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1 Introduction

Scattering amplitudes are the heart of particle physics. They are a bridge between theory
and experiment. Understanding them is necessary to interpret experimental results from
particle accelerators. On the theoretical side, they provide a bountiful source of mathematical
structures and connections. The study of scattering amplitudes is a well-established subject
— dating back at least to the 1950s — and remains an area of active work, with many
unsolved problems. Indeed, the last decade has seen the rise of “amplitudeology”, a program
for uncovering the hidden structure of scattering amplitudes. This thesis focuses on one
aspect of scattering amplitudes: the structure of MHV remainder functions of 2-loop, n-
particle, planar limit A/ = 4 Super Yang-Mills amplitudes. (These terms will be defined
precisely.) These have a fascinating mathematical structure, with many connections to the
subjects of cluster algebras and polylogarithms.

What is a scattering amplitude? Imagine a particle collider. The collider accelerates
subatomic particles nearly to light speed and smashes them into other particles. If these
particles are energetic enough, they then break apart and form other particles, which fly off

(“scatter”) in all directions.
The energies and momenta of all these particles can be measured. Therefore a theorist’s
job is to predict and explain such measurements. A typical question is: if 3 particles with
known energies and momenta go in, then what is the probability of getting 7 particles out
with definite energies and momenta? Such probabilities are called scattering amplitudes.
Scattering amplitudes are calculated within the framework of quantum field theory. The
most common technique for calculating them is the method of Feynman diagrams. Very
roughly, the method works as follows. One draws a diagram with incoming particles on the
left, represented by arrows, and the outgoing particles on the right, and then connects them

in all possible ways. For instance, suppose particles a and b are incoming and particles ¢ and
d are outgoing. The three simplest possible diagrams are:

a c a
c
a c
b d d
b d b

Other more complicated diagrams are also possible, such as this one with a loop.
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In general, there are infinitely many such diagrams that can be drawn.

Feynman rules give the value of each Feynman diagram. The scattering amplitude is
the sum of the values of all possible Feynman diagrams. In perturbation theory, the more
complicated diagrams all have very small values, so the scattering amplitude can be approx-
imated well just by looking at the simplest diagrams — ones with just a few loops. This
is fortunate, because the difficulty of computing the value of a Feynman diagram increases
immensely as loops are added.

Much of amplitudeology focuses on a particular quantum field theory: N/ = 4 Super Yang-
Mills (SYM) theory. This theory falls in a kind of “Goldilocks zone”; it is complicated enough
to be very interesting, but not so complicated that it can’t be understood. Although N = 4
SYM is not a physically realistic theory, it is very similar to quantum chromodynamics,
which describes the strong nuclear force. The hope is that understanding the scattering
amplitudes of ' = 4 SYM will provide general principles that work in any quantum field
theory.

Recent work by Golden, Goncharov, Spradlin, Volovich, et al. follows a single theme:

Particular scattering amplitudes in N' = 4 SYM can be written as

sums of polylogarithms in variables with a cluster algebra structure. (1.1)

Polylogarithms are special functions which generalize the logarithm, and cluster algebras are
a new type of algebraic structure discovered about a decade ago. Both of these mathematical
structures are intriguing in their own right, with deep connections to scattering amplitudes.
Exploring these connections has already been highly productive. As an example, a heroic
calculation by Del Duca, Duhr and Smirnov established an formula for the most complex
part of the 2-loop, 6-particle diagrams [I]. The expression is 17 pages long. Using math-
ematical techniques imported from the study of polylogarithms, Goncharov et al. reduced
this expression to a single line [2]. Using additional cluster algebraic structure, Golden et al.
gave a similar formula for 7 particles that was only slightly more complex [3]. The moral of
this story is that deeply understanding the theme will reveal simplifications and new
insights into scattering amplitudes.

This thesis attempts to provide a bridge between quantum field theory, as it might be
taught in a first semester graduate course, and current research in this topic. The topics
discussed are as follows.

e Section [2| introduces Yang-Mills theory. This is fairly standard material which can be
found in quantum field theory textbooks. Unlike the rest of the thesis, no attempt is
made to be self-contained here; a semester course in field theory is probably required
for this section.



e Section [3| describes kinematics for scattering amplitudes. Since amplitudes are func-
tions of the energy and momentum of the ingoing and outgoing particles, they are
usually written as equations in the four-vector momenta of those particles. However,
it turns out to be much more convenient to describe amplitudes as functions on Grass-
mannians. (Grassmannians can be thought of as the space of k-dimensional planes
inside n-dimensional space.) This section describes how one gets from four-vectors to
Grassmannians.

e Section [4] is a very brief review of scattering amplitudes in N' = 4 SYM. This is an
entire subject unto its own, and books have been written on the subject. The primary
goal here is to introduce terminology and set out which questions are answered.

e Section [5fintroduces cluster algebras. Cluster algebras are a very new subject, which is
both a blessing and a curse. On the other hand, there are not yet standard pedagogical
treatments of the subject, partly because the basic definitions are still in flux. This
section attempts a complete explanation of cluster algebras starting “from scratch”
and developing all the necessary concepts for physics. No background is assumed or,
hopefully, required.

e Section [0] introduces polylogarithms. Though one can think of polylogarithms as just
another special function, they have a deep theory. Research in this area — much of
it by Professor Goncharov — tends to be much more mathematically technical than
cluster algebras. The section gives an overview of polylogarithms at the level used in
physics.

e The last two sections describe novel results by the author and current research. Much of
this work was done in collaboration with Adam Scherlis. Section [7] describes “cluster
functions”, sums of polylogarithms with cluster algebraic structure. Section [§ gives
some results towards finding bases for spaces of polylogarithms, a task complicated by
the considerable number of functional identities between polylogarithms.

I would like to thank my thesis advisor Professor Volovich for being a superb mentor and
for introducing me to this beautiful subject. I would also like to thank Professor Spradlin
and Dr. Golden for answering all of my questions, and teaching me so much. I further thank
my all friends and family for their support and help. Lastly, I thank Adam Scherlis for
showing me how wonderful physics is and my father for inspiring me to study science.



2 Yang-Mills Theory

Yang-Mills theory, and Gauge theories more generally, describe how the electromagnetic,
weak, and strong forces work in the Standard Model. This is a very large subject, and this
section only describes a small part of it, focusing on motivation for the Lagrangian, how that
Lagrangian is quantized and the associated Feynman rules..

2.1 Motivation and the Lagrangian

This discussion attempts to motivate the Yang-Mills Lagrangian from a mathematical per-
spective. The discussion is conceptual rather than rigorous, and follows treatments in [4} 5], [6].

It’s handy to first consider a special case. Consider a wavefunction on Minkowski space
M that is valued in the vector space V = C". Two-component wavefunctions in quantum
mechanics are an example of such wavefunctions, with values in C2. In principle, though,
any vector space can be used. To construct a quantum field theory, a Lagrangian (density)
is needed. This is a real-valued function of the wavefunction, £(1)). The usual choice is

L(w) = ||d|* + m |y] (2.1)
where d is the gradient and ||-|| is the Euclidean norm on V. If a basis {e;},_, is chosen for
V', then ¢ = 1)’e; and the Lagrangian becomes

L) = 0"pi0p + mapa). (2.2)
where 1 = 0,...,3 is a space-time index.

One mandates that the Lagrangian should not depend on the choice of basis; the basis
of V' is arbitrary, so a different choice should not yield different physics. Again in the case
of spinors, there is no preferred direction for “spin up” and therefore no special basis for the
space of spinors. One can choose any arbitrary direction for “spin up” and construct a basis
from that choice. Regardless of the choice of “up”, the physics is the same. The same is true
in the general case V = C".

More precisely, suppose that U € U(V) = U(n), the Lie group of unitary transformations
of C". In particular, UU' = I, and ||[Uv||* = ||v|| for any v € V. Then the wavefunction
transforms under U as

(@) = Utp(x). (2.3)
Actually, one can take V to be any vector space with a U(n) representation on it. Since the
gradient is a linear function on V| it transforms as

d s UdU?. (2.4)
Therefore the action of U on A is
2
U- L) = [[([UdUN)UD)||” +m (U]
= [|va@tvye|]® +m )’

= ||dv||* +m||¢?
= L(¥).



Thus £ is U(n)-invariant, as stipulated.

Now consider a generalization. Consider Minkowski space with a copy of the vector
space V' “glued” to each point to form a vector bundle over Minkowski space. Now the
wavefunction is a map that, for each point x in Minkowski space, gives a vector in the copy
of V' glued to . What can the Lagrangian look like now?

vy
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As before, one mandates that the Lagrangian should not depend on the choice of basis.
The difference is that now one makes a choice of basis for V' at each point in space. A gauge
transformation is a map

() = U(z)p(z) (2.6)
where U(x) is a smooth, U(n)-valued function of z. In other words, it is a change of basis
at each point in spacetime. But there’s a problem: there’s no longer a unique directional
derivative. In fact, for any u(n)-valued 1-form A, (x)dz" (where u(n) is the Lie Algebra of

U(n)),
D* =d +igA(x)dr < Df =0, +igA,(z) (2.7)

is a perfectly fine directional derivative. Here , ¢ is a real-valued coupling constant, and
A is known as a Gauge field. “Perfectly fine” means that it obeys the product rule and
is compatible with the norm on V. This D4 is known as a covariant derivative.ﬂ The
superscript on D? is often dropped for clarity.

Covariant derivatives differ from normal derivatives in one important respect: the familiar
fact that “mixed partials” are equal (0,0, = 0,0,) does not hold. The degree to which the
mixed partials fail to commute is the curvature

F

pv

- é[DM, D). (2.8)

IMore precisely, this is a gauge connection or gauge covariant derivative induced from a principle U(n)-
bundle over M on V. For more on the elegant subject of connections on principle bundles in gauge theory,
see [0] or [1].



This can be expressed in terms of the Gauge field:

[Dy, Dy

= (0, +1igAL) (0, +igA,) — (Ou +igAL) (0, +igA,)) Y

= (0,0, — 0,0,) ¥ +ig(0,A, — A0, — 0, A, + A,0)0 — *(ALA, — A, A

= ig(D(A,0) + Au(0,8) = Au(0,8) = 0u(A) = A,(0,0) + A (0,0) ) — g [Au A
= ig(a,,A# - 8uAV)¢ - 92 [Aw Au]

SO
F = F,dz" Nds¥ = (0,A, — 0,A,) —iglA,, A)Jdx" N da” = dA — ig[A, A (2.9)

The bracket here is defined by
(R, S] == [R,dz", S, dz"] = [R,,, S,]dz" A dz” (2.10)

where the bracket on the right-hand side is the Lie bracket for u(n), i.e. is just the commu-
tator for n by n matrices. Since both the Lie bracket and wedge product are anti-symmetric,
this bracket is actually symmetric and thus [A, A] # 0. This satisfies the Jacobi Identity

[qu [Rw Sp“ + [Rm [Sp’ Qu“ + [Sm [qu RVH =0 (2-11)
for any u(n)-valued functions @, R, S. It follows that,
Dy (Do D) + (Do 1Dy, D] + D (D, D)) = 0. 212)

Translating this into a statement about the curvature,
D,F,,+D,F,, +D,F,, =0, (2.13)

a statement known as the Bianchi Identity. This can be written in a coordinate-independent

fashion as
D*F =0. (2.14)

in terms of the Hodge Dual *F* := elP7F,,.
Like an ordinary derivative, the covariant derivative changes under gauge transformations

according to
D — U(z)DU'(z). (2.15)

Note that the product rule implies
(UVUYY =UUVY +U (VU ¢ = (V+U(VUY) ¢ (2.16)
SO
Dip — (UDU )y

= (v@+iaut)y

= (UdUY + iU AU

= d + U(VU W +iUAUY

= [d+iA]



where A’ = U(dUT) + iU AUT. In other words, A transforms like
A U(dUY) +iUAUT. (2.17)

Putting Equation into Equation easily shows F +— U(z)FU'(x), so ||F||” is gauge-
invariant. To sum up: the field and covariant derivative transform analogously to Equations
and , except now the transformations are functions of position. The curvature
transforms nicely as well. However, A transforms inhomogenously and, in particular, includes
an extra term under gauge transformations.

What Lagrangian could this more complicated theory have? As before, there is an issue.
Which covariant derivative should be used? The solution is actually to sidestep this problem;
if there is no unique derivative, just make it another field variable and let the Euler-Lagrange
equations find the one which minimizes the action. So one can form the trial Lagrangian
(density)

Lot (A, 0) == || DA||” + m [|v])* (2.18)

where a superscript A has been added to show that D is actually a function of A. Using the
transformation laws above, one can check that this is gauge invariant and does not depend
on a specific choice of basis. (In the notation used here, this is the same calculation as
Equation ([2.5) with d replaced by D and U by U(z).) But there’s something very odd about
this Lagrangian : there’s no kinetic term for A.

It turns out that there is a unique gauge-invariant term that is second-order in A, namely
HFAH2 = Tr F*"F,, (up to a multiplicative constant). A very sensible Lagrangian (density)
for this Gauge theory is

Lor(A ) = _i 1EA + | DA% + m el (2.19)

The factor of —}l is a convention.

Variations of this Lagrangian are the starting point for almost all gauge theories. As
an example, when the symmetry group is U(1), this becomes the Lagrangian for scalar
electrodynamics. U(1) is an Abelian group, so its Gauge theories are called Abelian gauge
theories. In such theories, the gauge field transforms more simply and is much easier to
work with. Quantum chromodynamics uses this same framework with the symmetry group
SU(3), which is non-abelian.

Yang-Mills theory starts from the Lagrangian

1
Lym(A) =~ | F° (2.20)

where the symmetry group is taken to be SU(n). This is a perfectly good classical field
theory.

2.2 Quantization

Equipped with the Lagrangian for Yang-Mills theory, the next task is to quantize it. This
discussion follows Srednicki and Zee[8], 9.
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A first attempt at writing down a partition function for Yang-Mills theory might looks
like

Z[A, J] oc/D[A] exp (z’/MEYM(A)JrAJ) (2.21)

where J is a vector-valued source. At this point, it is unfortunately necessary to introduce
coordinates. Let {T9}"""/2 be a basis for su(n), normalized by Tr (T°T") = 6°°. In this
basis, the Lie bracket of su(n) has the form

[T T° = fobeT (2.22)

where f% are the (real-valued) structure constants of su(n). The Latin indices here run
from 1 to n(n — 1)/2, the dimension of su(n). Then

1 1
Lom(A) = —ZIFIP = = |dA+[4,4])"

_ —i( [dA|* — 2ig (dA, [A, A]) — ¢° II[A,A]II2>
= Lo(A) + L1(A) + Lo(A)

where
Lo(A) = —iTr (0,4, — 0,42, (2.23)
Li(A) = —%g (0,48 — 9,A%) frbe A A, (2.24)
Lo(A) = —392 Jfobe e A Ag A% A (2.25)

Note that Ly, L1, Ly are respectively constant, linear, and quadratic in the coupling. One
thinks of £y and £; as a “free field theory” with £, as a perturbation. To apply perturbation
theory, one must find the propagator, i.e. the operator inverse of Ly. Unfortunately, due to
gauge freedom, Lg has a non-trivial kernel and thus no inverse exists. This can be cured by
“fixing” the gauge.

Eliding over a long argument, one does this by introducing a functional determinant,
which is computed by putting in the Faddeev-Popov ghost fields, two complex-scalar fields
denoted ¢ and ¢’ respectively. One should note that these fields are non-physical, and exist
merely to fix the gauge. The fact that they violate spin-statistics can therefore be ignored.
The new, gauge-fixed Lagrangian is

Z[J e e o /D[A] D[c] D[c'] exp (z/ Ly + Lgp(A) + Lon(e,c’) + JA+ cle + ce
M

(2.26)
where the gauge-fixing term is

1
Ly = —55—16“A38”A3. (2.27)

Here € is a real parameter which specifies the gauge fixing. It is non-physical and should
drop out in any observable. The ghost term is

Ly = ' De = —0"c19,c" + gf“bcAfﬁ“cT“cb. (2.28)
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The particles associated to A are called gluons
to ¢ and ¢f are called ghosts.

and the (non-physical) particles associated

Component

Graphical Representation

Gluon propagator

(g + (€= 1)

5ab

T k2—ie

A ab kuky
A (k) i )
Ghost propagator

é‘ab
k2—ie

Aab ( L2 )
Three gluon vertex

-y rabc
iV, q,7)

Ay b ANNANNANNANN b, v

y &

a,

= gfe (@ = 7)uGvp + (T = D)uGpu + (P — @) pG]

Four gluon vertex

-y 7abed
A% Lpo

= _2'92 |:fabefcde (gupgw o g,wgup)
+facefdbe (g,ucrgpz/ - g,LLVng)
+ fadefbce(g;u/gap - gupgau)]

Ghost-ghost-gluon vertex

iV(q,r) = gf*q,

G p

a, i

a, i

The Feynman rules for the theory are given in the table. In principle, one could determine

the value of any scattering amplitude just from these rules.

Unfortunately, this is very

impractical. Srednicki points out that just the gg — gg cross section has 12,996 terms just
at tree level [8]! The methods of the next section drastically reduce the complexity of these

calculations.
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3 Kinematics for Scattering Amplitudes

The notion of scattering amplitude can now be made more mathematically precise. An
n-particle scattering amplitude for gluons in Yang-Mills theory is a complex-valued
function

A(p17'~'7pnagla'~-7€n) (3].)

where p; and ¢; are the four-momentum and polarization of the ¢th gluon respectively. The
precise form of A can, in principle, be calculated by summing over all Feynman diagrams.
By convention, all n particles are considered to be outgoing.

What space is A defined on? Naively, it is a function of 2n four-vectors, i.e. A : M?" — C.
(This necessarily implies A is Lorentz-invariant.) However, energy-momentum conservation

implies that
> pi=0. (3.2)
i=1

One often makes the further restriction that the gluons are light-like, i.e.
pr=0, 1<i<n. (3.3)

These constraints carve out a complicated subset of M?". The natural question is: what is
the best way to parameterize functions on this subset? Alternatively, what is the domain of
A? A sequence of maps gives better and better answers.

Minkowski space

J

Spinor-Helicity Parameterization

!

Momentum Twistors

l

Grassmannians

!

Cluster Algebras

(3.4)

The first three steps, Minkowski space to Grassmannians, are briefly reviewed in this section.
The last step is taken up in Section [5.6, An extremely clear explanation of the first two
steps is given by Witten in [I0], whose presentation is roughly followed below. Another,
more detailed explanation is given by Elvang and Huang in [I1]. All four steps are used by
Golden et al. [12].

3.1 Spinor Helicity

The complexified Lorentz group is locally isomorphic to SLs(C) x SLs(C). Its representa-
tions can therefore be classified by a pair of half-integers (n,m). The representation (%, 0)
acts on negative chirality spinors, written as \,, @ = 1,2. These indices are raised and

lowered by €4, the Levi-Civita symbol. If A\; and \; are both negative chirality spinors, then

13



(A1, A2) = e APAS is a Lorentz-invariant, anti-symmetric form. The (0,1/2) representation
acts similarly on positive chirality spinors, which are denoted with dotted indices and a tilde
Xa. These have the invariant [A;, Ao] = £, A4\,

The Lorentz group SO(3,1) is essentially the (1/2,1/2) representation. A four-vector p
can then therefore be written as a bi-spinor, a two-by-two matrix denoted p,, which is a
combination of a negative and positive chirality spinor where p? = det p,s. One finds that a
light-like vector can be represented as

Paa = )\a)\a (35)

for some positive and negative chirality spinors A and A _Unfortunately, this is not a unique
representation, since if a € C*, then A — al, X = a~!\ leaves Pae invariant. There is, in
general, no way to determine A and X as functlons of p. However, given a pair (A, A), and the
helicity of the gluon, one can determine the momentum p and polarization €. (The helicity
of a particle is the dot product of the spatial components of momentum and spin. For a
spin-one particle such as a gluon, the helicity is £1, usually written as just 4+ or —.) This is
not a unique mapping; to carry this out, two arbitrary spinors p, and i, must be chosen.
The upshot is that the scattering amplitude can be written as

A, Niy hy) (3.6)

where \; and Xz are positive and negative chirality spinors, h; = 41 is the helicity and, of
course, 1 <7 < n. Since the above discussion was specialized to light-like vectors, Equation
automatically obeys the constraint (3.3)). However, the condition of total momentum
conservation must still be enforced “manually”. One can check that this amplitude is Lorentz
invariant [10].

3.2 Twistors and Momentum Twistors

Minkowski space is often very difficult to work with, partially because the Lorentz group is
non-compact. It is sometimes easier to work with a generalization of Minkowski space whose
symmetries form a compact Lie group. One realization of this idea is twistor space, proposed
by Penrose [13]. Very roughly, the idea is that complexified, compactified Minkowski space
can be conformally embedded into CP?, three-dimensional complex projective space. Ele-
ments of twistor space are called twistors. A twistor Z can be written Z = (A, i) where A
and p are spinors.

In the same way that thinking of the complex numbers as the Riemann sphere yields
a much cleaner picture of Mobius transformations, twistor space simplifies Lorentz trans-
formations. It is customary to use a metric signature + + ——, in which case the Lorentz
transformations are promoted to PSL4(R) [10].(Actually, the Lorentz transformations form
a subgroup, but amplitudes are invariant under all of PSL,4(R).)

One can go between the bi-spinors of the last section and twistors easily by means of a
“half-fourier transform” [10]. For an arbitrary function f(\), one makes the transformation

FO) = Flw) = / %exp(w%)f@)- (3.7)

14



Lorentz-invariant parts of A(/\,-,X,hi) are always brackets (-,-) or [-,-], which are func-
tions of either A or A alone, so this transformation suffices to express the amplitude as
A(N;, iy hi) = A(Z;, hy) over twistor space. One can show that A is actually a holomorphic
function of the A;’s and p;’s [10].

A slight variant on this approach, called momentum twistors, automatically enforces mo-
mentum conservation. The method is due to Hodges [14]. Consider, back in Minkowski space,
the momenta p;. Representing these as vectors laid end to end, the condition Y ;p; = 0
implies they form a closed polygon with light-like edges.

Ys

Yn—2

One then considers affine coordinates y; so that p; = y; — y;_1. Each of these y; is a point
on affine Minkowski space, i.e. Minkowski space with no distinguished origin. The condition
on momentum conservation is simply

0=>"pi=> Wi—¥i1)=VYn—Yna+ +l—t+%+%="0Yn— Yo (3.8)
i=1 i=1
or, simply, yo = yn. The original amplitude can then be cast as A(y1,...,Yn,€15--,En),

where the y’s are completely unconstrained. Using the same machinery outlined above, the
x’s can be carried over to twistor space, where they enjoy the additional dual conformal
symmetry [12].

3.3 Configurations
In light of this discussion, scattering amplitudes can now be considered functions
A(Zy, ..o  Zyyhay oo hy) (3.9)

where the Z;’s are (momentum) twistors in CP* and h; = +1 are helicities. The Z’s are
automatically light-like and obey momentum conservation; they are unconstrained. Lorentz
symmetry is still present, in the form of an overall action of PSL,(C) acting on all of the
Z;’s simultaneously. The space of n-tuples of points in CP* modulo the action of PGL4(C)
is the configuration space Conf, (CP?) [I2]. Thus scattering amplitudes are functions

A: Conf,(CP?) x Zi — C (3.10)

with no constraints.
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3.4 Grassmannians and Plucker Coordinates

How can one actually work with the space Conf, (CP?) in practice? What sort of coordinates
does it have? It turns out that Conf, (CP?) is essentially the Grassmannian G(4,n)/ (C*)""".
Grassmannians are a source of many examples in algebraic geometry, and are quite well-
understood by mathematicians. They are described by many books, e.g. Gekhtman et al
[15].

The complex Grassmannian G(k,n) is the space of complex k-dimensional vector
subspaces of C". This can be formulated more concretely in terms of matrices. Consider a
subspace V' C C", with dim V' = k. One can choose a basis {by,...,b,} for C" such that
the span of the first k£ vectors is V. V can thus be specified by the matrix

b, b1 bz -+ bip
o I L (3.11)
b, bii br2 - Dpn

Of course, any change of basis of the first k& vectors spans the subspace, multiplying by a
k by k invertible matrix on the left specifies the same subspace. This k x n matrix only
specifies V up to a left action of GLj(C). The Grassmannian can therefore be identified with
the quotient

One important property of the Grassmannian is that G(k,n) = G(n — k,n). This is because
there is a bijection between k-planes and (n — k)-planes in n dimensions. Just as a plane
in R3 can be specified by it’s normal vector, a k-plane in C" is uniquely determined by the
subspace orthogonal to it.

A common choice of coordinates on the Grassmannian are Plicker coordinates. The
Pliicker Embbedding is a map of the Grassmannian into projective space. Define a map

v: G(k,n) — P(A*C")
where, if V' = span {b,...,bx} € G(k,n) and the b;’s are a basis for V', then
L(V) = bl/\bg/\'-'/\bk.

This is well-defined, because if the ¢;’s are another basis for V, with ¢; = A;bi for some
change-of-basis matrix A, then

i N A A= Af by NAS by A+ N AY b = (det A)by Aby A -+ Ay

which is equal to by Abs A--- Aby in projective space. The second equality is just the normal
change of basis formula for the wedge product. See, e.g. Lemma 9.11 of [I6] for a proof.
This map is injective, but not surjective.

Pliicker Coordinates are formed as follows. Consider V' € G(k,n) as a k X n matrix as in
Equation . Define I := (iy,...,4) to be some multi-index of length k with 1 <i; <n.
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Then (b;,b;, - - - b;,) is a k x k matrix. This is known as the minor of V indexed by I. Since
this is a square matrix, it has a well defined determinant. The Pliicker coordinates for I is

If A is a change-of-basis matrix of Vi.e. a k x k non-degenerate matrix, then (/) (AV) =
det A (I) (V). Pliicker coordinates are therefore well-defined homogenous homogenous coor-
dinates on the projective space P(A*C™). As mentioned above, the embedding is not surjec-
tive. Indeed, the Pliicker coordinates satisfy functional relations. These Pliicker relations
have the form
(i 1) (pal) = (pil) (iql) + (g I) (pil) (3.14)

where [ is a multi-index of length £ — 2 and 4, j,p, ¢ are single indeces. The homogenous
coordinate ring on the Grassmannian is the ring of polynomials in the Plicker coordinates
modulo the ideal generated by all the Pliicker relations.

Golden et al connect this to the physics[12]. Suppose Z; are twistors. They are repre-
sented as points in C* with Z; ~ aZ; for any a € C*. A configuration of n twistors is a 4 x n
matrix

A
Zo
: (3.15)
Zn,
Four-brackets
(1jke) = det(Z,Z; ZZy) (3.16)

are invariant under the symmetry PGL4(C), and thus good coordinates on the moduli space.
But these are exactly the Pliicker coordinates for G(4,n)! Because of the overall C* scaling on
each of the coordinates, it is necessary to further mod out by (C*)". However, multiplying by
exactly the same factor for each twistor does nothing, so one really want (C*)"~!. Precisely,
in the language of algebraic geometry, there is a birational isomorphism [12]

G(k,n)/ (C*)""! = Conf, (CP?). (3.17)

Thus scattering amplitudes can be considered as complex-valued maps on the Grassmannian.
This may seem an unnecessarily complicated approach, but using the Grassmannian actually
makes many “hidden” properties of scattering amplitudes much easier to see.

the last step in this procession of mappings — from Grassmannians to cluster algebras
— is postponed to Section [5.6]

4 Review of Amplitudes in N =4 SYM

This section is a very brief review of amplitudes in A/ = 4 SYM and should be treated as
heuristic rather than authoritative. The focus is on “taxonomy”: what classes of functions
exist, which are known, and which are not. A comprehensive treatment of this material is
given in Elvang and Huang[I1]. The presentation here follows the thesis defense of Dr. John
Golden.
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4.1 The Parke-Taylor Formula

With the Feynman rules for Yang-Mills theory developed in Section [2|, one can in principle
calculate any amplitude. In practice, this is an infinite sum over diagrams. It is typical to
split up the n-particle amplitude A,, as

A, = A0 4 AW 4 A@) 4 (4.1)

where A%L) is contribution from diagrams with exactly L loops. The contribution of diagrams
with no loops, A;O) is called tree level.

Even tree level results are difficult. In 1985 Parke and Taylor decided to calculate the
process gg — gggg at tree level in the planar limit [I7]. Even this “simple” calculation
involves a sum over 220 diagrams! After adding up the contributions from all the diagrams,
the final result turned out to be extremely simple! In spinor-helicity formalism, with the
abbreviated notation (\;, \j, h = &) <> iF,

0t ob o g (12)*
AP 2737,47) = (12) (23) (34) (41) (4.2)

where (ij) = (\;A;). The number of Feynman diagrams grown very quickly with n. For
g9 — 8¢, there are more than a million [II]. But something remarkable happens. The
general form of Equation (4.2)) actually works for any number of particles! Precisely,

(12)*
(12) (23) -+ (nl)’

AT 2T 3747 .. nT) = (4.3)
(This is actually only the most complex part of the answer. The full answer is found by
summing over non-cyclic permutations of {1,...,n} with a multiplicative term proportional
to the trace of a product of generators of su(n).) This unexpectedly simple answer is taken to
be evidence for a larger trend: Yang-Mills theory amplitudes are actually fairly well-behaved,
but calculating them is ugly. The hope is that studying the structure of the amplitudes will
give shortcuts that render the diagrams unnecessary.

Elegant Lagrangian

Lots of Feynman Diagrams
(4.4)

Lots of complicated terms

Simple answer <«

4.2 Supersymmetry

For amplitudes above tree level, Yang-Mills theory quickly becomes very difficult. To make
calculations tractable, it is standard to work in A/ = 4 Super Yang-Mills theory, which offers
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many additional symmetries that can be used to “tame” the amplitudes that appear. Here
N refers to the number of supersymmetry generators in the theory. The Lagrangian for this
theory is[11]

1 1 ) — — 2
L—Tr (‘1 1FI = S ipes P+ ST+ Lot o, 9+ Lo, w) (4.5)

where D is the same covariant derivative as in regular Yang-Mills for SU(N); &;, [ =1,...,6
are real scalar fields with a global SO(6) R-symmetry; ¥ are 10-dimensional Majorana-
Weyl fermions; and I'! are gamma-matrices of the 10-dimensional Clifford algebra. All
commutators are associated with the su(n) Lie algbera. This gives a superconformal group
with 32 fermionic and 30 bosonic generators total generators [11]. In short, N/ = 4 has a
large number of symmetries.

Working in this framework, amplitudes are promoted to superamplitudes, which also
include the new fermionic fields. The discussion of the kinematics remains largely similar.
Further details of supersymmetry are beyond the scope of this thesis.

4.3 The MHYV C(Classification

The Parke-Taylor formula holds in the case where two of the gluons have positive helicity, and
the rest negative. This roughly corresponds to two incoming gluons and the rest outgoing.
What about all the other possibilities? It turns out that in N' = 4 SYM, the amplitudes
with zero or one helicity different from all the rest vanish:

A= 27 onT)=0=AP0a*r 27, n). (4.6)

So at least two gluons must have opposite helicity from the rest. The case when exactly
two gluons have positive helicity, with the rest negative is called the Maximally Helicity
Violating (MHYV) case. The case with exactly three positive is called the Next-to MHV
(NMHYV) case. In general, the amplitude

ADAT 2t (K42 (K+3),...,n7) (4.7)

is called the NKMHYV term. MHV terms tend to be the simplest, and grow more complicated
with K. However, the difference is usually not too great. If the MHV term is known, the
NEXMHYV terms can be computed by the formula

K K K
AT () = A (PNO™ + AP @) + ) (1)

n

where A ~ ¢?N is the gauge coupling times the size of the gauge group SU(N) and ¢ is a
regulator [11].

4.4 Loops and the BDS Ansatz

Using the technique of generalized unitarity, Bern, Dixon, Dunbar and Kosower were able to
determine a general formula for AS), the one-loop, n-particle MHV amplitude [18]. As with
the Parke-Taylor formula, the final result is fairly simple.
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The next step was two-loops. It was shown by Anastasiou, Bern, Dixon, and Kosower
(ABDK) [19] that the 2-loop, 4-particle, planar amplitude can be expressed in terms of the
one-loop amplitude by [11]

PV (2) = < [PIV ()" + PIHY (26) O ()CP + O(e) (49)

l\DI»—t

where @ () = —((2) — ((3)e — ¢(4)e? and C® = —((2)?/2. The appearance of (, the
Riemann-Zeta function is not entirely a coincidence and will be “explained” in Section [6]

This continues at three loops. Bern, Dixon, and Smirnov (BDS) found that the 3-loop,
4-particle, planar MHV amplitude can also be expressed in terms of the one-loop result [20]!
Specifically, [11]

PV (e) = —= [PMHV(e)} + PYV () PYFY () + O (e)PYY (3e) + C¥) + O(e)  (4.10)

where f®)(e) = L¢(4) + O(¢) and C® is a constant. The coefficients that appear look
very similar to the power series of e®. This motivated the BDS Amnsatz for the full MHV
amplitude at all loops:

PMHV(BDS) (1) _ oy Z AL (fP()PMIY(Le) + ) 4 O(e)) | . (4.11)

This is thought to be almost correct. At two loops are five particles it gives the correct
amplitude. However, it begins to fail “gently” at two loops and six particles. Though
the ansatz correctly predicts the infrared divergence structure of the amplitude, it does
not fully produce the correct finite part. The difference between the BDS Ansatz and
the actual amplitude is called the remainder function RE. 1t is in calculating these
remainder function that cluster algebras and polylogarithms are effectively applied. The
next two sections will develop cluster algebras and review the necessary information about
polylogarithms.

5 Cluster Algebras

Cluster algebras are a new area of mathematics, introduced in 2002 by Fomin and Zelevin-
sky [2I]. They have already been applied to many areas in mathematics. Indeed, many old
and well-understood mathematical objects carry cluster algebra structure, including homo-
geneous coordinates of Grassmannians, polygon triangulations, Schubert varieties, and more
[22] 23]. Because of this, cluster algebras are the subject of considerable current research
and mathematicians are searching for them — successfully — across mathematics.
Although applications of cluster algebras can be very technical, the definition and prop-
erties of cluster algebras require only simple algebra and graph theory [22]. One can almost
ignore the algebraic definitions and simply follow the algorithm set out by the examples.
For a more in-depth introduction to cluster algebras, the textbook [24], by Gehktman,
Shapiro and Vainstein is probably the most complete and detailed introductory work on
cluster algebras at this time. This section follows the expository treatments in [22] 23, 25| 24].
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5.1 What is a Cluster Algebra?

Cluster algebras are defined on collections of “seeds” linked by an operation known as “mu-
tation”. Seeds have two ingredients: “quivers” and “cluster variables”.

Definition 1. A quiver Q) is a directed graph, possible with multiple arrow between vertices
and/or loops. A quiver is represented by a square, skew-symmetric, integer-valued matrix
Qij of size n x n. The entry Q;; is the number of arrows from vertex i to vertex j.

As an example, the graph [25]

O—@—;

(5.1)
has data
0 1 0O -1 0 0
-1 0 1 -1 0 0
0O -1 0 -2 1 0
Q= 1 1 2 0 1 -1 (5.2)
0 0O -1 -1 O 1
0 0 0 1 -1 0

Definition 2. If Q) is a quiver, then mutation on vertex k is a map defined by py(Q) = Q'
made by applying the following rules:

1. reverse all arrows going into or out of vertex k;

2. for each path i — k — j, add in a new “shortcut” arrow i — j (“complete the
triangle”);

3. remove any two-cycles that have formed.

Equivalently, one replaces Qi; with a new matriz Q}; = pxQi; with entries given by

(

—Qij ifke{i,j}
Qi = OO 1O,
’ Qi]’ + |Qlk‘ Qk] i Q” |ij| otherwise
: ’ (5.3)
=< Qij + B |Qrj|  if sgn Qi = sgn Qy;
| Qik otherwise.
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As an example, mutating on vertex 2 of the above graph (5.1]) gives

« o )

where the differences are highlighted in red. Or, expressed as matrix,

0 -1 1 -1 0 0

1 0 -1 1 0 0

, -1 1 0 -3 1 o0
=11 13 0 1 < (54)

0 0 -1 -1 0 1

0 0 0 1 =1 0

Now for the second ingredient. Instead of using the vertices of the quiver as mere labels,
we promote them to variables.

Definition 3. Let {ai,...,a,} be transcendental over Q (independent variables with no
relations). The tuple

a=(ay,...,a,) (5.5)

1s called a cluster and the a;’s are called cluster vartables.

A seed is a pair S = (a,Q) of a cluster and a quiver where the elements of the cluster
label the vertices of the quiver. Two seeds are considered equal if their labelled quivers are
the same up to graph isomorphism.

Going back to the same example, if the cluster variables are a = {a,xs,...,as}, then
the seed S = (a, Q) is represented as follows.

@—@—®

/
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The operation of mutation changes the variables as well as the quiver.

Definition 4. Let S = (a,Q) be a seed. Then the operation of seed mutation in the
direction k is a map from seeds to seeds by up(a, Q) = (@', Q') where

ag if k¢
,uk(af) - i [ H a; + H aj] if 0 =k. (5'6)
Ak i—k k—j

The notation i — k or k — j means the product should be taken over all the arrows that
are tncoming to k or outgoing from k respectively. Multiple arrows should, of course, be
counted multiple times. It follows from the definition that mutation on a particular vertex is
an involution: p2 = Id.

Taking the example of our favorite quiver, mutating on ay gives

@@ ©
/@

f_ 1
where a = - (a1a4 + a3).

Now that all the ingredients have been assembled, cluster algebras can be defined. A
sequence of mutations is simply the composition of multiple mutations, such as ;030 ps.

Definition 5. Suppose S = (x, Q) is a seed withn. Define A, the set cluster A-coordinates
to be the union of all cluster variables appear under arbitrary sequences of mutations starting
from S. More formally,

A=A{x € pipuiy -+ i (2,Q) + 1<iy,...,0, <n,r € N}. (5.7)

The cluster algebra generated by S, C(S) is defined as algebraic extension of 7 generated
by A, i.e. Z|A]. The size of each quiver, n, is called the rank of the cluster algebra, and the
number of seeds is the order of the algebra.

It is important to note that the defnition of a cluster algebra varies somewhat, depending
on the source. This follows [23]. However, [22] defines them as a subring of Q(x1,...,z,).

Since the definition is not yet solid, it is better to think of the cluster algebra as the collec-
tion of seeds obtained from mutating the initial seed. Different applications will erect various
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algebraic structures on top of the seeds. But the essential features — seeds, mutations, and
cluster variables — are the same in any case.

There are also various generalizations of cluster algebras built out of more general ma-
trices () that need not be skew-symmetric, but perhaps only skew-symmetrizable, or totally
sign-skew-symmetric [24]. So far, these generalizations play no part in the physics of scat-
tering amplitudes, and will not be discussed here. In this larger context, the cluster algebras
defined here are skew-symmetric cluster algebras of geometric type.

One generalization that will be used, however, is the idea of frozen wvariables. Concep-
tually, one chooses certain vertices that may not be mutated. These are carried along,
unchanged, in every quiver. See [20] for more details.

5.2 The A, Cluster Algebra

The definition of cluster algebras is best understood through examples. The simplest non-
trivial cluster algebra is called Ay and starts from the seed

$1 = (a1, Q1) = ((al,@), (_01 é)) (5.8)

5

There are two mutable variables, a; and as, and no frozen variables. Applying p;, mutation
on the first vertex, gives a new seed

we @—®

2= (50 = (02,20) = (w0, (§ 1)) (5.9)

where a3 is given by Equation ((5.6):

or, as a quiver,

or

1 1 1
o1 a} = [H w+ 11 ] — - [of} + afal] = 2. (510)

- a a1
i—1 1—j

Applying p; to Sy just generates S; again, which gives nothing new. Applying o to Sp

gives the seed
s (@—

S0 g (5) = (@, @) = ({anan), () 7)) (5.11)

or
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where
14+a+a
Qg : ||a2+||a2 =—(1+a3) = - rrT (5.12)
i—2 2—7 az a1Gz
i j

After this, the cluster variables start getting simpler again. Applying py to Ss gives

or
0 -1
5(4 — MI(S?)) (a’47 Q4) ((a’57a4)7 (1 0 >) (513)
where
1 . . 1 1 1
a=dy=— [[a+ [[o/| = (1 +a)=22TT0TR G 50y
ar |3 355 as a1a2 1+ a as

Applying uo gives

&3

or
0 1
S5 = 1a(Ss) = (as,Qs) = ((%,GG); (_1 O)) (5.15)
where
1 1 14+a1+ ay a1as
=a, = — i = — 1) = = a. 5.16
6 @ as [z]:;[La + 41:[>] (12] ay (CL5 + ) a9 1 + aq + as “ ( )

Something very strange has happened here! The sixth cluster variable is the first one again!

So really S5 has the quiver
s (@—
(D—)

Applying pq one more time gives

or
0 -1
Se = 111(55) = (ag, Q) = ((a7,a1), (1 0 >) (5.17)
where
1+a l+a; a
ar = [Hal—l— Haj] = L : 11+2a1 = as. (5.18)
1—5 5—j

So this seed is really
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si: (@—@
which is just S; again!

The best way to visualize this is with an exchange graph.

Definition 6. If {S;} is the set of seeds of a cluster algebra, then the exchange graph is
the graph whose vertices are the seeds and where undirected edges are drawn between pairs
of seeds linked by a single mutation. The edges are undirected because they can always be
traversed back by applying the same mutation again.

The exchange graph of A, is a pentagon.

There are several properties of A, that are worth pointing out.

e The cluster variables that appear are all rational functions in {ai, as} with positive
integer coefficients.

e The denominators of all the cluster variables are monomials in {a;,as}.

e The complete set of cluster variables of A, is

1 1 1
A<A2):{a17a2’ “+ a1 + a1+ as +CL2}‘

as | wmay |

(5.19)

No matter what sequence of mutations is performed on the initial seed, the variables
that appear will be in this set.

e Labelling the variables as above, they satisfy a recurrence relation

1 .
ay = 2 (5.20)
Ak—2

and ay,5 = ay, for all k € [0,...5].

All the properties except the last one are actually true in more general contexts.
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5.3 General Properties of Cluster Algebras

This section will discuss some general properties of the cluster algebras. The following section
will return to concrete examples to elucidate them.
One of the most remarkable properties of clusters is the Laurant Phenomenon.

Definition 7. A Laurant Polynomaial over a field F is a polynomial of the form

1 1
f(X>:keZZCka:Co+01X‘|‘a—1Y+02X2+C—2ﬁ+"- (5.21)

where X is a formal variable and ¢, € F are constants. In other words, a Laurant polynomial
is an element of the ring f € F[X, X 1]

Theorem 8 (The Laurant Phenomenon, [21) 24]). In a cluster algebra of geometric type,
any cluster variable may be expressed as a Laurant polynomial in the cluster variables of the
initial seed. Thus if a is any cluster variable,

P(ay,...,a,)
R (5.22)
a]_ .. ann
where {ay,...,a,} are the cluster variables of the initial quiver, d; € N, and P is a polyno-

maal.
Indeed, an even stronger result is expected to be true: the so-called Positivity Conjecture.

Conjecture 9 (Positivity Conjecture). The Laurant polynomial expansion of any cluster
variable has positive integer coefficients.

This was recently proved in the case of skew-symmetric cluster algebras in [26]. Together,
these serve to “tame” the mutation operation. No matter how much you mutate, the cluster
variables that appear can be expressed in terms of the initial cluster variables.

Thinking back to the Ay cluster algebra in Section [5.2] another surprising property was
that the cluster algebra is actually finite. Why did only five distinct quivers? Why not
ten, twenty, or infinitely many? The natural question to ask is: which initial seeds generate
cluster algebras with finitely many seeds? Cluster algebras with a finite number of seeds are
called finite type.

The answer is surprisingly beautiful. The classification of finite-type cluster algebras
is in fact almost the same as the Cartan-Killing classification of semisimple Lie algberas.
This is a subject quite beyond the scope of this thesis, so only a few summary remarks will
be made. Semisimple Lie algebras are classified by putting them into correspondance with
Dynkin diagrams, a type of root system represented by a graph. Some examples are given
below.
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Ee (5.23)

Finite semisimple Lie algebras have Dynkin diagrams of one of the four infinite type —
A,, B,,C,, and D, —or one of the 5 sporadic types — Fjg, E7, Fg, Fy, and G5. For cluster
algebras, Fomin and Zelevkinsky have the following classification[27].

Theorem 10. For a cluster algebra C with cluster variables A whose quivers have a single
connected component, the following are equivalent:

1. C 1is of finite type
2. A is a finite set,

3. For every seed S = (a,Q) of C, the entries of the matriz satisfy |Q;;Qji| < 3 for all
i, ],

4. One of the seeds of C has a quiver which, viewed as an undirected graph, is a simply-
laced Dynkin diagram, i.e. a Dynkin diagram of A, D or E-type shown in (5.23]).

The finite cluster algebras are therefore as follows: A, and D, for any n € N, and
Eg, E7, Es. The rank and order of each of these are known and can be expressed in terms of
Catalan numbers. The nth Catalan number is [28§]

Cln) = — (27’;) (5.24)

n—+1

Cluster Algebra A, D, Es E; Ey
Rank n n 6 7 8
Order C(n) (Bn—2)C(n—1) 833 4160 25080

Up through rank 11, the order and rank of a cluster algebra is enough to uniquely identify
it. Table [1|lists finite-type cluster algebras (of geometric type) through rank six.
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Algebra Rank Order

Ay 1 2

A1 X Al 2 4

As 2 5

A1 X Al X A1 3 8

A1 X AQ 3 10
As 3 14
A1><A1XA1><A1 4 16
A1 X Al X A2 4 20
A2 X A2 4 25
A1 X Ag 4 28
A1><A1XA1XA1><A1 5 32
A1><A1XA1><A2 5} 40
Ay 4 42
Al X A2 X AQ 5} 50
Dy 4 50
A1 X A1 X A3 5 56
A1><A1XA1><A1XA1XA1 6 64
A2 X A3 5 70
A1><A1XA1XA1XA2 6 80
Al X A4 5 84
A1XA1><A2XA2 6 100
Al X D4 5 100
A1><A1XA1><A3 6 112
A2 X A2 X A2 6 125
As ) 132
A1 X A2 X A3 6 140
A1 X A1 X A4 6 168
Ds 5 182
Ag X A3 6 196
A1 X Al X D4 6 200
A2 X A4 6 210
Ag X Dy 6 250
Al X A5 6 264
Al X D5 6 364
Ag 6 429
Dg 6 672
Eg 6 833

Table 1: All ADE-type (i.e. skew-symmetric) cluster algebras with rank one to six.
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Theorem 11 (Properties of the Exchange Graph). The following are theorems in the case
of finite-type cluster algebras and conjectured to be true generally [24)].

1. The exchange graph of a cluster algebra depends only on the initial quiver Q).

2. Every seed is uniquely defined by it’s cluster. The vertices of the exchange graph can
therefore be labelled by clusters, up to a permutation of cluster variables within clusters.

3. In a cluster algebra of rank n, each cluster contains n cluster variables. Two clusters
are adjacent in the exchange graph if, and only if, they have exactly n — 1 variables in
common.

4. This implies that: for any cluster variables x, the seeds whose clusters contain x form
a connected subgraph of the exchange graph.

This last fact can be leveraged to efficiently find subalgebras of a finite cluster algebra.
The corank-1 subalgebras are exactly the connected components of the exchange graph
whose vertices all contain a particular cluster variable. In general, a corank-%£ subalgebra
is a subgraph where the same k cluster variables appear. Such subgraphs are necessarily
connected. This implies there is a bijection between subsets of the set of cluster variables
and subalgebras.

5.4 More Examples of Cluster Algebras

This section presents some of the common cluster algebras that turn up in connection with
scattering amplitudes. In practice, the number of seeds and cluster variables quickly becomes
unmangable to work with by hand. It is therefore necessary to use computer programs to
generate the seeds, perform mutation, and collect the cluster variables. As part of this thesis,
a Mathematica library to do this was developed by the author and Adam Scherlis to do these
computations.

The Ajz cluster algebra starts from the initial seed

It has C'(3) = 14 seeds.

as as a \
. — a, > a PP g — 8 k >\¥65
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~y B ka?/ .
as as
o » >
ag ay
o » >
ag
"\x ag

where the cluster variables are

aq

Qs

Qg

a7

ag

Q9

The exchange graph can be seen in Figure [l The exchange graph actually has a ge-
ometric interpretation as the Stasheff polytope, a three-dimensional polytope [29]. In fact,
the exchange graph of a finite-type cluster algebra of rank n can be viewed as a polytope in
n-dimensions. A general feature is that these polytopes have faces which are either squares
or pentagons. The pentagonal faces correspond to A, subalgebras while the square faces
There are 6 pentagonal faces and 3 square faces. The
seeds S3 and Spp, each at the intersection of 3 pentagons, are known as the “poles” of the

correspond to A; x A; subalgebras.

polytope.

as EN ap
o \\0—3/7 - .aX”/ / T &
as a ae as
ay ag

ag as

as ag as

1+ as
aq
ai + as
a2
1+ (45
as
ay + as -+ Qo3
a1a2
a1 + aias + ag
Qo203
(1 + CLQ)(CLl + ag)
aia20a3
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Figure 1: The exchange graph for As.

The D, cluster algebra has 50 seeds and 16 cluster variables. It’s initial quiver is a
directed version of the D, Dynkin Diagram

@—©—©

The exchange graph for Dy is displayed in Figure [2 Since this is a four-dimensional
polytope, it is very difficult to visualize one two-dimensional paper. In some sense, it is
“built” out of 3 Ajs’s stuck together. Table [2] lists its subalgebras.

The Eg cluster algebra is even more complex, with 833 seeds and 42 cluster variables.
The exchange graph for Ej is displayed in Figure 3] The 7-fold and 14-fold symmetry visible
in the graph is not a coincidence; this will be discussed in a few sections in connection with
Grassmannians. The subalgebras of Egs — of which there are 4844 — are tabulated in Table
Bl

Subalgebra Shape Number
Ay edge 100

Al x Ay square 30

Ao pentagon 36

Ay x Ay x Ay cube 4

Az Stasheff polytope 12

Table 2: Subalgebras of Djy.
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Number
5
1

77777777
11111111111111

Subalgebra

11111111111111

Figure 2: The exchange graph for D,.
A
A
A

of Eﬁ.
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5.5 Cluster X-coordinates

Cluster algebras enjoy a parallel and more geometric structure along side the cluster variables.
This variously called the cluster poisson variety or pre-sympletic structure of the
cluster algebra, in the terminology of Goncharov [30] or Gekhtman et al. respectively [24].
In either case, the structure is defined as follows.

Definition 12. Suppose Q) is a quiver with n mutable vertices. Label the vertices of () with
cluster X-coordinates X = {xy,...,z,}. The cluster X-coordinates mutate according to
;! i =k

Qi 5.25
() 525

/
xr. =

where Q;; are the coefficients of the matriz corresponding to Q). In the language of Gekhtman

et al., these are called T-coordinates. The set of all X-coordinates on a cluster algebra is
denoted by X. Seeds for X -coordinates are tuples S = (X, Q).

There are two special features of the X-coordinates. First, they reproduce the same
exchange graph as the cluster variables. Second, there is a Poisson bracket {-,-} defined on
the X-coordinates by

{(L’i,l‘j} = Qijflfil’j. (526)
Proposition 13. This Poisson bracket is invariant under mutation of X-coordinates. If
zy,x; and Q mutate to x}, ) and Q', then

{a}, 2} = Qi ala;. (5.27)
The X-coordinates are related to the cluster variables by a map p : A — X given by

T; = Haj = Hafij (5.28)
1—] J

where z; and a; are cluster X'-coordinates and cluster variables associated with the same

quiver (). There is a natural relation between the exchange graph of the cluster algebra and

the Poisson bracket described here [12]. If z; and x; appear together in a A; x A; subalgebra,

then {z;,x;} = 0. If they appear in adjacent quivers in an A, subalgebra, then {z;, z;} = %1

depending on the ordering of z; and z;.

Unfortunately, the cluster X-coordinates are not functionally independent. In many
simple cases, products or quotients of two X-coordinates is a third X'-coordinate. To choose
a “functionally independent basis”, one has to choose coordinates such that the corresponding
rows of () are linearly independent. The maximal number of functionally independent X’-
coordinates is the corank of @) [12].

Another caveat is that X-coordinate interact strangely with frozen vertices. If one starts
with a initial quiver, finds all the A-coordinates, and then uses Equation to compute
the X-coordinates, then in some cases not all the X -coordinates will be found. Empirically,
there are two ways to cure this. First, one can add in a sufficiently large number of frozen
vertices so that all the X-coordinates can be disambiguated. Second, one can start from an
initial quiver of X'-coordinates and use the X'-coordinate mutation formula instead. This
confusing point will probably be eliminated in the future when the relationship between the
A- and X-coordinates is better understood in the mathematics literature.
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5.6 Grassmannian Cluster Algebras

Grassmannians have a natural cluster algebra structure. Recall Equation (3.13]), the Pliicker
Relation,

(i,5.1) = Givk, I) (G, 61+ G 0 T) GGk, T) (5.29)

1
(k, 0, 1)
where i, 7, k, ¢ are indices of minors and [ is a multi-index. This bears a great superficial
similarity to the mutation rule for cluster variables, Equation . Indeed, one can construct
a cluster algebra corresponding to Gr(k,n) starting with an initial cluster whose variables
are Pliicker coordinates. More precisely, for a Grassmannian G(k, n), the ring of homogenous
coordinates C[G(k,n)] is a cluster algebra of geometric type, a result due to Scott [31].

The initial quiver for G(k,n) is[12]

%

AN
N

where blue vertices are mutable, white vertices are frozen, and the cluster variables are
written in terms of Pliicker coordinates as

e —

foi= (1, k) (5.30)
and
4+ 1,...,k.k+4,....,1+7+k—1 < l—j54+1
e A R S (5:31)
(1,....i+j—0—=1i+1,....k,k+7,....,.n) i>0—j+1

The correspondence between Grassmannian cluster algebras and cluster algebras of finite
type is displayed in Figure |4, Grassmannian cluster algebras with physical significance for
our purposes are G(4,n).
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Figure 4: Grassmannian cluster algebras of finite type. Since G(k,n) = G(n — k,n), the
graph is symmetric about y = x. The pink region, above the curve (x—1)(y—1) = 4, contains
Grassmannian cluster algebras of infinite type. The cluster algebras corresponding to G(4, 8)
and G(3,9) lie on the line and are “semi-infinite”: though they have an infinite number of
seeds, only a finite number of graphs appear as quivers. For instance, Eél’l) has 504 distinct
quivers. Eél’l) and Eél’l) are so-called extended Dynkin diagrams that do not correspond to
a finite semisimple Lie algebra nor a finite-type cluster algebra. This classification is due to
Scott [31]. Credit for this figure goes to Adam Scherlis.
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6 Polylogarithms

Scattering amplitudes in N/ = 4 SYM are often expressed in terms of a class of special
functions called polylogarithms. Several classes of polylogarithms are reviewed here, along
with their properties and some tools to work with them.

6.1 Classical Polylogarithms

This section largely follows Brown [32].
The logarithm function can be expressed as a Taylor series about z = 1:

i (2= D" 6.1)

n=1

for z € C, with a radius of convergence of 1. Modifying this slightly gives a much prettier

series
—1In(1 - 2) Z = (6.2)

which converges for |z| < 1. This suggests a natural generalization. Define the kth poly-
logarithm Li,, by the series

oo Zn
Li = — 6.3
W= (63)
for any positive integer k. Of course, this also converges for |z| < 1. The polylogarithm can
also by defined recursively, by
Lij(2) := —In(1 — 2) = [T 4w

0 1-w
_ ? dw
Lig(z) := / Lig_q(w) — "
0

where the integral is taken over any path from 0 to z in the complex plane. If a particular
branch of the complex logarithm is chosen, then this definition forms an analytic continuation
of the power series definition.

It is easy to check that these two definitions are equivalent on |z| < 1 by differentiating:

(6.4)

where the derivative can be pulled inside the infinite sum because the series converges ab-
solutely on this domain. Integrating both sides of this equation yields , so the integral
definition really is an analytic continuation.

Note that the differential form dw/w that appears in Equation is “scale-invariant”
in the sense that if u = Aw for some A € C, then

du d(Alw) dw

U Aw w
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Polylogarithms obey a vast number of identities, of which it is suspected that only a
small fraction are known. For instance, for any n € N,

Lip(z) + Lip(—2) = 2'7F Lip(2?). (6.5)

The dilogarithm, Liy obeys an inversion formula
1
Lig(2) + Lig(1/2) = -5 log(—2)? — Liy(1). (6.6)

This is the starting point of a connection between polylogarithms and the Riemann-Zeta
function. The Riemann-Zeta function is defined by the power series

((s) =) — Re(s)>1 (6.7)

n=1

which is very similar to Equation (6.3). Indeed, Lix(1) = ((k) for all k. So

71_2

L) =¢2) = % (63
and the inversion formula can be rewritten as
. ) 1 9 2
Lip(2) + Lig(1/2) = ) log(—z)" — 5 (6.9)

The Zeta values ((k) turn up often in scattering amplitudes of many theories, including
N =4 SYM.
Perhaps the most interesting polylogarithm identity is the Abel Identity:

Lis(—z) + log zlogy

. 1+
+ Lis(—y) + log y log (Ty>
1 1 1
() e (e (255)

x x Ty

1 1 1 6.10
+Li2(— +x+y>+log< +a:+y)log< +x) (6.10)

Ty Ty Y
( +x

2

+ Liy

+ Lis

1 14+
) + log (—) log
) Yy

over the appropriate domain. This is actually the first instance of a connection between
polylogarithms and cluster algebras. Recall from Section that the cluster variables for
the Ay cluster algebra are

2

(6.11)

l+a; 14+4a;+a 1+4+a
A(AQ):{ala"'7a5}: {aha@a 17 ! 27 2}'

a2 ai1a ai
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In terms of these, the Abel Identity can be recast as

> | Lia(—a) + log(a) log(ais1)| = —¢(2) (6.12)

5
=1

7

where indices on a; are taken mod 5. This connection between cluster algebras and poly-
logarithms is explored by Goncharov in [33]. (There are several ways of writing the Abel
Identity. This presentation was chosen to make cluster algebra structure clear.)

6.2 Iterated Integrals

By collapsing the recursion in Equation (6.4)), the classical polylogarithm can be written as
an iterated integral:

dwy,

Li,(z )—/ Li,,_ 1(wn)

n d d

/ / Lln 2 wn 1) Wn=1 @
Wp—1 Wn
/ / Wn / w2 dwy dwz dwn
1— w1 Wa

W, wa

// / dlog(l — wy)dlogws - - - dlogw,.

This is an example of an iterated integral. Iterated integrals were first studied system-
atically by K. T. Chen [34]. Modern reviews are [35], 32, [36]. The last two have a particular
emphasis on physical applications. Here is the basic definition:

Definition 14. Suppose M is a smooth real or complex manifold and let ~ : [0,1] — M be
a piecewise smooth curve. Let wy, ... ,w, € AY(M) be smooth 1-forms. Write the pullback of
w; by v as v*(w;) = fi(t)dt € AY(R). Then the iterated integral of wi, ... ,w, is defined by

/%0~wm=/ Foltn)dty -+ ()t (6.13)
v 0<t1<-+<tn<1
(Classical polylogarithms can therefore be thought of as iterated integrals
Lik(z):/ W1 OWyo-++0 W (6.14)
Vs \—\_,1—/

where v, : [0,1] — C\ {0,1} is a curve from 0 to z, i.e. 7(0) =0 and (1) = z, and
v (w1) = dlog(1 —t),7"(wo) = dlogt. (6.15)

Usually, no notational distinction is made between the forms and their pullbacks.
Unfortunately, there is an ambiguity here. There are many paths «, from 0 to z, which

one should be used? Chen found that there is actually a connection between the homotopy

type of the path and the value of the integral. The case of a singularly-iterated integral is
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familiar from multivariable calculus. If w is a one-form, and +; and 7, are such that v; and

~9 are homotopic then
/ w= / w (6.16)
71 Y2

if and only if w is closed. The situation for general iterated integrals is more complicated

and will be the subject of Section [6.4]
Proposition 15. Iterated integrals enjoy the following properties.

1. The iterated integral fv w1 0+ -ow, does not depend on the choice of parameterization
of .

2. If v~ Y(t) := ~(1 — t) is the reverse path, then
/ wlo~~~own:(—1)"/wno'--owl. (6.17)
7! gl

3. If a, B :]0,1] — M are paths so that o ends where [3 begins , then the iterated integral
over their composite path af3 is given by

n
/wlo~~~own:Z/wlo~~owi/wi+1o-~own. (6.18)
af i=0 /o A

Furthermore, the space of iterated integrals is equipped with shuffie product. Intuitively,
a shuffle is a permutation that interleaves two sets as if they were stacks of cards being riffle
shuffled.

Definition 16. A (n,m)-shuffle is a permutation o € S,y (the group of permutation of
size n 4+ m) such that

cl)<o(2)<---<on) andon+1)<on+2)<---<o(m) (6.19)
The set of (n, m)-shuffles is denoted Sy, .

Proposition 17. Two iterated integrals over the same path v may be multiplied by

(/wlo”'ow") (/“nﬂo---owmm) = /%<1>°---O%<n+m> (6.20)
¥ ¥ v

O'GSn,m

6.3 Shuffle Algebras and Lyndon Words

Property (6.20) above is perhaps the most important. It allows iterated integrals to be
thought of as part of a shuffle algebra. An overview of shuffle algebras is given in Chapter
12 of [37]. A much more relevant reference is by Radford [3§]
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Definition 18. Let X be a set with a total ordering <. The pair (X, <) is known as the
alphabet. Let Vx be a vector space with a basis B = {v, : a € X} over a field k. One
thinks of the basis vectors as “letters” in this alphabet. The free shuffle algebra for X is
total tensor space

sh(X) := P 1"V (6.21)
n=0
equipped with the shuffle product 111 : T"Vyx @ T™Vx — T ™Vx given by

(M@0 ®@-+ @) I (U1 @+ @ V) 7= > V(1) @ Vo(2) @+ ® Vg(umy.  (6.22)

UESn,m

An element that can be written as a sum of k-tensor products w =) . wy; ® - - - @ wy; s said
to be weight k.

Since T°Vx = k, sh(X) has a unit element 1. Because of the shuffle product, many
elements of sh(X) can be written in terms of products of elements of lower weight.

Definition 19. A element w € sh(X) is said to be irreductble if it cannot be written as
the shuffle product of other elements. Precisely, for all v,u € sh(X),vlllu # w whenever
u#1#wv. Fork € N, define the set of elements of pure weight as

sh*(X) == {w € T*Vx : w is irreducible} . (6.23)
This forms an N-grading for sh(X).

The space shk(V) is a graded commutative Hopf algebra, equipped with a coproduct,
counit, and antipode map. Some of these additional properties will be discussed in Section

[
The next task is to find bases for sh(X) and sh*(X). The first is casy.

Proposition 20. The set
B(X) ={Va @ - ®q, : o €X,keN} (6.24)
is a basis for sh(X) as a vector space.

This is the usual basis for a tensor product space. However, since there is a shuffle
product, what is really needed is an algebraic basis. Roughly, a minimal set of elements such
that products and linear combinations generate the whole space. Finding an algebraic basis
for shk(X ) is a challenge, in which the combinatorics of Lyndon words play a role.

Definition 21. Suppose (X, <) is an alphabet as above. A word is an element
T =a129 - ap € XF, (6.25)

written as a product instead of a tuple. The total ordering extends to X* by lexicographical
(alphabetical) ordering. A Lyndon word is a word whose ordering is strictly less than all
of its cyclic permutations. Let Lyn*(X) denote the set of all Lyndon words of length n.
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For example, if X = {a,b} is a two letter alphabet with ordering a < b, then the Lyndon
words of length 4 are
aaab aabb and abbb.

Proposition 22. The number of Lyndon words of length n in an alphabet of length k is[39]
1
Ni(n) = — )k 2
k(1) n%u( ) (6.26)

where 1 1s the Mobius function defined on N by

1 ifn=1
p(n) =< (=% ifn=p---p are distinct primes (6.27)
0 if n is not square free, i.e. d* | p for some d € N.

Computationally, Lyndon words may be efficiently generated using Duval’s Algorithm
[40], [41]. Tt is linear in the number of Lyndon words generated, which is the best that could
be expected. The algorithm works as follows. Suppose X = {a < b < --- < z} is an alphabet
with n letters. The algorithm will generate all words up to length k. Given a Lyndon word
w, define it’s successor word S(w) as follows:

1. Let v be the word formed by repeating w until it is longer than length n, then cutting
off whatever is longer than n, so the length of v is n.

2. Remove any z’s from the end of v.

3. Replace the last letter of v with the next letter: a — b,b — ¢, etc. Since the last letter
is never z, no replacement is needed for z.

4. Let this word be S(w).
The algorithm is then as follows:

1. Start with the word a.
2. Generate successor words.
3. Terminate upon reaching the one-letter word z.

4. Return all words generated.

The further combinatorics of Lyndon words are interesting in their own right, and in
particular are used in the Poicaré-Birkhoff-Witt theorem in Lie theory. However, nothing
further is needed to understand shuffle algebras.

Theorem 23 (Radford’s Theorem). Let sh(X) be a shuffle algebra as above. Then
BHX) = {Va, ® - @4, 1 aras-- oy € Lyn*(X)} (6.28)

is a basis for the space of irreducible, weight k elements of sh(X). This is a paraphrase of
Theorem 3.1.1 of [38] in terms of Lyndon words.

While a proof is beyond the scope of this thesis, it is not too complicated. The main
difficulty is deciding exactly what “prime factorization” means in the context of words.
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6.4 The Symbol and Chen’s Theorem

This section will answer the following question: under what conditions is an iterated integral
f7 w1 0---ow, independent of the choice of path v¢ The answer will provide one of the most
useful tools for working with special functions in scattering amplitudes, The Symbol. The
Symbol was introduced by Goncharov, Spradlin, Vergu, and Volovich in [2]. This section
partially follows the presentation in [36, [32].

Definition 24. Suppose that Q@ C A'M is a set (often finite) of one-forms where M is a
smooth real or complex manifold. Suppose that wq,--- ,w, € €. Define the integration
map from 1-forms to iterated integrals by

[7(w1®~-®wn):/wlo~~own. (6.29)
v

One can check that this is an homomorphism of algebras, i.e. I, commutes with the
shuffle product III.

Definition 25. Further define a linear “derivative” D : T"Q — T Q@ T 2Q @ A2M by

n—1

D@ ® - Quwy) = Y wi®  Rdwi® - -Bunt»  wi®: - Qw1 QWi Awi 1 BWi2 & - By,
k=1 k=1

(6.30)
Any element £ =) . wip @ -+ @ wiy, € T™Q such that DE = 0 is said to be integrable. The
kernel of D is called the set of integrable words on M and is denoted by B(M) := ker D.

Theorem 26 (Chen’s Theorem [34]). Under appropriate conditions on §2,
L, : B(M) — {homotopy invariant iterated integrals} . (6.31)

18 an isomorphism.

The upshot is that iterated integrals are independent of path (up to homotopy) if they
are integrals of integrable words. Iterated integrals are then well-defined as functions of the
endpoint of the path. But, more importantly, one can go the other way; the value of any
homotopy-invariant iterated integral is determined entirely by its corresponding integrable
word.

This is a tremendously useful tool for scattering amplitudes. Finding the numerous
identities between polylogarithms make them difficult to work with, because one can never be
certain if a given expression is unique. However, if one works instead with the corresponding
integrable words, then equality is a matter of linear algebra; many functional relations are
“automatically” taken into account.

In the physics literature, a map called The Symbol is used to go between iterated integrals
and integrable words.

Definition 27. Suppose F' is a space of one-variable functions of the form
J(z) = / Wy 00 W, (6.32)
Yz

44



where 7y, is a path from 0 to z € C. Suppose that the differential forms w, are drawn from
Q ={ws =dloggs : go is a complez-valued rational function} . (6.33)

One further mandates that the one-forms are an integrable word, i.e. £ = wy, 0+ 0w, €
B(C), so that the functions f(z) are well-defined.
The Symbol is a map from iterated integrals into a shuffle algebra of rational functions

SUE) = ([ w00, ) =logguy @0 050, (6:34)
V2
It is standard notation to drop the log’s on the right hand side. An alternative definition
is given in [2] that extends The Symbol to functions of many variables.

Definition 28. If Fj(xy,...,x,) is a transcendental function of weight k in xy,...x,, its
differential may be written as

dFy =Y Fixo1dlog B; (6.35)

where F; ;1 are transcendental functions of weight k —1 and the R;’s are rational functions
in {x1,...,2,}. The Symbol is then defined recursively by

S(Fy) =) S(Fx1) @R, (6.36)

where the log’s were dropped on the right hand side as is customary.

In both of these definitions, a precise set of functions is not specified. In any specific
application, some class of polylogarithms is usually used. This lack of precision rarely results
in any confusion.

At this point, an example is badly needed. From Equation ((6.14]),

Lig(z) = / —dlog(l —w)odlogwo---odloguw. (6.37)
PYZ

From Equation (6.34)), it is immediate that

S (Li = —log(1l — 1 e ®1 =—(1- . 6.38
(Lig(2)) og(l —2) ®logz® v ® log z 1-20:0--®2) (6.38)

k—1 k—1

This reveals a shortcoming of the notation of dropping the log’s — constant factors at the
front must be kept track of separately, and do not distribute:

—(1-2020 - Q2)#(-1+2)®:Q - Q2. (6.39)
k—1 k—1
This can also be done from the other definition, (6.36]). Equation (6.4]) implies
z d z
1—w:/ —dlog(l—w) k=1
Lip(z) =70, " % Jo (6.40)
/ Lig_1(w) dlogw kE>1
0
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SO

—dlog(1 — k=1
aLi, = § sl =2 (6.41)
Lig_1(z)dlogz k> 1.
Therefore
—(1-=2) k=
S(L - - (1— @z, 6.42
(Lir(2)) {S(Lik_l(z))®z L ( 2)®%’1ﬁ€ (6.42)

which of course matches the result using the other definition. Many further examples of
symbols will follow in latter sections. Reviews on the properties of symbols and their math-
ematical properties have been made by Duhr et al. in [42], 43].

Proposition 29. The symbol satisfies the following properties.

1. Symbols are additive with respect to multiplication:

AR, RXY R01R - ®b, = 1R -, XK1 Q- - - Rb,+a1R- - 4, QY b1 ®- - -Rb,,.

(6.43)
This is immediate from the multilinearity of tensor products if the implicit logs are put
back in.

2. This also implies

R, X" R Rb,=n(a1 Q- a, X Rb; R+ Rby,) (6.44)

3. The Symbol commutes with shuffle products:
S(FIIG)=S8(F) I S(G). (6.45)
This follows from the fact that the integration map is an algebra homomorphism.

Section [6.6| will give more examples of symbols. It is first necessary to define some broader
classes of polylogarithms.

6.5 Generalized Polylogarithms

The classical polylogarithms of Section [6.1| are the simplest special functions that arise in
this subject. This section introduces the full “cast” of polylogarithms. Reviews for physicists
are given in [42], 43, 144] and are studied more fully by Goncharov in [45].

Definition 30. Define a generalized polylogarithm I : Ck*2 — C as an iterated integral

by
dt dt dt

@) .-+ 0 .
t—ay t—ao t— ag

Ak+1
I(ao;alw"aan;anJrl) = / (646)

ag

Proposition 31. The generalized polylogarithm is invariant under affine transformation
a;— aa; + 0 for all0 <i<k+1 with0+# «, 5 € C.
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In particular, this means that the first index isn’t really necessary:
I(ag;ay ..., ap; ape) = (0501 — ao, . . ., ax — ag; ap1 — ao). (6.47)
This motivates the following definition.

Definition 32. The Goncharov polylogarithm G : Ck' — C is defined by

WLt
/ . ifk=1
—a
/ G(ag, ..., ax;t) if k>1
0 t — CL1
W1t dt dt
= / o 0---0 A (6.49)
0 t—a; t—as t — ag
As a notational shorthand, it is common to use G(a;z) = G(aq,...,ar;z). The weight of

G(a;x) is defined as k = |al.

Generalized polylogarithms and Goncharov polylogarithms contains equivalent informa-
tion, but with one fewer argument. The Goncharov polylogarithms have a very rich structure,
with many beautiful properties and relations. However, it is sometime more symmetrical
and convenient to use the I notation instead of the G notation. As a caveat, there is some
notational variation between papers for these functions. The order of the arguments of G is
sometimes reversed from what is shown here.

Proposition 33. Here are a few of the identities the Goncharov polylogarithm satisfies.

1. Closed form expressions in special cases.

1
G(0y;2) = 2l log()]"
1 i T
Glag;z) = Hlog <1 5)
./
G(0x_1,a;2) = —Lig (5)
where O = (0,...,0) and a, = (a,...,a).
k k
2. Scale invariance. If k € C* and a = (aq, ..., ax) then
G(ka; kx) = G(a;x) (6.50)

whenever ay # 0.
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3. Hoélder Convolution. Whenever a; # 1 and a # 0, for all p € C*,

k

A 1 1
Glay,...,a; 1) = Z(—l)’G (1 —a;,...,1—a;;1— —) G (aiﬂ, o, Qg —) . (6.51)
i=0 p p
In particular, in the limiting case p — oo,
Glay,...,a5;1) = (=1)"G(1 —ag,...,1 —ay;1). (6.52)
4. Shuffle product:
G(a;z)G(b;x) = G (a 111 b;x) . (6.53)

Equation implies that for a fixed last argument x, not everything of the form
G(—; ) is functionally independent, but that there are polynomial relations between them.
This will be revisited in Section Bl

Another common class of polylogarithms are the multiple polylogarithms.

Definition 34. As a power series, a multiple polylogarithm is a function

defined by
k1 ko
. z z
I R E D DI ST = (6.54)
1<ki<-<ky 1 ¢
forn; € Z.

It turns out that these are actually provide the same class of functions as the Goncharov
polylogarithms, due to the following identity:[44]

1 1 1
-G (0,4, —,...,———, 0,1, —— 1) . 6.55
(16 (0011 i) (65

2’2---ZZ

._.:
2
B
S
—~

N
—_

N
)
~—

I

6.6 Examples of Symbols

Thus equipped with many more functions defined by iterated integrals, the next thing to do
is compute their symbols. The following theorem of Goncharov is useful.

Theorem 35 (Goncharov [45]). The differential of the generalized polylogarithms is given
by

df(ao; ag, ..., ak; Gn+1)

k R (6.56)
= E I(ag; a1, ..., @, ..., ax; any1) [dlog (aip1 — a;) — dlog (a;—1 — a;)] .
i=1
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The proof is just a computation. Applying Equation (6.36) shows the symbol of the
generalized polylogarithms is (logs added for clarity)

S(-[(CLO) ai, ..., ak, a/i‘-i—l)
log(a; — as) —log(a; — ag) if k=1
ZS (I(ag;at, ..., a5, ... a5 ape1) @ [log(a; —a;—1) —log (a; + ayq)] if k> 1.

(6.57)

As an example, the symbol of Li, ,, can be computed from fundamental definitions. By
definition,

J
Lipm(7,9) :Zzﬁym, 1z < 1,y < 1. (6.58)

=1 j=1

One method to compute the symbol of an arbitrary function f(z) is to note

L oTdf [T odfdt [T df
f(a:)—/o %dt—/ t%7—/ t%dlogt

so its symbol is recursively

S(f(z)) =8 ( ;lj;) @, (6.59)

so long the right-hand side is well-defined. This doesn’t always work, and in fact fails
spectacularly for f(z) = z, but works for polylogarithms. For functions of multiple variables

this generalizes to
S(f(xy,... Zs (x ) ;. (6.60)

To apply this to Liso(z,y), we need to compute its differential:

Y Ty L de . dy
dL12 2 X y Z Z Zn—l—l dx + Z Z n m+1 Lln—lym(ajv y)? + Lln,m—l(x7 y)?

i=1 j=1 =1 j=1

Therefore this symbol is
S(Linn (2, 9)) = S(Lin 102, 9)) © 7 + S(Lig 1 (2,9)) @ 1. (6.61)

To apply this recursively, some edge cases need to be understood. If m = 0, then using

the partial sum of the geometric series ", _ a" = ‘lnaﬂf}“:

oo 1—1 1 e} i i . .

x yJ y“r -y (xy)" y xl) y Li, (z) — Li,(zy)

Li,o(z,y) = ( . — — | =
and similarly for n = 0,

e Y a'yt y alt! — (zy) -
lonto) = S0 37 37 TS S

Jj=11i= ]+1 j=1
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Applying (6.61) with n =m =1,

dzx d
dLLl(l’, y) Ll(] 1 — —+ L11 0 ?y

dx N y Ly (x) — Lis (zy) dy
l—y Yy
= — Liy(zy)dIn(1 — ) — Li; (z)dIn(1 — y)

= Ly =

Using the fact that dlog % the symbol becomes

-
S(Liyi(2,y)) = ~S(Lir(ay)) ® (1 — ) — S(Lis(2)) @ (1 — y) — S(Lis(ay)) ® ——.
For convenience, define S,, ., := S (Li,m(x,y)). So
Si=(l-ap)@l-2)+1-2)01-y) +(1-ay)® 2L
Similar calculations give
Sur = Snot1 @ — S(Lin(2) @ (1 — y) — S(Lin(zy)) ® ——

and
Sim = =S(Lin(zy) @ (1 —2) + Sim1 @ y.

For further convenience, define §k(z) := & (Lig(2)). This is enough to write a concise recur-
sive definition for S, ,,,. Combining the above formulae,

l-zy)@(l-a)+(1-2)0(l-y+(-zy) e n=m=1
~ B ~ N B
Sum = Sn_1,1®:v—|—SAn(x) (1 =y) + Sulzy) ® 14 m=1mn>1 (6.62)
S1m-1 @Y+ Sp(zry) @ (1 — ) n=1m>1
Snfl,m Xz +Sn,m71 XYy n>1m>1.

It’s actually possible to put this into a closed form. For the n = 1 or m = 1 cases, it
turns into just a sum from 1 to n +m. For larger n and m’s, it turns into a sum over paths
from the chosen (n,m) to “edge” points on the lattice (i.e. where n = 1 or m = 1), such
that the paths are monotonically decreasing in both n and m. It’s probably easier just to
use the recursive version in practice.

As another example, Abel’s identity can be proven with symbols. It is easier to use a
slightly different form that was used above:
x .y . Ty
T ([
If the symbols of the right and left hand side are the same, then the identity holds, possibly
up to additive constants.

Li, =Lisz+Lisy+In(1 —2)In(1 —y). (6.63)
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The first task is to find the symbol for all the summands. By Equation ([6.38)),
N x x l—2z—y T
(121—y> ( 1—y>®1—y ( L—y )®1—y
.Y Y y l—y—= y
L = — 1— = — _—
8(121—m> ( 1—a:)®1—x ( l1—-= )®1—x

° (‘Li? <1—xg§g</1—y>> B (1‘ <1—xg§?1—y>> © TRy

_(1—x—y+xy—:1:y> Ty
(1-2)(1-y) 1-z)(l-y)
The first three terms all have a suspiciously similar factor of 1 — 2 — y, which suggests some

cancellations will occur. Using the commutativity and power properties from Proposition
29 the third term can be expanded as

((11—;§U<1_—1/y>) © o=y
- ((11—;;1_—yy>> oToat ((11—;f<ff/y>) o1

1 Y l—z—y Y l—z—y x 1 T
—1—y®1—x+( 1—2z )®1—l‘+ 1—y ®1—y+1—x®1—y
l—2z—y Y l—2x—y x Y x
= —(1— -7 (1= _

1—2 ®1—:15jL 11—y ®1—y ( y)®1—x ( x)®1—y

l—z— l—oz— T
Y Y I Y

1—x 1—x 1—y 1—y
—l-yey+(l-yl-2)-1-2)0z+(1-z)(1-y).

The first two terms exactly cancel out S Lis t*; 4+ S Li 1#7, so the left-hand side of (6.63)
reduces to

—I-yoy+l-yl-2)-(1-2)@z+1-2)(1-y)
Meanwhile, the right hand side is given by
S Lig(z) + SLiz(y) + S (In(1 — 2) In(1 — y))
=—(l-2)®z—-(1-y)®@y+S(n(l —2))IIS(In(1 — y))
=—(l-2)®@r—(1-y)y+ (1 —2)U(1—1y)
=—(l-2)@r-(1-yoy+(1-2)0(1-y)+(1-2)0(1-y),

which is exactly what the left-hand side reduced to. This proves Abel’s identity, up to a
constant.
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7 Results on Cluster Functions

Now that all the background has been assembled, the theme (|1.1)) can be stated more pre-
cisely

Remainder functions RS of MHV scattering amplitudes in the
planar limit of N' =4 SYM tend to be linear combinations of gen- (7.1)
eralized polylogarithms of weight 2. whose symbols are composed
of X-coordinates of the the cluster algebra G(4,n).

This has been shown explicitly to be true for the n-particle remainder function at 2
loops, for n = 6,7 at 3 loops, and is generally expected to be true in a much wider range of
cases. Moreover, there is a cluster algebra structure that informs which linear combinations
of polylogarithms can appear in the amplitudes. Such combinations are called cluster poly-
logarithms. The full amplitude, at least in specific cases, can be written as a sum of these
cluster polylogarithms.

This section will review some of the main definitions of cluster polylogarithms, show the
results of a few novel computations, and present some new facts about their structure on
finite cluster algebras.

7.1 The Hopf Algebra of Polylogarithms

The space of polylogarithms has the structure of a graded, commutative Hopf algebra. A
Hopf algebra, very roughly, is an algebra equipped with a product, coproduct, and antipode
map. A coproduct can be thought of as “dismantling” an element of the algebra into simpler
pieces. For a full treatment of Hopf algebras see [37]. A treatment suitable for physicists is
given in [44]. For Hopf algebras and polylogarithms, a technical treatment is given in [45]
and some of the physically relevent results are given in Appendix A of [46].

Definition 36. Define the space of generalized polylogarithms of weight k to be

Ay, = {I(ag; aq, . .., a; apyq) : C*2 = C}. (7.2)
Further define
As =P Ar. (7.3)
k=0

A inherits the shuffle product from (6.22)). In this notation, I : A, ® A; — Ayye by

I(a;aq,...,ax;0)(a;aks1, - .., apie;b) = Z I(a; ag(1ys - - -5 Ao(ite); D) (7.4)

O'ES]%Z

= I(a; (alv---aak)m(ak+1>---aak+€);b>- (7.5)
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A, is also equipped with a coproduct A : A,, — @ A @ A, by

k=1
k
A(I(ao;alw'wan;an—f—l)) = Z I(ao;ai17-‘-aaik;an+l)® Hl(aiq;aiq+17‘"7aiq+1—1;aiq+1
0<i1 < <ip=n q=0
(7.6)
These are compatible in the sense that:
A(L I ) = A(L)A(L). (7.7)

Furthermore, the coproduct is coassociative: (id ® A)A = (A ® id)A, which implies that
applying A multiple times gives a unique result. Therefore Ao---A =A": A, - Q. A
is well-defined. This coproduct provides a third definition of The Symbol on A, as

S§=A" (mod 7Z). (7.8)

It is often useful to work with polylogarithms of pure weight that cannot be written as
products of terms of lower weight.

Definition 37. Analogously to (6.23)), define the space of polylogarithms of pure
weight to be
Lr={1€ A, : I # RS forany R,S € A.}. (7.9)

Again, set Lo =@, L.

On the level of symbols, several related spaces are used frequently. First, define AS and
LS as the images of A, and £, under the Symbol map, respectively. Further define B as the
quotient of £3 by the ideal generated by functional equations for the classical polylogarithms
Lig. A very useful fact is that for[12]

LY =By k<4 (7.10)

Meaning that all polylogarithms of weight three or less can be written as linear combinations
of classical polylogarithms. This does not hold at weight four or above.

The spaces AS and £ are also commutative graded Hopf algebras. However, a completely
different coproduct is used on them. (This is called § instead of A to distinguish the two.)
See [3] for details.

Definition 38. Define the Symbol coproduct 6 : LS — A2LS by

E

-1

dar @ @ap) =Y (a1 @ Day) [\ (1 @ @ a). (7.11)

n

One should note that the large wedge is in a different space and is not the wedge associated
with the tensor product ®. The coproduct satisfies 6> = 0 and gives £3. the structure of a
Lie coalgebra.

One often wants to restrict an arbitrary symbol to one of pure weight. This can be done
by the following projection map.
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Definition 39. Define the projection p : A3 — L5 by p(ay) = a; and

plaron) =" —lpaewa)Sa-pleooa)oal.  (112)

One can check that p? = p, so it is indeed a projection.

7.2 Examples of the Symbol Coproduct

In this section, the action of the Symbol coproduct § on Lis » will be computed as an example.
The calculation is long, though not hard. Notation from Golden et al. [3] is used freely in this
section; consult it for definitions of A?B, and Bs ® C*, as well as a more in-depth discussion
of 4 and how it can be applied to polylogarithms of low weight. As a shortcut notation, let

{z}, = S(Lix(x)). By Equation (6.62), the symbol of Lis 5(x,y) is

(
+l-ye(l-2)0ye
+(1l-yeye(l-z)e
—(I-zy)@(1-2)®r0yY)
—(I-zy)®(1-2)®y®)
—(l-2y) @z (1l—-—2)®)
+(l-y)Rrrlr
+(l-zy)Rrerly (7.13)
+l-zy)@rze(1-y oy
+(1l-2y) RrRyex
+(1-zy)@(1l-y)Rry
+l-zy)(l-y oy

(

(

(

At weight 4, the Symbol coproduct is a map

0 ,64 — A2£2 D (£3 A El) = A2B2 D (Bg (%9 C*) (714)

The wedge product in the second term can be dropped because elements of By and B are
in different spaces and cannot be anti-symmetrized. The action of § is given by

6(a®b®c®d)\/\232:p(a®b)/\p(c®d) (7.15)
S (a®b®c®d)|p,qe- :p(a®b®c)®d—p(b®c®d)®a (7.16)

The outsized A and Q) symbols denote formal tensor products between different spaces;
these are not the same as the ® tensor products from the symbol.
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Applying Equation ([7.15)) to ((7.13]) and re-writing in terms of the notation {z}, from [3,
gives

3(S(Lina(@,y))lazp, = —(1—ay) Ay \{z}, (7.17)
+(1—ay) Ay N\ {z}, (7.18)
— (1 —ay) Az N\ {z}, (7.19)
+(1—ay) Az NoAx (7.20)
+(1—ay) Az Nzny (7.21)
+ (1 —ay) Ax \{y}, (7.22)
+(1—ay) Az Nyrx (7.23)
—(L—ay) rz \{y), (7.24)
+ (1 —ay) Ax \{y}, (7.25)
— (1—ay) Ay N\ {z}, (7.26)
+t@—ay) Ay \zra (7.27)
+ (1 —ay) Ay N\ {u}s (7.28)
+{u}, N\ {2, (7.29)
—{y} N\ =}, (7.30)
+{yh N\ {z}s. (7.31)

There are many cancellations and combinations here. The combinations

FTD) + @1 = 0.@ZD + FZ) = 0. and @30 + @30 =

all vanish. Since aAa = 0, Equations (7.20)), (7.21)), (7.23)), and (7.27) all vanish individually.
Lastly, we can combine two pairs

[19) + [.26) = —(1 —zy) Aw A {x}, — (1 —ay) Ay Aat, = —(1 —ay) Azy A{al,
= —{zy}, Az},
—|— =1 —-ay) NeA{y},+ 1 —ay) ANy A{y}t, = (1 —zy) Aay A {y},

= {xy}z N {y}z .

Altogether, then, this gives

(S (Linm (2, y))|a2p, = — {wyty Aty +{aydy AMydy + {uka Ao,

Now for the B3 ® C* component. Applying Equation (7.16)) to the symbol of Liso(z,y)
gives 15 X 2 x 2 = 60 terms, These can be grouped by their last factor: everything is of the
form X Q) z for z € {z,y,1 —y,1 — xy}. Collecting terms like this gives:
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8(S(Liga(2,9)msc: = AQL —y) + BRI —ay) + C Ry + DR« (7.32)
—[1-)Ayen) —zAlye (1 -2)
YA (-0 @)~y A s (1-2)| Q0 -y
+ - (- r@en) - 1-a) Ao +eA(-n)@a)+aA(1-y) 2y
trA(y(l-2)-zAyl-y)+1-y Aoy +1-y)A(yy)
—yA (-2 @0) +yA @@ (1-2) —yAle e (1-y) -y A1 -y @y)| @1 - )

(=) A Ee -y + (=0 Ao (1-ay) -2 A @@ (1 - 2y))
—e A=y @ -ay)+ 1=y A1 -2) @)= 1=y Ao (1 -ay)
—y A=y @1 —ay) - A=z AL -2) @)+ (1 - 29) A (2 @)
F—ay Aee (1-y)+ 1 —ay) A((1—y) @)+ (1 -ay) Ay e (1-9)| Qv
+ (=)Ao -y + -2 Aye 1 —ay)+2A(1-2)@ (1 - )
—eA@e (1 -ay) — e Ay e (1 -2y) + (1 -y A(1-2)2y)

+A-yAye(1-1)) - (1—y)A(y®(1—xy))—y/\((l—w)®(1—y))
+yA(1-2)@(1-2y) —yA(@z@ (1 -2y) —1-2y) A (1 -2)®Y)
—(1—zy) A (z ®(1—:1:))~|—(1—:17y)/\(x®m)+(1—a:y)/\(a:@y)

A—a)A((I-y) oy - (1-m) Aol -2)+ -z Ayon)| @
(7.33)

The symbol-wedge is supposed to be associative with the symbol, so the placement of
parentheses doesn’t actually matter here.

Equation simplifies considerably. Using the fact that a Ab = —b A a, all four terms
for AQ)(1 — y) vanish. For BQ)(1 — zy), there are 12 terms. Terms 1 and 3 are both equal
to —{z}; and terms 8 and 12 both equal {y};. Furthermore, the following pairs cancel: 2
and 9; 4 and 7; 5 and 10; 6 and 11. This leaves

B)(1 —xy) = (2{y}, — 2{z},) Q1 — zy). (7.34)

Next consider the 12 terms C' @) y. Using the a A b = —b A a shows two of them cancel

immediately. Using {2}, =1—2Azand {z}; = (1 —2) A2® 2, we can rewrite the remaining
terms as:

C={ry}, @ (1—y) —{z},® (1 -y)
+{zh,® (1 —zy) +{y}, ® (1 —ay)
+(l—a2y)he@z+1l-yAN(l-2)Rx

—l-azyyA"n(l-2)@z+(1-ay) AN(1l-y) Q@
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Now apply the five term Abel identity

0= o}y + {uh, — {2y}, + { — }2 + { e }2 . (7.35)

twice: once multiplied by ®(1 — y) and again with ®(1 — zy) at the end. Hence

C-tho-n+{{==} o0-n+{7=L} sa-y)

oo ()~ {12 ) @ -m) - {7=L] e 0-m
+(1l-—zyhez+(1-yYyA(l-—2)@zx—(1—azy) A(l—-2)@z+(1—azy) A1l —y) R =x.

Then note that

o (1—y)=—{(1—-y)}s

{zy}, ® (1 —2y) = — {1 — 2y},

{11—_95yy}2®(1_y)_ {11—_;/y}2®(1_w) - {wyy_—ll}g'

Also using {z}, = — {1 — z},,

i} su-n-{i=5] e0-m

1—2z 2

1-— 1-—
:_{x( y)}® y
l—zy J, 1—uay
—1 —1
:_{fc(y )} +{x(y )} %
xy—1 ), xy—1 ),
Recombining everything we have so far, C' has been reduced to
y—1 x(y —1) x(y —1)
C=—{l—y},—{1- -
t=uks = xy}3+{wy—1}3 {-%"y—l s Va1 ),

+(l—azprhezz+(1-yYyA"(l-z)z— 11—y AN(l—-2)@z+(1—azy AN(l—y) @z
(7.36)

However,

z(y —1) r—1 y—1 r—1
Qx = A ® x + Nr®x
xy—1 J, xy—1 z2y—1 xy — 1

=z-DAy—-1)@z—(z—-DA(zy—1)®=z
=D A - D @r+0+ (g}~ sy —1) Az

57



The terms aside from {z}, exactly cancel terms in (7.36). Combining everything, C' becomes

simply
C:—{1—y}3—{1—xy}3+{ y—1 }3—{M}3+{x}3.

xy — 1 xy — 1

It remains only to simplify the term D in ([7.32]).Cancelling the things that are clearly
zero and combining terms gives
D=—-{a},o(l-ay)+(1-y)AN(1-2)®y
+{yh ol —2)—{y}, ® (1 —ay)

-2y AN(l-2)0y+(1-ay) Nz@zy

+t(l—zy AN(1-y) @y —{zy}, ® (1 —x)

+(1—2y) Ny ® .
Using the 2-term identity twice turns this into:

{1—x }2®(1—xy)+{ 1—yy}2®(1—xy)_{xy}2®(1_xy)_{x}®(1_x)

11—z

_{ 1—““}2@(1_90)—{ 1‘?’}2®<1—x>+<1—y>A<1—x>®y—(1—wy>A<1—w>®y

1—ay
+(1l-—azy heex+(1l—aopAhexy—(1—ay) A(l—y)Qy+(l—ay) ANy

(15, o {8222 i)
—(l—ayhey(1l—-—ay)+ 11—y A"N(1-2)y—(1—azy) AN(l—2)Ry

(
+(1l-—zy hzcx+(l-—azy) Nz®y
—l-a2y)AN1l-y)@y+ 1 —-—ay) Ny .

Expanding gives

{ 1_y} Qy=—(1-yryey-1-yYA(l-1)®y
+(1-yr"(l-—ay)@y+(1—-—aoy) A(l—2)y+ (1—2y) ANy®y.

These exactly cancel out several of the terms above, leaving

D:—{ Lo }3+{x—1}3+{w}3+{y}3—(1—xy)Axy®(1—xy)

1—xy 1—2y

+(1—zy NyR@y+(1l—ay) NeR@y+(l—azy) Ny@z+ (1l —zy) Nz Q@

_ _{11:xxy}3+{x_1}3+ %}3+{y}3+(1—w>/\w®

¢
|

)y
y
%} ~ ket { yxy}g‘

58

1—ay




Putting all of the parts together, the coproduct is

6(S(Liz2(2,y))|pyece
= (21u} - 24a}y ) @1 - ap)

+<—{11__5y}3+{x—1}3+{%} —{u}s + { } )®x

+ (— {1—yts —{l—ay}; + {xyy_—ll}g - {wﬂf’z——l}g bl ) &

It is advisable to automate such calculations in Mathematica instead of doing them by
hand.

7.3 Cluster Polylogarithms on A;: The A; Function

Cluster polylogarithms are defined in Golden et al. [3], whose notation will be employed in
this section.

The A, function is the unique function in £, whose Symbol an element of sh*(X.,) that
satisfies the integrability condition

0=206°f =06(022f) 4+ 0(0s1f). (7.37)

The goal of this section is to find an explicit formula for f. That is to say, to explicitly write
the coproduct of the symbol of f, from which f can be deduced.
The action of § on A?B; and Bs @ C* is given by

6 (Teha AMaih) = {oihs @0+ 2) Aay — {0, @ +z) Ao (7.39)
5({@}3 /\a:j) = {2}, Qi N\ 2. (7.39)

Additionally, due to Abel’s identity and the properties of As,

0= > {=ik (7.41)
(1+z) = ziaTip (7.42)

where in the last Equation, indices are understood mod 5. Since z;, {x;},, and {z;}; where
z;, 0 =1,...,5 the X-coordinates of Ay, are bases for C*, By and Bz respectively, dyof € A?By
can be written as

aof = Z aij ({xi}y Aj1,) (7.43)

and .
o3 f = Z dij ({951}3 A z;) (7.44)

i#]
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for some coefficients a;; and d;;.
Applying the Abel Identity to eliminate {x5},, and then Equation ((7.38) to s f:

4

0(022f) = Zcz'j ({%}2 Ltz Ney—{z;}, @1 +x; A xl)

1<j

= i ({mi}s ® (wja Ay + 250 Awy) — {5}, ® (@i Ami+ w1 Awy)

i<j

—Z% w(i, j,j +1) +w(i,j = 1,j) +w(j,i,i+ 1) —w(j,i - 1,9))
1<J

where w(i, j, k) := {x;}, ® z; A x. The ¢;;’s are linear combinations of the a;;’s that come
about from applying the Abel Identity. Note that w(i,j, k) = —w(i, k,j). By convention,
the preferred notation is 7 < k. The w’s are linearly independent and in fact form a basis
for a much larger space than B, Q) A2C*. With this notation, the Abel identity becomes

M”“

w(b,i,7) = —w(k,i,j).
k=1
Written out in full, the 2,2 component is
0022f = ci2e12 + C13€13 + Cra€ia + Caz€a3 + Cas€s + C34€34

= c12(—w(1,2,3) +w(1,1,2) + w(2,1,2) + w(2,1,5))

+ ¢35 (—w(1,3,4) + w(1,2,3) + w(3,1,2) + w(3,1,5))
+ c1q (—w(1,4,5) + w(1,3,4) + (4 1,2) +w(4,1,5))
+ co3 (—w(2,3,4) + w(2,2,3) +w(3,2,3) —w(3,1,2))
+ o4 (—w(2,4,5) + w(2,3,4) + w(4 2,3) w(4,1,2))
+ e34 (—w(3,4,5) +w(3,3,4) + w(4,3,4) — w(4,2,3))

Now consider d3;f. To eliminate the {z5}; components, it makes sense to let E;; :=

w(i,i,7). Then
4 4
Es;=w(5,5,5) = Y _ —w(i,5,j) = > wli,j,5)
i=1 =1

Hence 5
5((5371)]0 - ZdUEU
i#]
The condition (7.37)) that 6> = 0 now can be written in this explicit w-basis as
0=9 (52 2f) + 0 (03,1.f) (7.45)

5
= Z% wiyj,j+ 1) +wli,j—1,5) +w(jii+1) —w(i— 1)+ dyw(ii,j).
1<j ()

(7.46)
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By Equation and the linear-independence of the w’s, the coefficient for each
w(i, j, k) must be zero separately. This is now just a linear algebra problem. Moreover,
some groups of terms are also independent. Only terms of the form w(i,7,7) or w(i, j,5)
can cancel between the 2,2 and the 3,1 components. Everything else must sum to zero
separately.

Because the coefficients of w(1,23),w(1,3,4),w(3,1,2),w(4,1,2),w(2,3,4) and w(4, 2, 3)
must sum to zero separately,
Ci2 = C13 = C14 = C23 = C24 = C34.

By matching coefficient on the terms left without any 5’s present,

c12 = dg1 = —dig = dzz = —dp3 = dy3 = —d3q.
Furthermore,
w(2,1,5)4+w(3,1,5)+w(4,1,5) = E51—E15 and —w(1,4,5)—w(2,4,5)—w(3,4,5) = —(Ess—Eys),
which further sets a1o = dsy = —dy5 = d15 = —d51. So to summarize,

c12 = biig1)i = —biip1y 1=1,...,5.

This means all the coefficients ¢;; are equal to ¢ and

0 -1 0 0 1
1 0 -1 0 0
dij=ci | 0 1 0 —1 0
0 0 1 0 -1
-1 0 0 1 0

Because the A, function should be non-trivial, ¢;5 # 0. Therefore, up to a multiplicative
constant c¢;;, there is a unique function f whose coproduct has these coefficients. These
results match Equation 3.3 of [3] up to a minus sign on the 2,2 component with ¢;5 = 5.

7.4 A Computationally Efficient Basis for Finding Cluster Func-
tions at Weight 4

The material in this section is joint work with Adam Scherlis.

Suppose C' is a cluster algebra with A-coordinates A and X-coordinates X. Let (i, (s
and (33 be (multiplicative) bases for B; = X', By and Bjs respectively.

Any X-coordinate can, of course, be written as a product of elements of 3;. It follows
from the rule for X-coordinate mutation that in any finite-type cluster algebra, 1+ x; can be
written as a product of X'-coordinates for any z; € X. Therefore define two “factorization
functions”

P: X — sh'(B)) by P(z;) = y]f% - ~y1,:§ where y; € 8, and p] € Z (7.47)
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and
R:X —sh'(B)) by R(1 + ;) = y* y,:k where y; € ) and 7/ € Z. (7.48)

In terms of these, there is an isomorphism id® RA P : By @ A2C* — sh?(f;) @ A2sh'(3,).
The latter space has a basis

{w(z;, xj,zr) ={xi}, @z ANy, @ {3}y € Pa,xj, 21 € B1,5 < k}.

To find the cluster functions satisfying 62 f; = 0, the goal is to express 4% as a linear map
T : A2By @ B3 ® C* — By ® A2X explicitly in coordinates. The cluster functions should
correspond to elements of ker 7.

Let’s look at A%2B, first. By definition of the 3’s above,

A’B, = span{{xi}2 AN}, 1 i< s x, a5 € ﬁg} )
By 2.9 of [3], with the corrected sign,
o({zty AMyty) ={wh@ L+ ) Ae —{ah, @ (T+y) Ay
Therefore
d({xi}o ANMas}t,) = {2}, @14+ 2 Ay — {2}, ® 1+ 25 A
So

v = (id® RAP)O({zity NMzj},)
= {o},® Y riw A Y plae—{zi}y,® Y rf'am A Y pin
TLEPL €1 Tm€P1 rn€B1
= ( Z rEpbw (s, 2, 20) — Z r;”p?w(x,-,xm,xn)> € By ® A’X.
T, Lo EL1 Tm,,Tn 1

The situation is largely similar for B3 @ C*. The space can be written as
B; @ C* =span{{z;}; ANz; : x; € B5,2; € fr}.

The action of § on this is
5({x}3 Ny) = {x}Q Kz Ay,

SO

v = (id®@ RAPYS({z:i}s Axy) = {x:}, ® R(x;) A P(x;)

ij
= Z cf {z1}, ® Z rfag/\ Z pjam

TR EP2 Te€EP Tm €/
k. L. m
= Y e me wn).
TR EP2
To,Tm EPL
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We can now explicitly write T' by

T({wiy AMagh,) = vif and T({ai}y Aay) = v}

The kernel of T is then the space spanned by vectors of the form
Za”v + Zbuvu =

Writing this out in terms of the basis of w’s, finding the kernel of T is reduced to a linear
algebra problem which can be solved by explicit row-reduction on a computer for any finite
cluster algebra.

7.5 Dictionary of Cluster Polylogarithms

The last section was implemented in Mathematica. The code was run on several cluster
algebras of Grassmannian type: As, As, Ay, As, Ag, Dy and Eg. Since the outputs are very
large in general, the Table below to summarizes some of the pertinent information. It is
possible to extend this to non-Grassmannian cluster algebras. However, it is much easier to
determine the maps P and R in the Grassmannian case. In the Grassmannian case, this can
be done with the algorithm in Section [7.7] It is also possible to do so by tropicalizing the
Laruant polynomials for the cluster variables. Explicit testing in a few cases suggests that
there is no more information from looking at the direct product of two cluster algebras than
from studying each algebra separately.

Algebra A3 A4 A5 A6 D4  E6

|A — coordinates| 9 4 20 27 16 42

|A — coordinates including frozen| 15 21 28 36 22 49

|X — coordinates| 15 35 70 126 52 385
|Vertices| 14 42 132 429 50 833
|Edges| 91 84 330 1287 100 2499
|SA| 9 96 300 1485 66 2856
|SA3| 0 14 120 825 16 1547
|SA,| 0 0 20 225 0 399
ISA;| o 0 0 21 0 42
dim B, 9 14 20 27 16 42
dim By 10 20 35 26 27 132
dim B3 15 35 70 126 o1 363
dim B, ® A*C* 360 1820 6650 19656 3240 113652
dim By & B3 180 680 1995 4942 1167 23892
dim ker T’ 21 56 126 252 86 833

Table 4: Statistics for various cluster algebras. SAy is the number of subalgebras of rank k.
The results for Fg are novel and had not previously been computed by Golden et al.
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7.6 Counting X-coordinates, A, and A3 Functions

Table [4] indicates a few patterns in the sizes of the spaces.
Proposition 40. On A,

1. dim By = ("}?) -1

2. dim By = ("}?)

3. dim By = ("°)

Proposition [40] was proven by Adam Scherlis, assuming some reasonable properties of the
Abel identity. Additionally, the following conjecture suggests itself.

Conjecture 41. For any cluster algebra,
dim £§ = dim {Ay functions} + dim {Lis functions} (7.49)
In other words, As is the only non-classical cluster polylogarithm at weight four.

This conjecture was verified by explicit computation for A,, through n = 8, as well as on
D4 and E6.

There is also a relation between the geometry of the exchange graph and the number of
cluster functions that appear. Consider a square inside the exchange graph. where the edges
are labelled by the X'-coordinate that changes across that edge.

x
{(L‘l,.TQ,...} {1/1‘1,$2,...}
T2 )
{Jfl,l/xg,...} T {1/1’1,1/1‘2,...}

The X-coordinates across the square are the same. This suggests an equivalence relation on
edges. If e; and ey are edges in the exchange graph, then define

e1 ~ ey if and only if e; and e, are on opposite sides of a square in the exchange graph.
(7.50)
Colloquially, e; and ey are “square separated”. The above diagram shows that e; ~ e
implies that the X'-coordinates associated with the edges are the same.

Conjecture 42. There is a bijection between the number of X -coordinates and the equiva-
lence classes of edges.
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Given this conjecture, it was proven that

X(A,) = (" I 3) (7.51)

on any A,-type cluster algebra. This conjecture has been verified on D, and Eg by explicit
computation.

This has further consequences in terms of Ay and As functions. If the exchange graph
contains a pentaprism, i.e. a A; X A, subalgebra, then by the above reasoning, the two
pentagons have the same X-coordinates in the same order. The As function defined on these
pentagons are therefore identical.

Conjecture 43. The dimension of the space of Ay functions on a cluster algebra C' is no
more than the number of “square separated” A, subalgebras. In addition, Ay functions are
linearly dependent if, and only if, all the pentagons are together inside some D4 subalgebra.

This has been tested through n = 6 on A,, as well as on Dy and FEg by the author.
On A, assuming that there are no Liy identities between “far away” parts of the polytope,
Adam Scherlis has proven that

dim { A, functions} = (n g 3). (7.52)

Similarly, A; x Az subalgebras give rise to a single A3 function and

dim { A3 functions} = <n Z; 3). (7.53)

7.7 An Algorithm to Factor Products of X-coordinates

Suppose X is an alphabet, and sh (X) is the shuffle algebra of symbols over X. An expression
g(x1,...,7x) can be a term in a symbol if, and only if,

g(zy,. .. xp) = P gk (7.54)

for some coefficients d; € Z. However, when X is, for example, the set of cluster X-
coordinates of some cluster, there are many non-trivial relations between the coordinates,
so it is very difficult to tell when Equation is satisfied. For instance, it is known
by explicit calculation that 1 4 x; factors as a product of X'-coordinates on Ay, ..., A7, Dy
and Eg. However, finding which coordinates it factors into is quite difficult. This section
presents a novel numerical algorithm to check condition and determine the coefficients
n;. A mathematical description is given first to show why it is correct, and then a practical
algorithm.

Suppose C' := G(k,n) is some Grassmannian cluster algebra. Let X := (C) be a
“multiplicative basis” for Xy, as described in Section and put N := |p;(C)|. Pick
pt,...,pV € G*(k,n), the positive Grassmannian, i.e. the subset of the Grassmannian
where all the Pliicker coordinates are positive real numbers. This can be done efficiently
using an algorithm due to Postinikov [47].
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Define evaluation maps &7 : C(X) — Rsg by x; — z;(p’). All X-coordinates are rational
functions in the Pliicker coordinates with positive coefficients (mostly monomials, in fact).
Therefore ¢/(x;) is in fact a positive, real number for all &/ and all x;.

Define a matrix A by

N
A= Z loge?(z;) e; ® € (7.55)

ij=1
where the {e;}’s are the standard basis for RY and the {e’}’s are the dual basis. By the
positivity of the X-coordinates, the log’s are well-defined, and thus A is a real-valued, N x N
matrix. Let g : C[X] — C with g(z1,...,zy) = 27 - -x]dVN. In other words, let it satisfy

Equation ([7.55)), but with a positive sign. Then define g € RY by

N
g = Zlog £1(g) e; (7.56)
j=1
and
N
d:=>de;. (7.57)
i=1
Then

N
g = > loge/(g)e;
7=1
N
= Zlog <5j <x‘f1 X -x]dVN)) e;
j=1
N
= Y log (@) - -l an)™)
j=1

N N
= Z Z dz 10g Ej (ZL’l) €;

=1 i=1

N
= Z dzAz €j

ij=1

= Ad.

Hence d = A~'g. Therefore the coefficients d; can be found simply from the numerical
values of g and A.

In practice, one could implement this as follows. Suppose g1,...,g9n € C[X] are given
functions with notation as above.

1. Choose &’ : C[X] — C, 1 < j < k by Postnikov’s algorithm.

2. Compute A~! as above. For almost any choice of the 7’s, A will be invertible. If it is
not, find more ¢/’s and try again.
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3. For each gy, 1 < ¢ < M:

(i) Compute €/(g), 1 < j < N. If these are all negative, put g — —g and recompute.
If they are all positive, continue. If they have mixed signs, then ¢ cannot factor.
(ii) Compute g.

(iii) Compute d := A~'g. If Equation (7.54) holds, then d € ZN. In practice, however,
there will be some numerical error, so the real condition should be

>

1=

d; — round (&;)‘ <e (7.58)

for some small & > 0. If this condition is satisfied, then g = [, #* where

d; = round(d;).

This is computationally efficient: the 7 need only be found once for each cluster algebra
and, for each gy, the most difficult step is merely matrix multiplication.

8 Cluster Bases

The theme described in the beginning of Section [7| — that remainder functions are
combination of polylogarithms whose symbols are cluster X-coordinates — greatly restricts
the space of possible functions. Indeed, even without the cluster algebra structure, this idea
is enough to uniquely determine RS’) [48]. Recent work by Drummond et al., using this full
strength of this theme, gives powerful constraints on 7-particle remainder functions at 2 and
3 loops [46].

The general strategy of these works is to consider the space of (symbols of) polylog-
arithms that could possible be in the symbol, then apply linear constraints based on the
properties the amplitude must obey. Unfortunately, when this strategy is successful, it does
not produce a simple result. The formula for RéQ) from [46] is a 17-page linear combination
of generalized polylogarithms. By using a judicious choice of variables and using the func-
tional identities of polylogarithms to simplify the expression, Goncharov, Spradlin, Vergu
and Volovich produced an expression for R((f) that fits on a single line [2]. It was later realized
that this judicious choice of variables is intimately related to the cluster algebra structure of
G(4,6), and this made it possible to write a similarly compact formula for RQ) 12, 3].

The moral of this story, if there is one, is that a through understanding of the mathemat-
ical properties of the space of polylogarithms with X'-coordinate symbols leads directly to an
understanding of scattering amplitudes. Since this is a vector space, a natural question is:
what is a basis for it? Amazingly, this is unknown. The numerous polylogarithm identities
make it easy to find spanning sets, but very hard to find true bases. This section describes
general strategies for finding bases for such spaces, and gives an explicit basis in the case
where the cluster algebra in question is A,,.
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8.1 The Basis Problem

Before presenting the solution, it is useful to make a clear and precise statement of the
problem. Let C be a cluster algebra with a set of X-coordinates X. Let B¢ be a multi-
plicative basis for Xz. Then, using the notation from Section the space of symbols in
the X-coordinate alphabet is the Shuffle algebra sh (X¢) = sh(f5¢).

Definition 44. Suppose X is a set of C-valued functions. Then define
G"X] ={G(z1;22, ..., Tp;Tpy1) * T € X}, (8.1)

The Symbol is then a map S : G[X] — sh(X), where X = X U {z; — x;  x,x; € X},
because the Symbol of a Goncharov polylogarithm, Equation ((6.57)), contains differences
in the arguments as well as the arguments themselves. Moreover, not all of the symbols in
sh(X) actually come from some function in G[X], but only the integrable ones (See Equation
6.30,) There is actually an exact sequence

s (X)

The integrable symbols are elements of B(X) = ker D.
With this notation, the basis problem is

) D

GF[X] shf+! ()?) & A2X @ sh*2 ()N()

Given a set of X-coordinates X¢,
1. What is the set X such that S (G*[X]) = B(Xc)? (8.2)
2. What is a basis for G*[X]?

8.2 The Spaces M, P,R and ()

A vague procedure for finding X for a given X is described by Duhr et al. in [42]. This
section describes a more precise version for the case where X = X for some cluster algebra
C. Let B¢ be the multiplicative basis for X as above.

Definition 45. Define the multiplicative span of Xo as
Mo = {z= £z 2y? - a;* : x; € B andn; € Z}. (8.3)

This set has the virtue that any symbol in the alphabet Mo can be rewritten as a symbol
in the alphabet So. Moreover, the algorithm described in Section is exactly what is
needed to check if a general rational function in the X’-coordinates of C' is an element of M.

As a first attempt towards finding X, consider the case of classical polylogarithms. Recall
that

Lix(z) = G(0,...,0,1;2) (8.4)
——

k—1
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and
SLix(2)=—-(1-2)®2® - ® z. (8.5)

So, for this special case, a set of possible arguments of the Goncharov polylogarithm is
X =1{0,1, z} for some z € M¢ such that 1 — z € M as well. The last condition is actually
a useful restriction on the element of Mq of interest. Define

Re={z€e M, : 1—z¢€ M.}. (8.6)

There is an action of S3, the symmetric group on three letters, on R¢, generated by

1
z— —and z+— 1 — 2. (8.7)
z
R is closed under this action because 1 —(1/2) = (z—1)/2 € Mgand 1 —(1—2) = z € M..
In general, R is infinite, and thus not very useful. However, for any A, D, or E-type cluster
algebra, 1 +x € My where z is an X-coordinate. Therefore define the subset

Ro:={-x : 2€ X} CRec. (8.8)

This is a much smaller set — often finite — and thus amenable to explicit computation. So
if z € Po, then X = {0,1, 2z} is a set of possible arguments for Goncharov polylogarithms
whose symbols are in A.

Returning to the general case, one needs elements {z;} of M¢ such that Lig(z;) make
sense, as well generalized polylogarithms with arguments drawn from the z’s. Therefore, one
should have that z; — z; can be written as a product of X-coordinates, i.e. z; — z; € Mc¢.
The space which fulfills this property is

PC = {(ZZ',Z]') € R% LR T &y € Mc} . (89)
For (z1, 29) € P, the symbol of anything in
G [{0, 1, 21, 22}] (810)

can be written completely in terms of X'-coordinates. Again, it is useful to make a restriction
to a finite case:

Po = {(—xi, —xj) € }_%é D x—xy € My wy,x € XC}. (8.11)

One can interpret this as a graph whose vertices are the X’-coordinates of a space, where
edges are drawn whenever z; — x; factors as a product of &’’s.

Of course, this alone is not good enough. Not all generalized polylogarithms can be
written with 4 unique arguments; arbitrarily many are needed. How can larger candidates
for X be assembled? Actually, the graph Py contains all the information necessary. The
following terminology from graph theory is useful.

Definition 46. Suppose G is a graph. A subgraph H of G is called a clique if H is
1somorphic to a complete graph, i.e. there is an edge connecting every vertex of H.
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Proposition 47. Suppose ¢ = (q1,...,q,) are the vertices of a clique of P.. Put X =
{0,1}Uq. Then S(G*[X]) C ker D* (X¢).

Proof. Consider G = G(z20; 21, - - -, 2i; Zk41) Where z; € X. The symbol of G is in sh*(Ay)
whenever z; — z; € M¢ for all 0 <4,5 <k + 1. There are four cases:

1. If z; =0, then 2, — z; = z; € Mc.
2. If z, =1, and z; = ¢, then z; — z; = 1 — q; € M,, since ¢; € Rc.

3. If z;, = ¢, and z; = g;, then 2; — 2; = ¢; — ¢; € M because ¢ is a clique, and there is
an edge between ¢; and ¢; in Fe.

O

It turns out that knowing the cliques of P is all that is necessary to find X. Later
sections will show when the inclusion in the proposition becomes an equality. Define Q¢
as the set of cliques ¢ of P with maximal size, i.e. so that no other clique contains them.

Likewise, defined Q. for Pg¢.

8.3 Brown’s Theorem

Extensive work on bases for spaces of polylogarithms has been done by the mathematician
Francis Brown. Reference [49] is a complete reference and [32, [36] are less rigorous and less
complete summaries written for physicists.

Two results will be very useful to us. They are paraphrased below in notation used here.
As usual, P! denotes the complex projective line, otherwise known as the Riemann sphere.

Theorem 48 (Brown’s Basis Theorem for One-Variable Polylogarithms). For each finite
set
= (0, ]_,0'270'3, R ,O'n) C ]Pl,

there are associated one-forms w; := dlog(z —o;) for 0 <1i <n. Then the space of integrable
words in w; 18
B (P'\ ) = sh({w:}]_,) (8.12)

where sh is the free shuffle algebra over the letters {wo,...,wn,}.

By Chen’s Theorem, there is an isomorphism from B (P! \ ¥) to (homotopy invariant)
polylogarithms given by

Wiy @ Wiy @ - -+ & Wi, '—>/( )wilowi20-~-owik = G(0i,,0iyy ..., 04,3 2) (8.13)
v(z

where the equality is from the definition of the Goncharov polylogarithms, Equation (6.49)).
Radford’s Theorem says that a free shuffle algebra has a basis of Lyndon words, so

L(P*\ X) = {G(0i,, 04y, -.,0i,;2) : 0404, ...04 is a Lyndon word} (8.14)

70



is a basis for Goncharov polylogarithms with arguments drawn from X, considered as func-
tions of a variable z.

But polylogarithms are not really functions of one variable, but of many variables. Con-
sidering them as many variable functions, the situation as more complicated. Define M ,,+3
to be the space of configurations of n + 3 points in P!, modulo the action of PSLy(C),
the group of Mobius transformations. Let ¥ € 9 ,43. Then it can be represented by
Y = (0,1,09,...,0041) with 0, # o; and o; # 0,1. Cross-ratios are PSLy(C) invariant
functions on My, given by [ij|kl] : My, — P! with

(0i —ox) (0 — 00)
(0i —00) (05 — o%)

[ij|kl] == , 1<4,9,k 1 <n. (8.15)
These are very similar to cross-ratios of Pliicker coordinates. Indeed, 9,43 is very similar
to the space of X'-coordinates of the cluster algebra A,,, but the exact relation is unclear at
present. Again, define w; := dlog(z — o).

Theorem 49 (Brown’s Basis Theorem for Multi-variable Polylogarithms). Using notation
as above, let B (Mo ,13) be the space of integrable words in {wy,...,wn+1}. Then there is a
canonical isomorphism

B (Moi3) = é) B(P'\%). (8.16)

where ¥; = {03,09,...,0,_i41}. Therefore, employing Chen’s Theorem and Radford’s The-
orem, a basis for Goncharov polylogarithms with arguments drawn from Mo 13 s of the
form

U {G(0i,, 04y, .., 00y On—iz2) © 04,04, ...04 is a Lyndon word over the set ¥;}. (8.17)
k=1

At first glance, it might look like this answers the “basis problem”, ({8.2)). However, the
are several crucial differences:

e The arguments of the polylogarithms should be cluster X-coordinates. The precise
relation between the o;’s and X'-coordinates is unclear at present.

e The polylogarithms should have Symbols which can be expressed entirely in terms of
X-coordinates. In general, the Symbol of an element of an element of (8.17)) in terms
of o; — 0.

One needs a choice of X so that o; — o; always factors in terms of X-coordinates. In other
words, one needs a clique. The last section gave an algorithmic method for finding them, but
does not guarantee the existence of cliques of the right size, nor does it provide an analytic
method for finding them.

8.4 The Hedgehog Theorem

It turns out that the cliques of A,, are intimately related to the A, polytope. The proof is
joint work with Adam Scherlis.
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Definition 50. Suppose A is an A, cluster algebra, n > 2, and B is a subalgebra isomorphic
to the A, _1 cluster algebra. Define the A-B hedgehog

q(A, B) = {the set of X -coordinate whose edges start in B and end in B\ A}
={reXy : x€Xpand 1/z & Xp}. (8.18)

Similarly, the inverse Hedgehog is defined as ¢ ' (A, B) = {% DT E q(A,B)}. In contrast
to the usual convention, the X -coordinates of a hedgehog are oriented; x and 1/x are not
considered the same in this situation.

A-B Hedgehogs are well-defined because each vertex in B has n edges coming out of it.
Exactly n — 1 of these connect with vertices in B; the last edge connects to a vertex in B\ A.
The hedgehog is exactly the union of all such edges that leave B. An example is shown in

Figure [5]

Figure 5: The hedgehog q(Ay4, A3) (left) and ¢ '(A4, A3) (right). The Aj subalgebra is
highlighted in purple and the hedgehogs are red.

Theorem 51 (The Hedgehog Theorem). Suppose ¢ = q(A, B) is a hedgehog for A,,. Define

n—1
ﬁk<Q) = U {G(_a17 <oy T Apg _qi+1) apcccan € Lynk {07 ]-7 qi,.-- 7QZ}} : (819)
i=0

Then
A. The hedgehog q is a clique and |q| = n.

B. Whenever b € 3*(q), S(b) can be written in terms of X-coordinates, i.e. S(8%(q)) C
sh®(X4). Moreover,
S(8*(q)) = ker DF(Xy) (8.20)

and thus B¥(X4) is a basis for Goncharov polylogarithms of pure weight k whose Symbols
can be written entirely in terms of X -coordinates.
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Proof. Proving A is actually the heart of the proof. The rest follows from the previous
sections and a counting argument.

First consider the case n = 2. The general case can be reduced to the n = 2 case, so it
is worth doing in detail. Let the X-coordinates of A = Ay be {z;_1,x;, Ti11, Tite, Tir3} and

let B = A; have X-coordinate {z;}.
ifyo
Liy2

Ti—1

€T:

(2

For A,, the X-coordinates are actually recursive with the same pattern as the A-coordinates:

1 i
By = % (8.21)

Ti—1

So here Q(Aa B) = 61({%—171’2‘, Tiy1, $i+2,$i+3} ) {ﬂ}) = {$i+1a x—:} Pictorially, the hedge-
hog is the red and blue edges.

This is a clique because

1 14w 1 i
e (8.22)

Ti1 Ti Ti—1 Tit1

LTiy1 —

Recasting this in terms of polygon triangulation is very useful. In general, the A, cluster
algebra can be modelled by triangulations of a regular n + 3-gon. Briefly, each triangulation
corresponds to a vertex of the exchange graph, with edges drawn between triangulation that
differ by exactly one chord. See [15] for more details.
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This is the same picture as above in terms of triangulations. The red dashed lines are the
chords that change as the red edge is traversed, and similarly for the blue. What we have
shown then is that the difference between the X'-coordinates for the red and blue edges can
be written in terms of products of X'-coordinates.

Now for the general case. Consider a regular n + 3-gon. Choose three adjacent vertices
k,k+ 1,k 4+ 2 and draw the chord between k <+ k + 2. Any sub-triangulation of the entire
polygon that includes that chord is an A,,_; subalgebra. Said differently, if you chop off
a triangle on the outer edge, then you get a (n — 1) 4+ 3-gon, the triangulations of which
correspond to A, _4.

k+1 k+1
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For any sub-triangulation of the (n — 1) + 3-gon, there must be some triangle
jeor ko (E+2) o

and thus a quadrilateral with vertices 7, k, k41, k+2. Switching the interior chord k <+ k+2
of this quadrilateral to k + 1 <+ j corresponds to one of the edges in the hedgehog. This is
indicated with a green dashed line in the diagram above. Note that this is not dependent on
the sub-triangulation of the grey region. Therefore, any sub-triangulation of the grey region
gives the same X-coordinate in the hedgehog. Since there are exactly (n+3) —3 = n choices
of j, this means there are precisely n distinct X'-coordinates of ¢(A, B).

Take ¢;,q; to be any two arbitrary elements of the hedgehog. Then ¢; corresponds to
flipping k& <+ k 4+ 2 to ¢ <+ k + 1 and ¢; corresponds to flipping k& <+ £k +2 to j <+ k+ 1.
These are indicated in the diagram below in (C) and (A) respectively.

k+1 k+1

Any other sub-triangulation of the gray region preserves the ¢;, so in particular one can
choose the sub-triangulation with the pentagon {k,k + 1,k + 2,4, 5}, shown in (B) of the
diagram. Similarly, one can go from (C) to (D) and g; will still be accessible by the red
chord flip. But now notice that this is exactly the situation from the A, case! There is an
embedded pentagon with exactly the same triangulations that appeared above. Therefore
¢ — q; factors as a product of X-coordinates, i.e ¢; —¢q; € M4, . Since 7 and j were arbitrary,
q is a hedgehog. This proves part 1.
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For part 2, consider 3%(q). Each function g € 8*(¢) has arguments drawn from X =
{0,1,41,...,qn}. Therefore S(g) has Symbols in the alphabet X =XU {1+ aq¢,q —q;}
But ¢; is an X-coordinate of a simply-laced Dynkin diagram, so 1 +¢; € M4, . And g is a
clique, so ¢; — q¢; € M4,. Therefore S(g) € sh” (X(A,)). Hence S(8%(¢)) C sh*(X(4,)). In
fact, S(B8%(q)) C ker D¥(X(A,)), since the Symbol of a function is always integrable.

Lastly, note that 3%(q) is of the same form as Equation at weight k. Specifically,
they both have size

n—1

> Ni(i+2) (8.23)

i=0
where Ni(i42) is the number of Lyndon words of length k in an alphabet with i+ 2 letters,
defined in Equation . Therefore, they are bases for spaces of the same size. But
Equation is a basis for all Goncharov polylogarithms of weight k, so 3%(g) must be as
well. Taking Symbols, this implies & (Bk(q)) = ker D*(X(A4,)). ]

There are a few useful corollaries.

Corollary 52. If ¢ and q are two A, -A,_1 hedgehogs, then span 3¥(q) = span 3%(q). Thus
every hedgehog generates the entire space of polylogarithms over an A,.

Corollary 53. Suppose z; and x; are both X-coordinates of A,,. Then x; — x; € My, 1f,
and only if, they are both in a A, - A,_1 hedgehog.

It is also useful to note that finding hedgehogs is computationally simple. Once the
exchange graph is known, it is straightforward to find the A, _; subalgebras, and thence the
hedgehogs.

This is expected to generalize to other cluster algebras besides A,,. Slight modifications
of this approach have been shown to work on D, at lower weights by explicit computation.
The hope is that the space 9,43 could instead be replaced by the space of configurations
of points on P? instead of P!, which would permit a similar basis to be written down for all
G(4,n) cluster algebras.
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