connection be-
tween the ISING model and circle patterns in [32].

The cross-ratio preserving maps are closely related to the circle patterns idea [36),
98, (73], 43]. In this framework, proposed by THURSTON, a discrete conformal struc-
ture is defined by a pattern of intersecting circles. A holomorphic function is defined
by another circle pattern of the same combinatorics such that a pair of intersecting
circles is mapped to another pair of circles, intersecting at the same angle. A quadri-
lateral is defined for such a pair, defined by the two centers and the two points of
intersection. The cross-ratio of these four points is given by the intersection angle.
Therefore circle patterns is a special case of cross-ratio preserving maps. Circle
packings are a limit case of circle patterns with tangential adjacencies. In circle
pattern theory, the discrete conformal parameters come from kite quadrilaterals,
with orthogonal diagonals. Integrability meaning parallelism of opposite sides is
then associated with rhombic embedding, that is to say isoradial circle patterns.
This way, a dual isoradial circle pattern emerges from the intersection points of the
primal circle pattern, associated with the inverse cross-ratios.

Another way to view the 3D-consistency condition is to split the cube in two
hexagons, the compatibility conditions are the same in both cases, see Fig.
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-y d
’g.' O

=t 8

Figure 1.6: Pairs of patterns of intersecting circles are a discrete conformal map
when the intersection angles are pair-wise preserved.

Figure 1.7: The cross-ratio of the centers and intersection points of two circles is
given by their intersection angle.

Y3

T i)

Yo U1

€3

Figure 1.8: The six values f(z1), f(z2), f(x3), f(y1), f(y=2), f(y3) over-determine
the values f(z) and f(y) for f a discrete holomorphic function. The compatibility
conditions on these six values are the same in both cases if and only if the discrete
conformal structure comes from parallelogram sides «, (3, .

1.1.3. Exactly Solvable Models in Statistical Mechanics. The notion
of integrability has several related meanings depending on the context. In statis-
tical mechanics, its means that a thermodynamic continuous limit can be taken
and it usually comes from a YANG-BAXTER equation. A finer notion is criticality
where this continuous limit is special, exhibiting a phase transition. In exactly
solvable models, interesting critical systems, like the ISING model or its A-D-F -
generalizations [47), [86], have a conformal continuous limit, in particular some 2-
point correlation functions decay not exponentially fast with the distance between
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the two points but as a power law (see LANGLANDS, LEWIS and ST AUBIN [76]).
More generally, an observable depends not on the detail of the surface with marked
points but more specifically on its conformal class. It was a goal of my PhD advisor
Daniel BENNEQUIN to find in the discrete setup of critical models what remained
of BELAVIN, POLYAKOV and ZAMOLODCHIKOV conformal blocks.

I made advances in this program for the ISING model: I proved in my the-
sis [16], 17] that the geometric condition of (real) integrability, already singled out
by BAXTER as Z-invariant ISING model [31], pinpointed the fact that a special
observable in the ISING model, the fermion 1), ,, became a discrete DIRAC spinor,
a discrete holomorphic analog of v/dz. This is why I named this configuration
critical.

In Australia, in collaboration with Paul A. PEARCE, I investigated other statis-
tical models, with the view to try and understand them in the framework of discrete
RIEMANN surfaces [12, [13], 14, 15]. We identified the integrable conformal twisted
boundary conditions, on surfaces with boundary or as seams inserted in a closed
surface along a loop, in several exactly solvable statistical models. We begun with
the parafermions Zj, [15], we investigated the relation between such twisted bound-
ary conditions in conformal field theory [90), [89), [91] [51] and their lattice realization
for A-D-FE models [14], and understood it in the framework of the Thermodynamic
BETHE-ANSATZ [13]. We entangled in the fusion procedure the contribution of dif-
ferent nodes in the OCNEANU graph [85] and clarified a correspondence between
the nodes of the OCENANU graphs and our twisted discrete seams [12], ending up
with a discrete version of the Vertex Operator Algebra governing the fusion rules.

Unfortunately, I didn’t succeed in making the connection between chirality,
present in our twisted conformal boundary conditions, and discrete holomorphic/anti-
holomorphic conformal blocks. What I missed was a clearer notion of discrete fiber
bundle, more elaborate than the simple double-cover of spinors that I constructed
by hand. I saw that the parafermion theory would have worked in a similar way but
didn’t pursue in this direction, having enough on my hands with the development
of the theory of discrete RIEMANN surfaces in the framework of Discrete Differential
Geometry. And what begun as a tool to tackle a problem in statistical mechanics
ended up being my primary object of study.

Other researchers, independently or not, picked up similar ideas and discrete
holomorphic functions theory was applied to statistical mechanics, by COSTA-
SanTos and McCoy [53), [54] for higher genus ISING and dimer models, by RA-
JABPOUR and CARDY [93] for discrete holomorphic parafermions, DE TILIERE and
BouTILLIER [41], 42] for the Z-invariant ISING model and dimers, and SMIRNOV
and CHELKAK [102], [103), [48] for conformal invariance of percolation and more
generally in 2D lattice models, making the link with hard-core probability theory
like loop-erased random walks [77].

1.1.4. Topology. Our interest for a discrete version of conformal blocks takes
its root in topology: The VERLINDE formula governs the compatibility of the di-
mensions of these blocks under fusion rules. This essentially finite information can
be used to build topological invariants like knots invariants. Daniel BENNEQUIN
idea was that a discrete version of conformal blocks for statistical mechanics would
have saved the trouble to go, from an exactly solvable model, to a conformal theory,
back to the discrete data of its fusion rules [33].
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Figure 1.9: A 1-1-correspondence between edge signed planar graphs and regular
projections of links helps to manipulate and beautifully draw knots.

This interest in low dimensional topology came from my Diploma, conducted
by Daniel BENNEQUIN, in Strasbourg, where I showed the equivalence between
SINGER theorem on HEEGAARD diagrams and KIRBY theorem on DEHN surgeries.

This led to a long lasting interest in knot theory and its popularization, with
(non peer reviewed) articles in the press [5, 9], 18|, [19], with conferences addressed
to the general public, specialized courses to draw nice knots and a popular web-
site http://entrelacs.net (see Fig.[L.9).

1.2. PhD supervision

I am co-advising the thesis of Frédéric RIEUX, together with Pr Christophe
Fior10. Frédéric is beginning his second year and I am going to summarize the
goals of his thesis and his first promising results.

The main goal is to be able to recognize as set of points in an R™ as a dis-
cretization of a manifold. Our idea is to define a diffusion process and analyze it,
in order to guess the correct dimension by the diffusion speed, and local geometry.
Once this identification is done, we use the local homogeneous coordinates to dis-
cretize usual differential geometry and perform discrete analysis, derivation with
estimation of tangents, of curvature, and so on.

1.2.1. Diffusion processes. Heat kernel or random walks have been widely
used in image processing, for example lately by SUN, OvsJANIKOV and GUIBAS [105]
and GEBAL, BERENTZEN, AANES and LARSEN [63] in shape analysis. It is indeed
a very precious tool because two manifolds are isometric if and only if their heat
kernels are the same (in the non degenerate case).

The heat kernel k; of a manifold M maps a couple of points (x,y) € M x M to
a positive real number k;(x,y) which describes the transfer of heat from y to x in
time ¢t. Starting from a (real) temperature T on M, the temperature after a time
t at a point x is given by

' f@) = [ ) ki) dy.
The distance can be recovered from the heat kernel:
dys(x,y) = —4lim tlog ky (2, y).

The heat equation drives the diffusion process, the evolution of the temperature
in time is governed by the (spatial) LAPLACE-BELTRAMI operator A,s:


http://entrelacs.net
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oft, x)
L = A t,xz).
ot Mf( 73?)
It implies that if the eigenvalues of the Laplacian are sp(Ap) = {\;}ien,
associated with eigenvector functions ¢;, then the heat kernel is

ky(x,y) = Z e i (x)di(y).

1.2.2. Discrete Laplacian. The first issue to use these ideas in the discrete
setup is to define a good discrete Laplacian, or equivalently, a good diffusion process.
This diffusion process should be reasonably robust to noise, to outliers (points which
are added by mistake) and to missing data.

This situation is understood in the realm of polyhedral surfaces and triangula-
tions, and a time appraised discrete Laplacian, based on sound theoretical grounds
is known for a long time, the so-called cotangent weights Laplacian [92], which is
the same as the one we talked about in the framework of discrete RIEMANN surfaces:

Af@)= Y plx,z)(f(x:) - f(x))

(z,x;)€T
1 S S d(Yix1, Y
where p(z,x;) = B (cotan x;r; 12 + cotan .T,‘.’I,‘,j+1.7,’,;) = W
19

with the triangle angles, the intrinsic metric computed on the flattened triangles
pair and y; the center of the circumcircle to the triangle (x;, x,x;—1), similarly for

Yi+1, as depicted in Fig.

Li+1
i+1
Ti—1

T
(yi+1,Yi)

Figure 1.10: The diagonal ratio ddTm) is the mean of the cotangents of the angles
at Ti—1 and Ti41-

1.2.3. Digital Geometry. But the situation in Digital Geometry is somehow
different, the data that is produced by a 3D-scanner is composed of a set of voxels
(cubes in Z3) that samples the underlying continuous object. How can a good
diffusion process be defined on such a locally rigid geometry?

We first studied a random walk based on the celebrated short-sighted drunk-
ard’s walk, with equiprobability, no memory and no long range decision, the walker
goes from a voxel cube, equiprobably to one of its 2¢ vertices, and then equiprobably
to one of the available voxel of the object adjacent to it.
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Figure 1.12: There are only four local masks appearing on an 8-connected line in
the first octant.

We begun with a discrete curve in Z2. We showed that for this process on
a discrete line [94], the probability to find the walker at a certain point y, at a
(discrete) time ¢, having begun at x is equivalent (for large ¢) to a normal distribu-
tion ﬁe*d(z’y)z/ 20” with the dispersion o(t) increasing over time (proportional

to v/t). It is a direct application of the Central Limit Theorem, our process being
ergodic and similar patterns being repeated with a well defined probability. The
same kind of argument will work in any dimension.

Unfortunately this dispersion depends on the slope of the line because 8-
connected pixels act as bottle-necks compared to 4-connected pixels (see Fig.

1.2.4. Fuzzy set. Conductivity in crystals led me to think about tunnel effect
transition in quantum mechanics, where electrons can leap from a conductor to
another. So we naively tried a fuzzy transition, allowing walkers to wander one step
away from the discrete line, on a thickened line with ghost pixels, in the 4-connected
or 8-connected directions, projecting them back, later on, to the underlying line (see
Fig. . This fuzzy diffusion is slower than the original one.

We have two parameters to play with, the allowed probabilities associated with
4 and 8 new neighbors. We optimized these probabilities in order to have a minimum
deviation among the deviations for different slopes. This minimum is reached when
4 and 8-connected ghost pixels are both half as probable as the genuine pixels.

So beginning from a set of pixels, we add its 4 and 8-connected neighbors, with
decreased probability, setup our random walk, and read from the weights of this
process the adaptive distances between our points and integrate it into a curvilinear
abscissa on our set.
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Figure 1.13: Deviations of a typical mask on two hundred discrete lines of increasing
slopes in the first octant. The minimum is reached for lines of slope 1 with only
8-connected pixels.
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Figure 1.14: Fuzzy segment with ghost 4 and 8 - connected pixels, which are pro-
jected onto the underlying line.
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Figure 1.15: Deviations for different lines using the curvilinear abscissa on the thin
line and on the fuzzy line for optimized parameters.

The optimization procedure is there to insure that this process, when done on
discrete lines, end up with what we should expect, that is to say a normal law with
respect to the Euclidean distance in R2. So if the set is modeled on a curve, with
feature size much lower than the size of discretization, a size of averaging mask
large enough but lower than this feature size should recover the local geometry of
the curve.

In order to denoise a function defined on the set, we simply convolve it with
a certain power of the diffusion process. This power can be adaptive: large in flat



1.2. PHD SUPERVISION 21

areas and small in tormented areas with small local feature size. The diffusion
could be as well tailored in order to be non symmetric near sharp features to be
preserved.

1.2.5. Discrete derivatives. Once this diffusion mask is defined, we use it
to do numerical analysis on digital curves, computing derivative of functions such
as tangency and curvature.

Consider the connected discretized graph of a function as a discrete curve in
Z2. By applying the previous method, we are able to compute derivatives of this
function by applying discrete derivative masks and convolving with our averaging
kernel with a remarkable accuracy, as illustrated in Fig. and

Figure 1.16: Estimation of the discrete adaptive derivative function of x — sin(x)
and the values of the real derivative function x — cos(z), computed according to a
mask of length 15 on a sample of 250 points.

Figure 1.17: Comparison between the estimation of the second order derivate of
x — sin(z) and the real values, computed with a mask of length 20 and a sample
of 400 points.






CHAPTER 2

Discrete Riemann Surfaces

2.1. Conformal maps

Before discretizing conformal maps, it is good to recall what holomorphic and
analytic functions are in a visual way, helping to build intuitions and pictures of
how the discrete version should behave. This section illustrates this point using
a software tool that I have programmed for pedagogical reasons and with which I
have produced an article in the CNRS Images des mathématiques [3].

Everybody is used to visualizing a function from the plane to the real numbers,
like precipitation maps (see Fig. : simply color the target space R with colors
and plot each point (,y) of the domain space R? by the color f(z,y). Exactly

Hauteur totale des précipitations
(millimetres)

n METEO FRANCE
Toujours un temps d'avance

Figure 2.1: Precipitation map in France for July 2009. The color indicates a real
value according to the scale. (© Météo France

the same can be done with complex valued functions: choose a picture to cover the
complex plane seen as the target space, and visualize the function f : C — C by
coloring the point z € C with the color f(z).

23
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Figure 2.2: The similitude z — (1 +4) z pictured as the pull-back of the picture of
a clock paving the complex plane.

The complex differentiability is visualized by the fact that the picture in the
domain space, away from singularities, is to the first order around z, a simple
similitude of parameter 1/f’(z) since locally, the function behave as f(z + zp) =
f(z0) + 2z x f'(20) + 0(]z]). In particular, the zeros of the derivative are very easy
to spot since the similitude ratio tends to infinity. There, the function is no longer

(
conformal, it behaves locally as a monomial, f(z+ zo) — f(20) = £ )(20) 2% +o(2%)
and the angles through 2y are divided by k, replicating the features k: times.

Figure 2.3: The graph of a polynomial and of the monomial z +— z°.

The forward image of a picture by a holomorphic function is much more difficult
to obtain, because such a function is not injective, it has a definite degree k£ and
every non critical value in C is attained exactly k times (see Fig. .

Although I do have a notion for polynomials in the integrable case, I don’t have
a good discrete notion for its zeros. The issue is that a zero of high order is difficult
to place inside a polygon: since z — z* folds k times the plane onto itself, the
polygon must have many vertices so that its polygonal image winds k£ times around
the origin. Since we are mainly concerned with quadrilaterals, it is only possible to
wind once, zero or minus once around a point, allowing for only one degree of zero
and pole, with the extra possibility of degeneracy. Higher degree zeros are seen as
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Figure 2.4: The direct images by the square z — 22 and the cube z — 23 are blurry,
every point is the image of two, resp. three points. They are the pull-back of the
multi-valued functions square and cubic roots.

clusters of simple zeros. Another option would be to supplement the values of a
function at vertices by integer valued tags.

The integrability of the parallelogram case allows for the expansion of discrete
holomorphic functions in series of whether discrete exponentials or discrete poly-
nomials [11].

Together with a student from India, Lalit SIRSIKAR from the Institute of Tech-
nology, Banaras Hindu University, we programmed a java applef] based on my
previous work with the Java Tools for Experimental Mathematics libraryﬂ devel-
oped by the Technical University Berlin team in which I belonged. This applet lets
the user write an expression for a holomorphic function f(z), shows a picture in
the target space, as a single tile in a window, its pull-back deformed picture in the
domain space in another window. In this domain space, two draggable points, a
red and a blue, drive two complex numbers, zg and z;. Their images f(zo), f(21)
by the function f are plotted in the target space, as two points, mapped back to
the fundamental tile. A web-cam version is as well available, where the picture of
the people standing in front of the computer is continuously deformed. I use this
applet during special public events and it is very successful with students.

These two points are linked by a polygonal line corresponding to the sequence
of TAYLOR polynomials of f at zg,

(Z _Z)n n
%f( )(

Sn(z1) = f(20) + (21 — 20) f'(20) + -+ + 20)

expressed as a function of z;. When the TAYLOR series converges, this polygonal
line spirals towards f(z1), when it diverges, the polygonal lines exhibit different
interesting behaviors. A third window shows the pull-back by the last computed
TAYLOR polynomial and the disk of convergence of the series is in general very
apparent visually as a zone resembling the domain space. This can be probed
by moving the blue point in the domain space and witnessing whether the series
seems to numerically converge or not, the last bluish point of the polygonal line
corresponding to the value of the partial sum in Fig. The inversion z — 1/z

“http://www.math.univ-montp2.fr/SPIP/IMG/jar/ComplexImage. jar
fJava Tools for Experimental Mathematics: http://jtem.de


http://www.math.univ-montp2.fr/SPIP/IMG/jar/ComplexImage.jar
http://jtem.de
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800 Espace de départ (bougez le point bleu) | 000 Espace darrivée

\ £

{ ps) f{(/z,,
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Figure 2.5: The graph of the tangent function z — tan(z), on the left, the red point
zo and the blue point z; in the domain space, with the converging polygonal view
of the partial TAYLOR sums, from f(zg) to f(z1), mapped back to the fundamental
tile in the target space.

000 Somme partielle

Figure 2.6: The graph of the 8th TAYLOR polynomial of the tangent function
z — tan(z), expanded at the red point zp. The disk of convergence of the series
is already discernible as the zone where the difference with Fig. is visually not
significant.

preserves globally the unit circle, sending inside out, especially exchanging the
origin and the infinity. It is a MOBIUS transformation, sending circles to circles,
except circles through the origin which are exchanged with lines (such as the red
and green axis lines), see Fig. Higher order poles z + 1/zF are no longer
MOBIUS transformations.

Together with polynomials, they form the field of rational fractions. 1 don’t
have a good notion for localized poles and their discrete counterparts don’t form
a canonical field, neither for the multiplication, nor for the composition, without
making arbitrary choices.
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/

Figure 2.7: The inversion z — 1/z and a higher degree pole z — 1/22.

The exponential function is unwrapping centered circles and their rays to ver-
tical and horizontal lines because z + i6 — 7 exp(if) where r = exp(z) is the
radius of the circle, image of the vertical line at real part . The exponential is
2im-periodic. Its reciprocal, the logarithm, is not even a function because it is
multi-valued. Given a determination, one has to adjust the vertical size of the tiles
to divide 2im so that the discontinuity of the tiling synchronizes with the jumps
in the determination, giving the illusion of a continuous function, which wraps the
horizontal and vertical lines to centered circles and their rays (see Fig. [2.8)), showing
a logarithmic singularity at the origin. Both notions can be discretized, leading to
discrete exponentials and the discrete GREEN function.

Figure 2.8: The exponential and the logarithm.

The resulting image is invariant under some rotations because the target space
is a lattice whose vertical period divides 2¢w. But the horizontal period A of the
lattice translates to the invariance by homothecy. One can take as a basis of the
lattice not (A, 2im) but (A 4 2ikm, 2im), linking rotation and homotecy, obtaining
nice spirals like in Fig.

Beyond zeros of the derivative, poles and logarithmic singularities, an essential
singularity is an accumulation point of zeros or poles, like in Fig.
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Figure 2.10: The essential singularity of the function z — exp(1/z) at the origin,
with accumulations of zeros on the negative real side and accumulation of poles on
the positive real side.

2.2. Real discrete conformal structure

We begin our discussion of Discrete Complex Analysis by the case when quadri-
lateral dual diagonals are orthogonal, what I call a real discrete conformal structure.

2.2.1. Graphs and Discrete Conformal Structure. Let ¢ a cellular de-
composition of an oriented surface by quadrilaterals, that is to say a set (g of
vertices, linked by a set {; of edges, themselve belonging to four-sided faces .
Every edge is attached at most twice to faces. An edge attached only once is a
boundary edge, twice is an interior edge. If the boundary is empty, the surface is
closed.

We suppose that every loop is of even length (it is the case for trivial loops).
Therefore the graph is bipartite and it defines two dual locally planar graphs I"
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and I'*, by their vertices Q¢ = I'p U T, their edges (z,2') € Ty and (y,y') € ',
diagonals of the quadrilaterals (z,y,z’,y") € Q2. In the closed case, this forms faces
Iy ~ TG, I's ~ T'g. The boundary case can be handled similarly.

Figure 2.11: Dual edges (z,2') € 'y and (y, ') € '} are diagonals of a quadrilateral
(I7 y7 I/’ y/) 6 <>2'

We call the data of a graph I', whose unoriented edges are equipped with
a positive real number a discrete conformal structure and for e € T';, we note
p(e) > 0.

We equip the dual graph of positive numbers in the following fashion: In the
quadrilateral (z,y,z’,y') € 02, we give to the dual edge (y,y’) = (x,2’)* € T'} the
positive real constant p(y,y’) = 1/p(z,2’). This number is to be understood later

_ Ly
— A(z,z)”
For commodity, we define A := T'UT™* the double graph. The duality exchanges

I'y and I';_,, therefore is a bijection in A and p is defined on A; such that, for
e € Ay, p(e”) =1/p(e).

on as the ratio of dual diagonals lengths p(z, ")

2.2.2. Complexes. We recall elements of DE RHAM cohomology: We define
the complex of chains as the vector spaces spanned by vertices, edges and faces, for
each of the above graphs C(G,R) = Cy(G,R) @& C1(G,R) & C2(G,R). We identify
change of orientation of cells and negation of coefficient: for e € A; and A € R,
Aé=—Xe € C1(AR) is a 1-chain. The 0-chains Cy(O, R) are related to the other
0-chains Cy(O,R) ~ Cy(A,R). For 0 < k <2, Cx(A,R) =~ Cr(T,R) & Cx (T, R),
with Ci(T', R) ~ Cy_(I'*, R) through POINCARE duality.

These complexes are equipped with a boundary operator 0 : Cx(G) — Ci—1(G),
null on vertices, difference of end-points d;(a,b) = b — a on an edge, and sum of
the oriented edges forming the boundary of a face. It fulfills > = 0. The ker-
nel ker 05 =: Z4(G) of the boundary operator are the closed chains or cycles. Its
image are the exact chains. It provides the dual spaces of forms, called cochains,
Ck(G) := Hom(Cx(G),R) with a coboundary d. : C*(G) — C*TY(G) defined by
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STOKES formula:

[ defi=f e = f@) - f@). [[deai= §a
(z,3") F o F
A cocycle is a closed cochain and we note o € Z¥(G) when dg a = 0.
We will drop the mention of the graph when there is no possible confusion or

when the difference is not essential; we can indeed identify closed forms on different
graphs under certain conditions:

xy

Y1 XTq

Y2

Figure 2.12: Notations.

2.2.3. Averaging forms. A form on { can be averaged into a form on A:
This map A from C*(0) to C*(A) is the identity for functions of vertices and
defined by the following formulae for 1 and 2-forms:

(2.1) / Alag) ::% / +/+/+ / 7

(z,2") (z.9) (v,z')(z,v') (y',2')

(2.2) //A<w<>>:=;f I[ .

k=1
(Tr, Y12, Yk —1)

where notations are made clear in Fig.
The map A is neither injective nor surjective in the non simply-connected case.
Its kernel is Ker (A) = Vect (doe), where € is the biconstant, yielding +1 on T
and —1 on I'*.

PrROPOSITION 2.2.1. Aweraging carries cocycles on { to cocycles on A and its
image are the cocycles of A verifying that their holonomies along cycles of A only
depend on their homology on the combinatorial surface
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2.2.4. Hodge star. The HODGE star, in the continuous theory of surfaces is
defined on 1-forms, in an orthonormal local coordinates (x,y), by *(f dz + gdy) =
—gdx + fdy. In the discrete case the duality transformation plays the role of
rotating the orthogonal (x,y) coordinates and the discrete conformal structure takes
care of the norm, leading to the following definition:

(2.3) / xa = ple) /ea

A 1-form a € CY(A) is of type (1,0) if and only if, for each quadrilateral
(z,y,2',y") € Oa, f(y,y’) a=1ip(zr,z’) f(r,z’) «a, that is to say if xa = —ic. We define
similarly forms of type (0,1) with +¢ and —¢ interchanged. A form is holomorphic,
resp. anti-holomorphic, if it is closed and of type (1,0), resp. of type (0,1). A
function f : Ag — C is holomorphic iff dj f is. This condition can be rewritten

f is holomorphic <= Y(z,y,2’,y) € 02, f(¥')— f(y) =ip(z,2")(f(z') - f(x)).
We note Q(A) the space of holomorphic forms.

2.2.5. Wedge product. We construct a wedge product on ¢ such that d is
a derivation for this product A : C*(0) x CY(O) — CF(O). It is defined by the
following formulae, for f,g € C°(0), a, 8 € C1(0) and w € C?()):

(f - 9)(@) =f(z)-g(z)  forz € O,
f M/(£7y)a for (x’y) € <>17

(z,y) 2
] err= e fo [ s
(z1,22,73,24) fﬁk LT ) Tk Tht1)  (Tht1,%k)(Th,Tr—1)
f(f1)+f(f2)+f(13)+f(r4)
frw: w
4
(z1,T2,23,74) (z1,%2,73,%4)

for (z1,x2,23,74) € Q.

The exterior derivative dy, is a derivation for the wedge product, for functions f, g
and a 1-form a € C1(Q):

do(fg) = fdog+gdsf, do(fa) =dof Na+ fdoa.

We define an heterogeneous wedge product for 1-forms living on diagonals Aj,
as a 2-form living on faces ¢5. The formula is:

s ffoni(faf o [

(z,y,2',y") (z.z")  (y,9') (yy')  (z,2)

Together with the HODGE star, they give rise, in the compact case, to the usual

scalar product on 1-forms:
(2.5) (a, B) := //02 aAxf=(xa, x8) = (3, a) = / /ﬁ

eGA
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The adjoint d* = — * d* of the coboundary d allows to define the discrete
Laplacian A = d* d + d d*, whose kernel are the harmonic forms and functions. It
reads, for a function at a vertex x € Ay with neighbours z’ ~ z:

(Af) (2) = Y pla,a’) (f(z) = f(a')).

HODGE theorem: The two ti-eigenspaces of the star decompose the space of
1-forms, especially the space of harmonic forms, into an orthogonal direct sum.

Types are interchanged by conjugation: o € CLO(A) «—= @ e COV(A)
therefore the scalar product decomposes as

(o, B) = (71,00, T(1,0)8) + (T(0,1)0, T(0,1)/3)

where the projections on (1,0) and (0, 1) spaces are
1 . 1 .
T(1,0) = i(Id + i%), T0,1) = §(Id — i%).

The harmonic forms of type (1,0) are the holomorphic forms, the harmonic
forms of type (0,1) are the anti-holomorphic forms.

2.2.6. Energies. The L? norm of the 1-form df, called the DIRICHLET en-
ergy of the function f, is the average of the usual DIRICHLET energies on each
independant graph

(26)  Ep(f):=|dfI*=(df.df)=5 D pla.a")|f@) - ()

(z,x")EAL

Ep(flr) + Ep(fIr-)
5 :

The conformal energy of a map measures its conformality defect, relating these two
harmonic functions. A conformal map fulfills the CAUCHY-RIEMANN equation

(2.7) « df = —idf.

Therefore a quadratic energy whose null functions are the holomorphic ones is
(2:8) Eo(f) = glldf i« df|*.
It is related to the DIRICHLET energy through the same formula as in the continuous:
Eo(f) =3 (df —ixdf, df —ixdf)
= g lldflI* + 3ll—i df||* + Re(df, —i  df)
=+ o [ a7
2

(2.9) = Ep(f) —2A(f)

where the area of the image of the application f in the complex plane has the same
formula

(2.10) an=3 [ AT
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as in the continuous case. For a face (x,y,2',y") € O, the algebraic area of the
oriented quadrilateral (f(x), f@), fly), f(y’)) is given by

[ @ =it (15) - )T~ )
T = 2iA(f@), £@) S W) FW))-

2.2.7. Quasi-conformal maps. In the continuous case a function, differen-
tiable as a function of local coordinates (z,y), can be written, around a point zg
as

f(z + 20) = f(20) + 2 x (0f)(20) + 2 x (f)(20) + o[2]).

The complex derivation operators can be defined as small contour integrals:

09)z0) = Jim s fd 09)G0) = lim s f 142,

along a sequence of smaller loops v around zj.
This leads to the discrete definition, when a holomorphic reference map Z :
Ag — C is chosen, and simply writing u instead of the complex number Z(u),

2:C%0) — C*(Q)
fo= 0f= [(xayax/ay,) = *m % de]

(z,y,2",y")

) =@ —3)(f¥)— f(y))
)— (@ =) (y’ —y)

— (f(z')*f(r))g

]
o (2" —) (7' —y

f o= of= [(zy2y) — _m % fdZ]
(z,y,2",y")

— (fE)—f@) —y) - —2)(f )= f¥)
(¢'—z)(§' —9)— (@' —2)(y'—v) ’

A conformal map f fulfills 9f = 0 and

of (x,y,2',y') = f(y;)/:g(y) _ f(x;),::];(x)

The jacobian J = |0f|? — |0f|? compares the areas:
A ATf =T // dZ NdZ.

(z,y,2,y") (z,y,2',y")

An holomorphic (resp. anti-holomorphic) 1-form df is, locally on each pair of
dual diagonals, proportional to dZ, resp. dZ, so that the decomposition of the
exterior derivative into holomorphic and anti-holomorphic parts yields df A df =
(|0f> +10f1*) dZ NdZ.

For a discrete function, define the dilatation coefficient

_ A1

D=
TR 17
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D@ -H B

Figure 2.13: Quasi-conformal maps send circles to ellipses, discrete quasi-conformal
maps send polygons to non similar polygons (in the spirit of Fig. p. .

Dy > 1for |f5| <|f.| (quasi-conformal). Written in terms of the complez dilatation:

= d2 U@ @)W —y) = (= () ~ 1)
TR T (@)~ @)@ —9) - @ —o)(fly) - f)

2.2.8. Abelian forms. On a compact surface a basis of the space Q(A) of
discrete holomorphic 1-forms can be computed [I7, [16], in a very similar way as in
the continuous, using solutions of (discrete) DIRICHLET and NEUMANN problems
for harmonic functions taking values or normal derivative values on some boundary.
These problems, in the discrete setup, are finite linear algebra problems with sparse
matrices and can be implemented efficiently [8]. They lead to discrete versions of
1-forms with pairs of simple poles and abelian differentials [99, 17].

Despite the similarity, the dimension of Q!(A) is twice the genus of the surface,
and one can compute a basis, dual to a normalized homology basis (ag, bx)1<r<g of
the underlying genus g surface:

fa}; ¢ =0k,
fai‘* Cl}1 = O :

and likewise for (C};* )i<k<g- The 1-form ¢} is real on I and pure imaginary on I'*.
This doubling is characteristic of the discretization process and leads to two pe-
riod matrices, II', II"" on the primal graph I" and on its dual I'* of the holomorphic

1-forms ¢, == ¢} + CF:
{ng = §b£ CZ7

I}, o= $e Ce.

These period matrices are equal in the genus one critical case but are otherwise
different in general. A challenging issue is that, in that case, a holomorphic 1-form
in Q'(A), which is the bundle of two closed 1-forms on the primal and dual graphs,
can not be unified into a closed 1-form on the quad-graph ¢.

It can be shown and observed numerically [8] (see the following section) that
these two period matrices converge to the genuine period matrix of the under-
lying RIEMANN surface when computed on finer and finer critical discretizations.
Numerically wise, it is therefore meaningful to solve the linear system defined by
the minimum of the quadratic conformal energy for some given monodromy
conditions.

Preferring one of these two period matrices and a base point 0 € T'y, allows to
define an Abel’s map in the Jacobian Jacr := C9/Ar with Ar the period lattice

(C}E)lgkgg such that {
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associated with the period matrix Ilr:

I'y — Jacr
z —  (fy Cki<k<g

2.2.9. Numerics with surfaces tiled by squares. In [I], we performed
numerical computations of period matrices for flat surfaces with conic singularities
and polyhedral surfaces. A number of other methods exist in the literature of
geometry processing for discrete conformal parameterization [104}, [64, 70, 56, [35],
106, 57, [73), [107], large teams are working on the subject, to cite a few researchers,
GU and YAU in Stony-Brook and Harvard, DESBRUN and SCHRODER in CalTech,
COHEN-STEINER and ALLIEZ in INRIA Sophia-Antipolis, SPRINGBORN, PINKALL,
PorTHIER and BOBENKO in Berlin, GOTSMAN and BEN-CHEN at the Technion,
and others. In the realm of the ISING model and the dimer model, discrete perido
matrices using discrete conformal structures have been computed by Mc Coy and
CoSsTA-SANTOS in [53), 54]

But although their results are visually similar to ours, they are usually not based
on a theory of Discrete Complex Analysis as solid and thorough as the present one,
with the notable exception of [104], where the link to our theory is still not com-
pletely clear. While most geometry processing papers are concerned with efficient
algorithms producing beautiful pictures such as [70] and not primarily on the the-
oretical side of the question, it is quite the contrary in this document, and the
following numerics are therefore more a proof of concept and not optimized, the
linear algebra library (JTEM) we used is very basic and we sticked to rough double
precision.

Robert S1LHOL supplied us with sets of surfaces tiled by squares for which
the period matrices are known [101], 46, [100], 45|, [97]. They are translation and
half-translation surfaces, each side is identified with a parallel side. The discrete
conformal parameter is p = 1.

The translation surfaces are particularly adapted because the discrete 1-form
read off the picture is already a discrete holomorphic form. Therefore the com-
putations are accurate even for a small number of squares and finer squares only
blur the result with numerical noise. For half-translation surfaces it is not the case,
a continuous limit has to be taken in order to get a better approximation. We
computed the approximation of the discrete period matrix using a refinement of
the given squares.
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Surface & Period Matrix Numerical Analysis
#vertices | [|[Qp — ]
25 1.13-10
_ m Q; — < 5 —4 ) 106 3.38-10_
| J 3\ -4 5 430 47510
- 1726 1.42-10
6928 1.35-10
#vertices | [|Qp — Qal|
14 3.40-10
92:1<2+\/§i 1—/2i ) 62 9.51-101
3\ 1-V2i 248 254 2.44-10
1022 6.12-10
4096 1.53-10
#vertices | [|[Q2p — Q3|
22 3.40-10
0 _( 2 —1) 94 9.51-10
3=\ -1 2 382 24410
1534 6.12-10
6142 1.53-10

Using 15 digits numbers, the theoretical numerical accuracy is limited to 8
digits because our energy is quadratic and our error measure [|Qp — €| is lin-
ear therefore half of the digits are lost. Using an arbitrary precision toolbox or
CHOLESKY decomposition in order to solve the linear system would allow for bet-
ter results but it is not the point here. We see that the convergence is simply of first
order. It was shown in [16] that the convergence speed is governed by 1/sin 6,,:n
where 6,,,;, is the minimum quad-angle. With squares, this is not an issue.

2.2.10. Polyhedral surfaces. Consider a polyhedral surface in R3. It has a
unique DELAUNAY tesselation, generically a triangulation [39]. That is to say each
face is associated with a circumcircle drawn on the surface and this disk contains
no other vertices than the ones on its boundary. Let’s call I' the graph of this
cellular decomposition, I’y its vertices, I'y its edges and complete it into a cellular
decomposition with T'y the set of triangles. Each edge (x,2') = e € T'y is adjacent
to a pair of triangles, associated with two circumcenters y,3’. The ratio of the
(intrinsic) distances between the circumcenters and the length of the (orthogonal)
edge e defines a discrete conformal structure p(e).

For a first test of the numerics on a an immersed surface in R? our choice is
the famous CMC-torus discovered by WENTE [108] for which an explicit immersion



2.2. REAL DISCRETE CONFORMAL STRUCTURE

37
formula exists in terms of theta functions [37]. The modulus of the rhombic WENTE
torus can be read from the immersion formula:

Tw ~ 0.41300. .. +0.91073 ... i ~ exp(i1.145045 . . . )

Grid : 10 x 10 i 20 w20
NN ' l
AVAVSY = 2%

VA

Grid : 40 x 40

Grid : 80 x 80
Figure 2.14: Regular DELAUNAY triangulations of the WENTE torus

We compute several regular discretization of the WENTE torus (Fig. [2.14) and
generate discrete conformal structure. For a sequence of finer discretizations of a

smooth immersion, we compute the modulus which we denote by 7; and compare
them with 7, from above:
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Grid ITa — 7wl
10x 10 [ 5.69-10~3
20 x 20 | 2.00- 1073
40 x 40 | 5.11- 1077
80 x 80 | 2.41-10~1

Finally we applied our method to compute the period matrix of LAWSON’s
genus 2 minimal surface in S? [65]. Konrad POLTHIER [92] supplied us with several
resolutions. We numerically recognized the period matrix 23 of the third example
from Sec. and verified that the symmetry group of the Lawson genus two
surface yields indeed this period matrix, using [27], leading to an algebraic equation
for the Lawson surface: y? = 2% — 1, with six branch points at the roots of unity.
The correspondence between the points in the square picture of the surface and the
double sheeted cover of the complex plane is done in Fig. [2:15]

2.2.11. Towards a discrete Riemann-Roch Theorem. In the combinato-
rial case, BACHER, DE LA HARPE and NAGNIBEDA [28], then BAKER and NORINE
in [29] setup the scene and proved a combinatorial RIEMANN-ROCH theorem on
graphs. I would like to adapt this very algebraic and combinatorial setup to Dis-
crete Complex Analysis, but I can present here only basic notions and not even a
definite conjecture relating them. The issues are that I don’t know how to localize
a higher degree zero or pole in the discrete case, and that I only know how to define
the discrete exponential of the trivial map, exp(A z) and not the exponential of a
function exp(f(2)).

We define an order 1 pole for a 1-form a € C*() as a quad-face @ € O where
« is of type (1,0) but is not closed. We call the closeness defect its residue at Q:
Resg(a) = 5= fOQ a. Therefore, on a closed discrete manifold ¢, the sum of all
residues of a meromorphic form is null.

We define a logarithmic singularity for a function f € C°(0) as a quad-face
where its exterior derivative df has an order one pole. The function f has locally
the features of a GREEN function, its Laplacian is locally non null but 1.

We call LM(Q) the set of meromorphic forms with poles of order 1 and integer
residues. It is the formal discrete equivalent of forms % with f a meromorphic
function on a RIEMANN surface.

Unfortunately, whereas there exists in the critical case a discrete exponential
exp(aZ) for a € C, there is no discrete equivalent of the exponentiation of an
arbitrary meromorphic function therefore we can not get a discrete meromorphic
function f out of an integer residues 1-form dln f.

Let’s call the free abelian group spanned by quad-faces the divisor of the quad-
graph: Div(Q) = Z Q2. An element is written as a linear combination of quad-faces,
D =3"0co, a@Q, with integer coefficients D(Q) := aq € Z. Its degree is their sum,

deg(D) = >_geq, D(Q). We note Div¥(0) the set of divisors of degree k.

Divisors are partially ordered, D > D' <= VQ € 09, D(Q) > D'(Q). A
divisor E is called an effective divisor if E > 0. We note Div;(0) the set of
effective divisors, Div¥ (¢) the effective divisors of degree k. The Principal divisors
are the divisors which are in the image of the discrete Laplacian and are of degree
Z€ero.

The PICARD group is the quotient of degree zero divisors by principal divisors,

. vl (G
Pic(G) = ];rin((G)).
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y2:x671

o ————

Figure 2.15: The Lawson surface is conformally equivalent to a surface made of

squares.
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One question that needs to be answered first is, are the PICARD group and
the Jacobian, defined by a basis of holomorphic 1-forms, isomorphic? It is related
to associating a canonical divisor to a holomorphic 1-form. The degree of this
canonical divisor should be related to the genus, deg(K) = 2g — 2.

Does this allow to define an equivalence relations among divisors? Can we
compute dimensions of forms associated with certain classes of divisors?

2.3. Non real conformal structure

Triangulations lead to two dual decompositions (I, T'*) which, taken together,
define a quad-graph ¢. It is true for any cellular decomposition.

There are situations when the cellular decomposition that is available is not a
triangulation, when there are some faces which have more than three edges. For
example decompositions of a surface by quadrilaterals are more natural in some
contexts. A problem then arises, to find the right dual cellular decomposition:
there is no canonical circumcenter of four points in 3-space. We will not dwell on
this problem and restrict ourselves to the case of quad-meshes, leaving aside the
problem of constructing this quad-graph ¢ from a general cellular decomposition,
mixing faces of different degrees.

Therefore let’s consider as our basic data an oriented quad-graph ¢ in three-
space, that is to say a combinatorial data of vertices, edges and commonly oriented
faces, Og, 01,02 and an injective map s : Oo — R3. We require, when the surface
is not simply connected, that every closed loop is of even length, so that we can
interpret this graph as coming from a couple of dual graphs A = I' @ I'* whose
edges are the diagonals of the quads.

Then we define non real conformal structure constants, for an edge e € A,
p(e) € C.

Each positively oriented quad (z,y,2’,y’) € O defines two dual edges (x,2’) €
I and (y,y’) € I'*, associated with two vectors s(z’) — s(z),s(y’) — s(y) € R3.
Their cross product defines a common normal (s(z') — s(z)) x (s(y') — s(y)) along
which the four points are projected on the vector space these two vectors span.
This plane is identified with the tangent complex plane up to a direct similarity
and the two vectors correspond to two complex values z,, and z,,. The ratio
p(x,z") := 2« € C defines the complex discrete conformal structure. The normal

120

can be given by other means as well [79].

2.3.1. Complex Hodge star.

DEFINITION 2.3.1. The HODGE star x : C1(A) — CY(A) is defined, on the
dual edges (y,y') = (x,2")* € A1, given the (complex) discrete conformal structure
p(z,z") =re?, by

f(w,a:’) *a _ 1 —sin@ _% f(a:,a:’) a
f(y,y’) *a | cosf " sin ¢ f(y7y’) aj’
Notice that the HODGE star is a real transformation and gives back the usual
formula (2.3]) for real conformal structures.

PROPOSITION 2.3.2. The HODGE star fulfills * = —Idcay).
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Proor [2.3.2]1 On the quadrilateral (x,y,2’,y") € 02, with the same notations
as before,

1 (—sin60 —1\* 1 (sin?6-1 0 _
cos2 6 r sinf) ~ cos26 0 sin2—-1) %

Define its —i, respectively +i¢ orthogonal eigenspaces as the type (1,0), resp.
type (0, 1), 1-forms.

With « of type (1,0), f(yy) = ir(cosf + isinf) f( y o, which leads to

f(m o) ¥ —1 f( ) likewise along (y,y’), and it is an equlvalence. The HODGE

O

star belng real, the bame result holds for type (0,1) and +i-eigenspace.

Notice that the scalar product is still positive definite and preserved by * even-
though the last equality in (2.5 is replaced by a mixed sum over the two dual
edges:

(2.11) ZRe s (w0 [+ [ 5)

The DIRICHLET energy mixes the two dual graphs as well:

(2.12)
|f(@) = f@) 2 fW) - 1w
Ep(f) == |df|* = lp(e)” +1Im (p(e)) === | -
eGZAl ) f(.’l?l> - f(.]?)
and the Laplacian no longer splits on the two independant dual graphs: For
xo € Ao, with dual face 2§ = (y1, y2,. .-, yv) € Az and neighbours z1, xa,..., zy €

Ao, with dual edges (zo,zx)* = (Y, Yx+1) € A1, and yy 41 = 1,
(2.13)

=9 m (Ip(e)(f(zr) = f(2)) +Im (p(e) (f (Yrs1) — F(ur)))

k=1

2.3.2. Surfel surfaces. An important case when the data is given by such
quadrilaterals is the case of surfel surfaces coming from wvozel digital objects:

A discrete object is a set of points in Z3, each center of its Voronoi cell is called
a voxel. A voxel is a cube of unit side, its six faces are called surfels. A digital
surface ¥ made of surfels is a connected set of surfels. We will restrict ourselves
to surfaces such that every edge in ¥ belongs to at most two surfels [44]. The
edges that belong to only one surfel are called boundary edges. Let us call (the
indices stand for dimensions) (Qo, 01, 02) the sets of vertices, edges and surfels of
this cellular decomposition ¢ of the surface 3.

Note that this cellular decomposition is bipartite, along the surfels diagonals,
their end points form dual black and white diagonals and associated I' and T'*
cellular decompositions.

The data of a mormal direction at each surfel is a broadly used feature of
digital surfaces [79}, [78], [80]. This normal might come from a digital scanner, or
be computed from the digital surface itself by various means on which we won’t
elaborate. These consistent normals give an orientation to the surface.

This normal is used to project a given surfel comprising the four vertices
(z,y,2',y') to the local tangent plane. This projection deforms the square into
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L

s

i /

Figure 2.16: A surfel surface

Figure 2.17: The cellular decomposition I' associated with black vertices

a parallelogram. Its diagonals are sent to segments which are no longer orthogo-
nal in general. We identify the tangent plane with the complex plane, up to the
choice of a similitude. We call Z this local map from the cellular decomposition to
the complex numbers. Each diagonal (z,2’) and (y,y’) is now seen as a complex
number Z(z') — Z(x), resp. Z(y') — Z(y).

Figure 2.18: A surfel projected onto the local tangent plane
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For example we can project the standard digital plane of cubes associated with
Py :xz+y+ 2z = 0 onto this (constant tangent) plane Py and get the following
rhombi pattern.

5

-
<

Q
Q
AVA

Figure 2.19: The digital plane z+y+ 2z = 0 projected. Note that I' is the hexagonal
lattice, I'* its triangular dual.

We then associate to each diagonal (z,2") € I'; the (possibly infinite) complex
ratio ¢ p of the dual diagonal by the primal diagonal, as complex numbers.

Z(y') - Z(y)
Z(x') — Z(x)

This discrete conformal parameter clearly does not depend on the choice of identi-
fication between the tangent plane and the field of complex numbers.

In the standard plane case in Fig. its value is the constant ppex = tan(%) =
1//3 and its inverse pg; = tan(g) = V3 = 1/phex. See Fig on p. for quad
shapes and associated p.

An interesting feature of the theory is its robustness with respect to local moves.
A discrete holomorphic map defined on a discrete Riemann surface is mapped by
a canonical isomorphism to the space of discrete holomorphic maps defined on
another discrete Riemann surface linked to the original one by a series of flips.
These flips are called in the context of discrete conformal structures electrical moves.
They come in three kinds, the third one being the flip, the others being irrelevant
to our context.

ip(z,2') =

Figure 2.20: The electrical moves.

The third move corresponds to the flip, it is called the star-triangle transfor-
mation. To three surfels (drawn as dotted lines in Fig. [2.20]) arranged in a hexagon,
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whose diagonals form a triangle of conformal parameters p1, p2 and ps, one asso-
ciates a configuration of three other surfels whose diagonals form a three branched
star with conformal parameters p} (on the opposite side of p;) verifying

P P Pl
PL+ P+ P

The value of a holomorphic function at the center of an hexagon is overdeter-
mined with respect to the six values on the hexagon. These values have to fulfill
a compatibility condition, which are the same for both hexagons, therefore a holo-
morphic function defined on a discrete Riemann surface can be uniquely extended
to another surface differing only by a flip [10].

This means in particular that a discrete holomorphic function defined on the
standard plane in Fig. can be followed through all its other parallel defor-
mations and is not sensitive to some added noise (flips deleting or inserting extra
voxels) provided the normal vector is unchanged with respect to the discrete plane
value: the space of holomorphic functions on these parallel or noisy planes are in
one-to-one correspondence. This theoretical robustness has yet to be experimen-
tally observed in practice because the normal vectors are not independent and a
noisy plane will have noisy normal vectors as well. This will be the subject of a
forthcoming article.

(2.14) pip; = p1p2 + paps + p3p1 =



CHAPTER 3

Discrete Complex Analysis and Integrability

Consider a cube, each face equipped with discrete conformal ratios, whether
diagonal ratios p or cross-ratios q. The four values, at a corner and at its three
neighbors, determine uniquely the three other values of a discrete holomorphic func-
tion, by the conditions on each face adjacent to that corner (see Fig.|[3.1]). But the
value at the opposite corner of the cube is then determined by any face among the
remaining three. Integrability means a compatibility between the discrete confor-
mal parameters so that the three values coincide.

Figure 3.1:  The four wvalues f(x),f(yl),f(y2),f(ys) determine uniquely
f(x1), f(z2), f(z3) when f is discrete holomorphic, but f(y) is over-determined
unless the discrete conformal structure comes from parallelograms.

If we impose that opposite faces in the cube carry the same discrete confor-
mal parameter, then integrability is equivalent to the fact that these parameters
come from parallelograms: They are parameterized by quantities constant on train-
tracks [11, [T2]. Two edges opposite in a quadrilateral belong to the same train-
track.

The condition of holomorphicity takes place on each quadrilateral, intersection
of two train-tracks, labeled by two parameters, as an equation for a function of the
four vertices, that the ratio of the values along the diagonals (resp. the cross-ratio),
is given by the parameters (see Fig. (3.2)).

Integrability means that these equations are compatible, that there exist non
trivial solutions (the constant are always solutions).

We showed in [10] that this integrability condition is the same in both the diag-
onal ratio preserving maps and the cross-ratio preserving maps cases; geometrically
it simply means that there exists a discrete holomorphic map made of parallelo-
grams. Moreover, real diagonal ratios p and unitary cross-ratios g are associated
with rhombi configurations.

45
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Figure 3.2: Opposite edges in a quadrilateral belong to the same train-track. On the
quadrilateral intersection of train-tracks labeled by « and /3, consider the equations

% = ﬁ for the diagonal ratio preserving maps or f((;/’)):i‘(é )) J}(é)):]f ((;,)) =

2
B for the cross-ratio preserving maps.
(03

3.1. Darboux-Backlund transformation

Integrability allows for families of solutions and deformations of existing so-
lutions. Using 3D-consistency, one can deform an existing solution, seen as lying
at the horizontal ground floor, to another floor, at parameter A € C: Create over
each horizontal edge of the quadrilateral, labeled by a certain parameter, a vertical
quadrilateral whose vertical edges are labeled by A, and impose on these vertical
faces the same type of equations as for the horizontal faces (see Fig.|3.3).

Cross-ratio

Flex)=f(yn) @)= f(y))
Flun)=f() FWy)—f (@)

[ )=fly ) flya)—f(2a)

Diagonal ratio

fWO—fwx) _ a-p
f@)—fl@y) — atB

fle)—fly) _ 28

flyx)—f(z ) A8
fW)=fly) _ a—8

Fy )=f(ya) flex)—f(z )

fle )=fly ) f@)=f')
)

f@)=flz )~ atp fly )=f=") f")—f(=

Figure 3.3: DARBOUX-BACKLUND transformation: The equations on the vertical
quadrilaterals are of the same type as the horizontal ones, whether diagonal ratio
or cross-ratio preserving maps.

The function at the floor X fulfills the same equation as the one on the ground
floor, that is to say, it is discrete holomorphic. This function, for each parameter
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A, is uniquely defined when an initial value u is chosen at a given point O. This
transformation is called the DARBOUX-BACKLUND transformation [81]

B: : Cz X Qo(O) — Qo(O)
(Aauvf) = Bq)f(f) 5$’—>f(.73)\)

Let us note BY™, respectively BY" the two transformations in the realm of the
linear diagonal ration, resp. quadratic cross-ratio preserving maps.

3.2. Zero-curvature representation and isomonodromic solutions

It follows from a result of KENYON and SCHLENKER [72] that any surface made
of parallelograms with at most d different train-track parameters, such that no two
train-tracks intersect more than once and no train-track with the same parameter
self-intersect, can be embedded in such a Z¢.

The DARBOUX-BACKLUND transformation allows to define the holomorphic-
ity condition on a much more general set than cellular decomposition by rhombi.
Given d complex numbers (a;)1<;<q, define a function f on Z? to be discrete holo-
morphic if, on each quadrilateral parallel to the (i, j) directions, the diagonal ratio,
respectively the cross-ratio, of its four values are given by a; and ;.

e 1 )t oo

) (@) Feoy 7@ = artar

L

1y e
T o oz (G —10) (@) o

Figure 3.4: On each quadrilateral in Z¢, impose the linear (a) or quadratic (b)
condition.

Solving for one value in terms of the other three values, the conditions (a) and
(b) in Fig. can be seen as the action of a (non autonomous) operator sitting on
directed edges, a priori depending on the values on the two other vertices, mapping
a third value to the third:

(3.1) F(@is) = Lij (f (), f(@)) - f(z;)

where L;;(a,b) € PGLy(C) acts as a Mobius transformation on C. The integra-
bility condition is first that this operator is actually defined on the oriented edge
L(4,2,) and does not depend on a face (z,x;,2;j,;), and second that the discrete
connection is flat, meaning that the composition of these operators along any closed
loop is the identity,

(3.2) Lz.2;) © Lz .0) = Idpar,(c)
(3.3) Liz,2) © Lz i) © Liijoz) © Lz, ,2) = ldpaL, (o)

We give in [10] an explicit zero-curvature representation for both the diagonal
ratio and cross-ratio preserving maps which lifts from PGL3(C) to a one spectral
parameter family of non projective transformations L, .,y € GL2(C)[A]:
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(3.4) Linear case: L7

(z,2;)

() = (A—&(—)ai —2ai(J;(Ji);—i f(xi)))
1 f(x) — f(%))
Aag/(f(x) — f(z:)) 1

We gave the quadratic version as well in terms of the HIROTA variables (see

(1) on p. [12).

This discrete connection can be composed from the origin into the moving frame
U();-) : Z7 — GLo(C)[)] defined by prescribing some ¥(;0), and extending it
recurrently

(3.5) Quadratic case: Ll(lx,xi)(k) = <

(3.6) V(A 2i) = Lig,z) (MY (N 2).
The logarithmic derivative of this moving frame with respect to A
W(\;
(3.7) A\ z) = %@*(A;@

is, for each point z € Z¢, a meromorphic matrix with respect to A. Its possible poles
are given by the choice of U(A;0) (or we can choose A(X;0)) as well as {£a;}1<i<a
in the linear case and {£1/,/a;}1<i<q4 in the quadratic case.

The definition can be rephrased 2% — A(X;2) W(); z), the matrix A
governs the dynamic of the moving frame in the spectral parameter direction.

A discrete holomorphic function f : Z% — C is called isomonodromic, if, for
some choice of A(A;0), the positions and orders of the poles of the matrices A(A; x)
do not depend on z € Z?.

The GREEN function, the discrete logarithm, is such an isomonodromic solution

(see Sec.|3.3.3).

3.3. Integrability and linear theory

What integrability implies is, first of all, the existence of a discrete holomorphic
parallelogram immersion of the universal cover of the surface that we will call
Z - o — C. We will often identify a vertex z € (¢ and its complex image Z(z) to
ease the notation.

n
O Yeary z2=> oy
k=1

Figure 3.5: The point z seen as a sum of parallelogram sides from the origin O.

3.3.1. Exponential. It is a rational fraction in the slopes encountered from
n

the origin, for z = > «a; (see Fig. :

k=1
o1+ %Ozk
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It is a generalization of the well known formula where [Oz] is split into n equal

segments £:
n

Az\" 2? 1+32 ! 23
exp(Az) = (1 + n) +0() = <1 BpY +0(3)-
It fulfills the discrete differential equation
(3.8) dExp(\; z) = AExp(X; 2) dZ.
Derivating it with respect to A, we define the discrete holomorphic monomials
e OFExp(); 2)
3.9 ZH(2) =
(39) ()= |

We have Z:% = Z and Z% = Z? but discrete values diverge from the point-wise
product afterwards. Moreover, apart from the rhombi case (see Sec. , they
don’t fulfill a nice discrete differential equation such as .

By TAYLOR’s formula, the discrete exponential function is the sum of its TAY-
LOR series, which is absolutely convergent for |[A| <

2
max; (|a;])

X Nk r7:k: Py
(3.10) Exp(\;z) = Z /\ZT()
k=0 ’

We proved in [11), I0] that these discrete exponentials (or discrete polyno-
mials) span the space of discrete holomorphic functions (not growing faster than
exponentially in the non compact case).

Using KRICHEVER construction, DOLIWA, GRINEVICH, NIESZPORSKI and SAN-
TINI [58] generalize the discrete exponentials to more general spectral curves, the
parameter can belong to a Riemann surface with marked points A € X.

This discrete exponential was as well used in the context of discrete integrable
models as the planar waves linear solutions which serve as building blocks of non-
linear discrete integrable models named soliton solutions in the framework of direct
linearization introduced by NIJHOFF, QUISPEL and CAPEL as early as 1983; this
technique is still producing new results [83, 84, [23].

The exponential can be understood in terms of DARBOUX-BACKLUND trans-
formations, both linear and quadratic:

ProrosiTION 3.3.1.

(3.11) Ezp(X; z) = B3 (0),
(3.12) Bap(%; ) = 0BG

In words, the discrete exponential is the linear DARBOUX-BACKLUND trans-
formed of the zero function and spans the kernel of the differential of a composition
of the cross-ratio preserving DARBOUX-BACKLUND, composed back at the origin.
The composition of cross-ratio preserving DARBOUX-BACKLUND transformations is

a group isomorphism at infinitesimal level and not in general, BY"" o B # BY/

but nevertheless, the composition B%} o BY" = B&'! = 1d on functions valued 1 at
the origin like the exponential, allowing for (3.12)).
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\\ exp, (A F) == 6v B, (G)]y=u

e

Figure 3.6: The tangent space to the manifold of cross-ratio preserving maps related
to an integrable cross-ratio is isomorphic to the space of diagonal ratio preserving
maps. The linear discrete exponential is the differential of the cross-ratio preserving
DARBOUX-BACKLUND transformations composition.

3.3.2. Integration. It was already the case that, for any discrete holomorphic
function f and 1-form «, the associated 1-form fa was closed. In the integrable
case, when the diagonal ratios are real, that is to say when the parallelograms are
all rhombi something special happens:

PROPOSITION 3.3.2. In the rhombic case, for every discrete holomorphic func-
tion f, the 1-form fdZ is as well discrete holomorphic.

This allows, after the choice of an origin, for the integration of functions on a
simply connected quad-graph. Integrating constants, one gets iteratively monomi-
als Z% =k fo Zk=1dZ. Notice that the discrete square is equal to the point-
wise multiplication Z'% = Z2, polynomials of degree two are simple restrictions of
usual continuous functions, but otherwise, point-wise multiplication doesn’t pre-
serve holomorphicity.

The monomials Z** provide a basis of discrete holomorphic functions on a
compact [I1] and more generally among functions not growing faster than exponen-
tially [I0]. In particular the discrete exponential is written in terms of polynomials
by the usual series (3.10)).

Conversely, one can define a derivation operator on holomorphic functions.
Following Duffin [60], we introduce the

DEFINITION 3.3.3. For a holomorphic function f, define on a flat simply con-
nected map U the holomorphic functions f1, the dual of f, and f’, the derivative
of f, by the following formulae:

(3.13) f1(z) = e(2) f(2),

where f denotes the complex conjugate, € = +1 is the biconstant, and
4 z T

(3.14) f'(z) = = / flaz ) +\e,
2 \Jo

defined up to €, with 6 the common rhombi side length.

We proved in [16] the following
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PROPOSITION 3.3.4. The derivative [’ fulfills
(3.15) df =fdZ.

This derivative allows to give a geometric characterization of discrete holomor-
phic functions. One has first to visualize an embedding of both dual graphs at
the same time by simply deflating faces of the graph and of its dual by half. The
corresponding vertices meet at the middle of the quad-edges (see Fig. .

Figure 3.7: Deflating a face by half allows to show both the primal and the dual
graphs at the same time.

Then, the closeness condition of f’dZ translates into the fact that the face z*
can be scaled and turned by a factor f/(x), and, when positioned at f(z), still fit
together, kissing its neighboring faces as in Fig. [3.7] themselves distorted by their
respective similarities, given by the derivative 0f summed up at vertices.

Figure 3.8: The direct image by the cube z + 2% of the triangular/hexagonal
networks as kissing equilateral triangles and regular hexagons.
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3.3.3. Isomonodromic solutions, the Green function. We now give a
construction of a 2d + 1 dimension family of isomonodromic discrete holomorphic
functions in the linear case:

PROPOSITION 3.3.5. Let there be d sequences (fT(Lk)) , for k= 1,....d,
n=0

defined by the first two values fy and fl(k) and the recurrent relation

k k n
(3.16) n(fith = £ = 1= (=)
Then the discrete holomorphic function f : (Zy)? — C, defined by the values

f(neg) = fT(Lk) on the coordinate semi-axes, is isomonodromic: at any point z €
(Z )¢ the associated logarithmic derivative of the moving frame is the following
rational fraction, with simple poles at 0 and {£o;}i<i<d,

A0 d B®(z)  C®(z)
(3.17) Ayz) = +;(Hak+kak),
with, for z = (nq,...,nq),
0 (_1)n1+...+nd
3.18 AO)(z) = :
(3.18) @ =1, 0
B®(2) 1 —(f(2)+ f(z — ep)) 7 CW(2) = me 0 f(z4er)+ f(z)
0 0 0 1

which fulfills the following isomonodromic constraint [84], for z = nje1+...4+ngeq,

d

(3.19) an (f(z + ek) _ f(z _ ek)) —1— (_1)n1+...+nd.

k=1
Such a solution is a priori defined on the positive quadrant but values along
the other half axis can be given. The values along the axis are simple:
{ f(2n ek) =fod> %2—71 does not depend on k and

3.20
(3:20) f(@n+1)e) = fk) only depends on k.

The discrete GREEN function G is such an isomonodromic solution, associated
with the values fo = 0 and ffk) = log ag. A closed formula for its value at a given
point of the positive quadrant z € Z, % is [71, 10]

1 log A
(3.21) G(z) = 2mr7£ ) Exp(A; z) dA

with the proper determination branch for the logarithm and where v is a loop
around the poles {e;}i<i<q of the discrete exponential in this positive quadrant.
This determination can be followed in other quadrants with other loops around
the suitable selection of {£a;}1<;<q. These 2d complex numbers are cyclically
ordered by their argument, and we patch together 2d quadrants associated with
this ordering in order to define the subspace in Z?¢ where this discrete logarithm is
well defined, up to a global 27 indeterminacy on odd vertices after each full turn
around 0.
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Every orientable surface made of parallelograms of slopes «; can be seen as
embedded in this union of quadrants, and any vertex v can be mapped to the origin
0 € Z¢. The restriction of G to this surface provides the inverse of the discrete
Laplacian: AG(z) = 0,4, the (multi-valued) function G is discrete holomorphic
hence harmonic, except at the origin v where it has a logarithmic singularity. Of
course, proper definitions take place on branched coverings at the origin as for the
usual logarithm.

In the rhombic case, the slopes are ap = €', leading to real values on the
even sub-graph and pure imaginary values on the odd subgraph. Its restriction to
a rhombic surface is likewise split onto real values on the graph I, corresponding to
log |z—v| and pure imaginary values on its dual I'* (or vice-versa), corresponding to
iarg(z —v). The real part is more often referred to as the discrete Green function.

Isomonodromic solutions for the quadratic zero-curvature connection can
be given [21}, [10], in relation to PAINLEVE or mKdV equations; they correspond to
the cross-ratio preserving and circle pattern versions of z — 27. It is easy to see
that its derivative with respect to < is the linear isomonodromic GREEN function
just described.

10y






CHAPTER 4

Statistical Mechanics

In my thesis, I proved that criticality in the Z-invariant ISING model is charac-
terized by the fact that the fermion v becomes a discrete massless DIRAC spinor,
that is to say that ¢ v/d Z is a discrete holomorphic 1-form.

In Australia, with Paul A. PEARCE, at the University of Melbourne, I investi-
gated the A-D-E models which generalize the ISING model.

4.1. The critical Ising model

4.1.1. Boltzmann law. The ISING model is defined on a graph I', whose
edges are labeled by positive ferromagnetic interaction constant J, .. A state is
given by a choice of a spin + at each vertex. The probability of a state o : 'g — £
is given by the BOLTZMANN weight

1 ﬂEJz,m’Uxaz'

(41) P(O’|0’0) — ¢ @a)eR
ZR
where R is a finite region, oy is a fixed boundary condition outside R and
B> ! Ox Oyt
Zrp= Y, e =®Em is the partition function such that P is a probability.

o:Rog—=*

It is ; model of ferromagnetic spins, they tend to align to their neighbors. The
overall parameter 5 = kBLT plays the role of the temperature. For low temperature,
alignment is much favored (frozen phase), for high temperature, the distribution
tends to equiprobability (gas phase). These two regimes can be exchanged by the
KRAMERS-WANIER duality [75], exchanging the graph I' and its dual I'* as well as
high and low temperatures.

In statistical mechanics, one is interested in taking a thermodynamic limit for an
infinite graph I", when the window R grows to infinity. A phase, or GIBBS measure
is a measure on the states such that, when conditioned outside finite regions yields
back BOLTZMANN law (see [55] in the dimer model).

The free energy per site f = limy_|p —% log Zr is usually analytic in terms
of the temperature, except sometimes at special critical temperature, witnessing a
phase transition between two regimes.

Outside criticality, correlations usually decay exponentially

<o(z)o(z’) >= Z P(o) o(x)o(z') ~ |x — x’\"e‘m?/‘
o:ly—=*

where £ is the correlation length. This correlation length tends to infinity at crit-
icality and leaves a power law decay, < o(z)o(2') >r.~ |z — 2’|~ 2 for the ISING
model [82]. The critical temperature, in homogeneous situation, is reached at the
self-dual temperature for the KRAMERS-WANIER duality (KW). Things are more

55
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complicated in inhomogeneous or aperiodic models [24, [26], correlations satisfy
difference equations of the HIROTA type [88].

It was showed by BAXTER [31},[30}, 52] that the interaction constant J, , could
be understood geometrically as coming from a dual/primal length ratio p(z,z") =
sh283J, , associated with flat rhombi in the critical case. The pair of dual edges
compose a quad-graph ¢.

4.1.2. The fermion 1. Besides the spin value at a given point, another ob-
servable is very interesting, it is the disorder operator pu,, KW-dual of the spin,
attached to a path v in the dual graph I'], coming from a fixed point on the bound-
ary, and ending at a given face y € I'j. It consists in flipping the interaction sign
along every edge met by the path «v. What is even more fundamental is the corre-
lation of a spin ¢, and the disorder p, at an incident face [82]. This observable is

A
oKL
coa

Figure 4.1: The fermion v, , depends on a vertex x € I'y and a path v ending at
an incident face y € I'j.

a fermion, they anti-commute and they change sign when one of the two vertices,
x or y, makes a full turn around the other. It is actually well-defined on a non
trivial double-cover of the discrete direction bundle made of the pairs A = {z,y}
for (z,y) € O1.

Figure 4.2: Double covering around faces and vertices.
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Such fermions can be coupled by pairs and give rise to 1-forms, defined on
simply covered oriented edges. Flattening the graph in the plane with a discrete
holomorphic function Z provides such a fermion, vd Z.

PROPOSITION 4.1.1. When the discrete conformal structure is critical, then
is a discrete DIRAC spinor:

Y VdZ is a discrete holomorphic 1-form.

A continuous limit theorem supports the claim to call such a fermion a discrete
massless DIRAC spinor.

The conclusion is that criticality does not need a thermodynamic limit to be
identified, it is the point where some statistical mechanics observables become dis-
crete holomorphic.

A massive DIRAC spinor, with elliptic deformations of circular functions can be
as well associated with off-criticality.

DIRAC spinors appear as well in the realm of the model of dimers, related
to the ISING model and in other situations. Some work has been done recently
along these steps, mainly by DE TILIERE and BOUTILLIER [41} [42], CIMASONI
and RESHETIKHIN [49, [50], CHELKAK and SMIRNOV [103), 48], or PINKALL and
BOHLE.

A major achievement was done by SMIRNOV in [102] where he proved the con-
formal invariance of the critical percolation model, following the steps of LAWLER,
ScHRAMM and WERNER [77] but using ideas from discrete holomorphicity.

A great generalization of the DIRAC spinor idea was endeavored by CARDY and
RAJABPOUR [93] where they prove that criticality in the Z,-parafermion model is

n—1
implied by the holomorphicity of the 1-form (d Z ) "

for ¢ the parafermion.

4.2. The critical A-D-F models

The critical A-D-E models correspond, for different choices of regimes and/or
fusion level, to unitary minimal models [34], parafermion theories [15] and super-
conformal theories [96].

4.2.1. A-D-F models. A lattice model in the A-D-FE series is associated with
a graph of spins G, of A, D or E type. The spins are nodes of the graph G and
neighbouring sites on the spatial quad-graph must be neighbouring nodes of the

graph. The ISING model corresponds to A3 = +—+——  with a middle frozen
state x at the white (dual) vertices and two extremal + states at the black (primal)
vertices.

The A-D-F series appear in a variety of contexts. The basic objects are graphs.
A simple graph G is given by its vertices (or nodes) a € Gy and edges (a,b) € G1 C
Go x Gy. We are concerned with unoriented ones, (a,b) € G; = (b,a) € G;. The
series is presented in Table [£:3] they are the DYNKIN diagrams of simply laced Lie
algebras. The number h is the COXETER number of the graph G and the exponents
Exp(G) are a subset (with multiplicities) of the nodes of the Ay, graph sharing the
same COXETER number as G.

A graph G is completely encoded by its adjacency matrix that we denote by the
same letter G. It is a non negative integer square matrix whose rows and columns
are labelled by the vertices of G, defined by G4, = 1 if and only if a and b are
adjacent.
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Graph G h Exp(G)
Ar 1 23~ 3 L+1 1,2, ,L
+1
1 2 3. ¢
Dyyo oo 4 20 + 2 1,3, ,20+1,0+1
042
6 od
1 2 4 5
Es : 12 1,4,5,7,8,11
7
12 3 5 6
Er 4 18 1,5,7,9,11,13,17
8
By +~ %+ e o« 30 30 1,7,11,13,17,19,23,39
5

Figure 4.3: DYNKIN diagrams of the classical A-D-FE simply laced Lie algebras. The
choice of the identity and the fundamental are represented by *, [ respectively.

What is so special about these graphs is that (along with the tadpol series),
they are the only one whose spectrum is in the open interval (—2,2).

The Perron-Frobenius theorem implies that the largest eigenvalue of these
transfer matrices is non degenerate, real and positive and its eigenvector can be
chosen to have non negative entries. They can be given explictely in terms of ¢-

deformed integers S,, = [n], = q;qu:ln with ¢ = exp(i7 ), the largest eigenvalue is
So = [2]4 and the eigenvector U is
Va, = ([Klg),1sh<t
~ _ raar
¢D2+2 - ([k]‘ﬁ 1<k<e, m’ m)
(1.2 B = (e Bl Bl 2 1, )
G, = (U ol 2 222 L)
nd _ [7]q [5]q [5]q
¢E8 - ([”q’ [2]q’ [3]q> [4]117 [5]q7 m’ @’ m)

The DYNKIN diagram G() of an affine simply-laced Lie algebra is obtained from
the graph G by adding a vertex, linked to the node 2 in the D case, to the short,
middle, resp. long leg for Fg, E7, Eg respectively, and to the first and final nodes
in the A case (closing it into a cycle). In these affine cases, the entries of the
PERRON-FROBENIUS vector are non negative integers which count the dimensions

*The tadpole graph T, is obtained from the graph Ay by adding a loop at the final vertex;
it is not a simple graph.
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of irreducible representations associated with each node. It is one of the reasons
why the g-deformed integers associated with the nodes of the graph are referred
to as quantum dimensions of quantum analogs of irreducible representations of the
quantum-symmetries.

4.2.2. Graph fusion algebra. The integer linear span of the nodes of the
graph can be given a structure of a commutative graph fusion algebra or PASQUIER
algebra [87]. We first specify two vertices, the identity vertex * and the fundamental
vertex [J. They are pictured on Table[{.3] They are respectively the vertices labelled
1 and 2 in the A, Doyys, Fg and Eg cases, known as type I theories, the vertices
£+ 1 and ¢ for the Dypyq case, and the vertices 7, 4 (the short leg and the fork
node) for the FE; case, known as type II theories

The algebra is defined by stating that the edges of the graph G encode the
action of the fundamental element [J:

(4.3) al =) b
b~a
The identity gives one row of the algebra table, the previous formula gives
another, commutativity and associativity determine the rest. On the D, example,
[0 = 2 and associativity gives

4-3)00 = ¢o-3000=0

(4.4) = (4-3)(1+3+4)
33=4 .
so that 4 —3 =33 —44 and O 3 3 = U shows that 14— and the expansion

of 33 3 implies 34 =1.
The structure constants of this algebra are noted N:

(4.5) ab = Z NapCe.

ceG

The definition of the algebra implies N, = I and Ng = G and these matrices
themselves form an algebra for the usual matrix product:
(4.6) No- Ny =Y Noy©Ne.

ceG
As it is a commutative algebra containing the adjacency matrix, its common set of
eigenvectors is given by the orthogonal basis of eigenvectors of G, they are labelled
by COXETER exponents (we have only given the PERRON-FROBENIUS eigenvector
1*) and the decomposition of each matrix onto its eigenvectors give these integers
through a VERLINDE-like formula:

. wig (v1)"
(4.7) Nap= > ng)
JEExp(G) *

In the case of the graph Ap, it reduces to the usual VERLINDE formula and the
structure constants are noted N; jk and the matrix of eigenvectors, S. Another set
of non negative integer matrices algebra with the same structure constants as Ay,
is given, for an A-D-F graph G (of type D or E) with the same COXETER number
L+ 1, by the fused adjacency matrices n; defined by the sf(2) recurence relation

(48) ny =1, Ng = G, Njt1 = N2 Ny — Nj—1 for2<i< L,
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which also verify the VERLINDE like property

(4.9) nia’ = Y ‘ﬁ% (wg)*

J
JE€Exp(Q) S
and the algebra structure
(4.10) ning = Y NijFng.
kEAL

These matrices n; are in fact linear combinations of the structure constants N:

(411) n; = Z n““]\Afa.
aceG

For b € G, the rectangular Ay, x G matrix V® = (n;,%)ica, acc is called an inter-
twiner because it intertwines the fused adjacency matrices:

(4.12) N, VP =Vbn,, Vie AL

Throughout these graph algebras, the idea is that nodes label bimodules and
edges are homomorphisms between these bimodules. In the case of the graph G,
the edges describe the homomorphisms arising from tensoring with the fundamental
bimodule, the result is isomorphic to the direct sum of the bimodules which are
adjacent to it on the graph. For type I models, one can associate a graph G, to
each vertex in the same manner, by placing Nape edges between the vertex b and
the vertex c. For type II models, this construction fails.

The graph fusion algebra that appears in a PASQUIER A-D-F statistical me-
chanics models associated with a given graph G is not the graph fusion itself. This
latter graph encodes the fusion lagebra of a WESS-ZUMINO-WITTEN theory while
a PASQUIER A-D-FE model is associated with a minimal model theory whose fusion
algebra is associated with a double graph A,_o x G where g is the COXETER number
of G. A vertex of this double graph is of the form (r,a) € A;_2 x G and is adjacent
with the vertex (r/,b) whenever whether r and r’/, or a and b, are neighbours in
Ag_o and G respectively. When G = A,_1, it is customary to denote such a vertex
with the letters (r, s). The graph fusion algebra for this double graph is simply the
tensor product Ag_o ® G of the two graph fusion algebras. Hence it is generated
by the two WZW models subalgebras 1 ® G and A4_s ® 1.

4.2.3. Ocneanu algebra. See [51] for a good account on the subject, re-
stricted to WZW models and [91], [90] for a more general point of view. The
Double Triangles Algebra (DTA), or Ocneanu algebra is describing the algebra of
boundary conditions [91}, @0] or quantum symmetries of the problem. It is essen-
tially twice a graph algebra, tensoring a left and a right copies over a subalgebra
named the ambichiral algebra. For models of type I, we use the graph algebra itself
but it involves the parent theory algebra and a twist for the models of type II. As
before, the algebra is determined by a graph, the OCNEANU graph, which has two
types of edges (plain and dashed), corresponding to the action of the left and right
copies of the generator.

Consider Dy, the nodes 1, 3,4 form a Zg subalgebra, the ambichiral algebra T.
One can then construct the algebra

(413) Dy Rz Dy
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where a ® 3b = a3 ® b and a ® 4b = a4 ® b for all a,b € Dy, for example
2®3 =23®1 = 2® 1. This algebra has six elements, 1 ® 1, 2® 1, 1 ® 2,
1®3=3®1,194=4®1,201=23=2®4,1®2=3®2=4®2 and
2® 2. It clearly has two generators, a left and a right, 0y, =2® 1 and Og = 1® 2.
They generate the left and right chiral subalgebras. One would like to encode this
algebra in a graph as previously but there is an obstruction:

(4.14) 202)(1®2)=20(1+3+4)=201+201+201

so while there is only one edge from 2® 1 to 2® 2 = (2 ® 1)(1 ® 2), there would
be three in the opposite direction. This problem is solved by splitting the node
2® 2 into three different ones, 1’,3’,4’, using a non central extension of the algebra
by an algebra of 2 x 2-matrices [51]. The detail of this extension is not needed
to compute twisted partition functions. One then obtains the graph presented in
Table [2 on p. [62]

The same procedure works for Dy, it has a Jy1 sub-algebra generated by
the odd vertices (the extremities are both taken as odd) over which the tensor
square is taken and extended by an algebra of 2-matrices. In the type I exceptional
cases Fg and Ejg, it is simpler as there is no need to extend the algebra. The
subalgebras in these cases are generated by 1,5,6 and 1,7 respectively. The Aj,
case is yet simpler as we tensorise over the full algebra, yielding the algebra back
again: Ar, ®4, Ar ~ Ar, all the elements are ambichiral.

In the type II models, Doyy1 and the exceptional E7, the OCNEANU algebra
is defined through the twisted square tensor of the parent theory: In the case of
Doyy1, the parent graph is the A-type graph sharing the same Coxeter number,
Ayp_1. It has a non trivial automorphism

prAgw1 — Ap
(4.15) {46 —a ifa€Exp D1,
a —

a otherwise.

The OCNEANU algebra is then defined as A4e1 ®, A4e1 where a®b=ap(b) ® 1 =
1® p(a)b. In the E7 case, the parent theory is Dqp and the automorphism is given
by interchanging the nodes 3 and 10, so that the OCNEANU algebra is D1g ®7,, D10
where T is the D1y ambichiral subalgebra (its odd vertices, counting forked vertices
as both odd).

The OCNEANU algebras just described are the WZW ones. The minimal model
OCNEANU algebras are more involved. In particular one can not retrieve in general
the WZW OCNEANU algebra as a subalgebra of the minimal model one.

These algebras allow us to write twisted partition functions in conformal field
theory with boundary conditions, sesquilinear combinations of extended characters
of associated irreducible representations associated to each node (see Table .

We identify each of these vertices of the OCNEANU graph, and their incidence
relations, to discrete partition functions of exactly solvable A-D-FE models, finding
their correspondance with integrable and conformal boundary conditions made of
fused face operators.

4.2.4. Critical A-D-FE models. The A-D-F statistical models are spin mod-
els. Each vertex in the spatial quad-graph ¢ is tagged by a spin chosen in the
A-D-F graph. Each quadrilateral plaquette is tagged by a spectral parameter u.
A state is a spin distribution o : {9 — Gy.
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1 4
1 4 Zy = x1xi +Xx2X3 +X3X3 +X4X1
21 1+3[2+4[3 Zo= xoxi +(xitxs)xs +xe+xaxi +xsxi,
3 2
4 1

Zz= x3xi +Oe+txadxs +0a+xs)xi +xexi
Zy= Xx4X1 +X3X5 +Xx2X5 FX1X4-

1 2 3 4
A4*—|§)—o—o

= Ol DN

Table 1: Fusion matrices, graph fusion algebra and twisted partition functions of
Ay in terms of affine s£(2) characters x.

. 1000 . 0100 . 0010 . 0001
- () m= (B00). m=(Bie0). m= (1)
0001 0100 1000 0010
1 2 3|4
1(1| 2 |34 Zy=  xaxi tXGX;  HXaXd
21214344122 Zogi = XoXi +XeX3 TXeXi = Zigos
3/13] 2 |41 Zz = XsX1 *+XaX3 +XiXi = Za,
44| 2 1|3 Zy=  XaXi TXIX5 +XsXa
Zy = Zy = Zy = X2X>
X1=X1+X5 Xe=X2+tXs, X3=X4=X3
1 2 3/4|1 2/ 3 | 4
1|1 2 34|71 2/ 3 | 4
212 1+3+4 212 2| 1V+3+4 |2 ]2
3|3 2 4113 2/ 4’ |1/
4 | 4 2 13 |4 2/ 1|3
1|1/ 2/ 413 |1 2 4 | 3
202 14344 2012 ] 2 1+3+4 212
3|3 2/ 114 | 3 2 1|4
4" | 4/ 2/ 31| 4 2 31

Table 2: Fusion matrices, graph fusion algebra, twisted partition functions, Oc-

NEANU algebra and OCNEANU graph Dy of Dy. The extended chiral and ambichiral
subalgebras are shown in bold.

The probability distribution of spins is defined by the critical (unfused) BoLTz-
MANN weight of each plaquette of spins, depending on the spectral parameter u:
d c

uf d c
(4.16) W (a ;

u) = N U = s(\ — u)dgc + s(u) =
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where g is the COXETER number of G, A = 7, s(u) = :EEK; and 1, is the entry,
associated with the node a, of the PERRON-FROBENIUS eigenvector of the adjacency
matrix G.

These BOLTZMANN weights are represented by a local face operator X;(u) in

the TEMPERLEY-LIEB algebra 7 (N, \) [34]:

(417) Xj (u) =

i1 i
where e; = X;()) is a TEMPERLEY-LIEB generator and j = 1,..., N labels the
position in the lattice.

The algebra is defined by the following identities:

e =5(2))¢;
(4.18) €j ek e; =e; 71—kl =1
ejer, =epe; |j—k|>1

4.2.5. Fusion Projector. In turn, this model gives rise to a hierarchy of fused
models whose Boltzmann weights we are going to describe. They are associated
with blocks of plaquettes where the internal spins are summed over in a particular
way.

We first define recursively the WENzL fusion operators P/, for r € (1,g) as
follows:

1 _ p2 _

P =P =1
(4.19)

r —1 r—1

Pj = Sr1,1 P]?:H Xj(_(r_Z)/\) Pj+1 , >3,
where S = s(k\) and j is restricted, resp. periodical in the cylinder, resp. toroidal
case [34]. Thus, P} can be expressed as a function of ej,ej11,...,€j4(—3). In
particular,

(4.20)

(4.21)
j*zl J j+rfz3 j:Jrr72
It is easy to show that this operator is in fact a projector. Moreover,
v pr _ prpr’ _ pr -/ . ’
(4.22) P, P/ =P/Pj =P] for0<j —j<r—r.

The +1 eigenveétors of P"(a,b) are indexed by an integer v € (1,n, ,") ref-
ered to as the bond variable. We denote them ﬁg(a7b), the fusion wvectors, also
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called essential paths. In the Ay case, there is always at most a unique such linear
combination of paths while in the D and F cases, the branches allow greater mul-
tiplicities, the fused adjacency matrices contains not only 0 and 1 but also some
2. As an example, there are two paths on Ay, going from the node 2 to itself in
2 steps, namely (2,1,2) and (2,3,2). As they both backtrack, the fusion vector

. 1 1
U3(2,2) is unique, proportional to their difference ¥2(2,1,2) — 7 (2,3,2).

4.2.6. Fused face operators. The fusion projectors allow us to define the

(p, q)-fused face operator whose main feature is the product of g rows of p local face
operators with a shift of the spectral parameter by +\ from one face to the next:

J+p-1

(4.23)

J=1 gtel jpte2

The position of the projectors and spectral parameters can be altered by pushing-
through:
(4.24)

u+(g—p)A

These properties imply several others, namely the Transposition Symmetry,
(4.25) XP(u)" = X (u+ (q—p)A),
the Generalized Yang-Baxter Equation (GYBE),

(4.26)
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the Inversion Relation,

X2 () X{P(~u) = ..

(4.27) = sV9(u) Y (—u) PJ'-JHP;)I; ,

where s?9(u) = H?;é 0L s(u+ (i—j+k)A) (we will also use the notation s? for
p = 1), and the Abelian Property,
(4.28) XP9(u+ (p— 1A XP(v+ (g—1)A) = X29(v + (p— DA X P (u + (q—1)N).

These operators, contracted against the fusion vectors, yield the (p, ¢)-fused
BOLTZMANN weights. It depends not only on the spins at its four corners but also
on bond variables on its edges:

g U tde’ .

d c
C
Blul= §u -~ U Yap) XP4(u) 03" (a,b)'
b N

[t

¢ Uriap) P

(4.29)

where the function sf) L (u) eliminates some scalar factors common to all the spin
configurations which appear in the process of fusion. In the A; case, we saw that
the bond variables are trivial.

These fused BOLTZMANN weights satisfy the following symmetry

d v c ap-1 d § a
Pq _ Saw (u) qpr
(4.30) WPl § B lu|="TEr— WP a |u+(g=p)A |,
a o b S0 (’LL) C ﬁ b

and Crossing Symmetry:

d v ¢ aploy a o6 d
(4.31) wre| s 8 |u :1/%% Sopﬁ O v A—u
Yotha  shT (u) b B e

a o b

These fused operators, when inserted along a seam, disturb the partition func-
tion and we identified one by one the twisted partition functions: We diagonalized
large but finite size transfer matrices with inserted seams, renormalized the finite
size corrections and recovered the correct list of eigenvalues, associated with char-
acters. The computation of the spectrum for one seam typically took several hours,
ending up in months of computer number crunching. See Fig. 4] for a typical
renormalization procedure. This way, we observed numerically the fusion algebra
of the continuous theory.
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W[~

W[
—

\'—0—0‘._%.
L
3
11 1 1 1 1
1210 8 6 4 2

Figure 4.4: Example of extrapolated sequences corresponding to the first ten energy
levels of the double row transfer matrix for the As parafermion model with (1, 3|1, 3)
boundary conditions, for different number of faces N; the horizontal axis is 1/N,
the thermodynamic limit corresponds to the vertical axis. The correct character
Zi3n3(q) = ¢ VA1 4¢P +q+2¢*2 +2¢° +3¢"/3 +5¢° +0(¢*)) and its degeneracy
are recovered.
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