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Abstract.

From some observations on the linear differential operators occurring in the
Lattice Green function of the d-dimensional face centred and simple cubic lattices,
and on the linear differential operators occurring in the n-particle contributions
x(™ to the magnetic susceptibility of the square Ising model, we forward some
conjectures on the diagonals of rational functions. These conjectures are also in
agreement with exact results we obtain for many Calabi-Yau operators, and many
other examples related, or not related to physics.

Consider a globally bounded power series which is the diagonal of rational
functions of a certain number of variables, annihilated by an irreducible minimal
order linear differential operator homomorphic to its adjoint. Among the
logarithmic formal series solutions, at the origin, of this operator, call n the
highest power of the logarithm. We conjecture that this diagonal series can be
represented as a diagonal of a rational function with a minimal number of variables
Ny related to this highest power n by the relation N, = n + 2.

Since the operator is homomorphic to its adjoint, its differential Galois group
is symplectic or orthogonal. We also conjecture that the symplectic or orthogonal
character of the differential Galois group is related to the parity of the highest
power n, namely symplectic for n odd and orthogonal for n even.

We also sketch the case where the denominator of the rational function is not
irreducible and is the product of, for instance, two polynomials. We recall that
the linear differential operators occurring in the n-particle contributions x(™) to
the magnetic susceptibility of the square Ising model factorize in a large number
of direct sums and products of factors. The analysis of the linear differential
operators annihilating the diagonal of rational function where the denominator
is the product of two polynomials, sheds some light on the emergence of such
mixture of direct sums and products of factors. The conjecture N, = n + 2 still
holds for such reducible linear differential operators.
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1. Introduction

Diagonals of rational functions have been seen to occur naturally [1] for n-fold integrals
in physics, field theory, enumerative combinatorics, etc. On many examples and cases,
striking properties emerged that are worthy to be understood.

When we seek for a characterization of the diagonal of rational functions
representation of a D-finite globally bounded power seriest, one may think of the least
number of variables N, occurring in the rational functioni.

Given a diagonal of a rational function R; of N variables (which is necessarily [1]
a D-finite globally bounded power series) there is a rational function R with a minimal
number N, of variables. One aim of this paper amounts to showing that this number of
variables N, < N is simply related to the logarithmic singular behavior, at the origin,
of the formal series of the (minimal order) linear differential operator§ annihilating
the diagonal.

We illustrate our conjecture with the analysis of the lattice Green function (LGF)
of the d-dimensional simple cubic (s.c) and face centred cubic (f.c.c) lattices [3, 4, 5,
6, 7, 8, 9], as well as results obtained for many Calabi-Yau operators [10], and an
accumulation of other examples related, or not related, to physics, displayed (or not
displayed) in this paper.

The differential operators for LGF of the simple cubic (s.c) and face centred cubic
(f.c.c) lattices are irreducible. These differential operators are homomorphic to their
adjoint and, consequently, their differential Galois groups are (included in) symplectic
or orthogonal groups. All these lattice Green functions can, obviously, be cast into
diagonal of rational functions.

This irreducibility is in sharp contrast with the differential operators of the
n-particle contributions y(™9q to the magnetic susceptibility of the square Ising
model [11, 12, 13, 14, 15, 16, 17], which have a large set of factors. Here, the symplectic,
or orthogonal, character of the differential Galois group concerns the factors occurring
in the factorization of the differential operators annihiliting the y(")’s. Furthermore,
we observe, for the n-particle contributions x(™ of the susceptibility of the square
Ising model, that, for each block of factors in the differential operator which has a
unique factorization, (e.g. for a block of three factors L,,- L,- Ly ), we have alternately
orthogonal and symplectic groups.

We will show that these characteristics can be seen on the diagonals of rational
functions, with simple enough expressions, that may lead to a better understanding
of their occurrences.

With P and @ multivariate polynomials (with Q(0, ...,0) # 0), the formal series
of the (minimal order) differential operator annihilating the diagonal of the rational
functions P/Q" (with r an integer), correspond to a finite dimensional vectorial space
relatedft, as shown by Christol [18, 19, 20], to the de Rham cohomology. There is a

t A diagonal of a rational function is necessarily [1] a D-finite globally bounded power series.
Conversely, according to Christol’s conjecture [2], a D-finite globally bounded power series should
be the diagonal of a rational function.

1 It is obvious, however, that the rational function, whose diagonal gives a given globally bounded
series, is far from unique. This series can be the diagonal of many rational functions, even with
different numbers of variables.

& All the differential operators, in this paper, are linear. We will omit ”linear” in the sequel.

€ The x(™ have a very convoluted form of algebraic fractions as integrands. They are shown to be
diagonal of rational functions [1].

1T We are thankful to P. Lairez for having clarified this point.
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homomorphism between the (minimal order) differential operators for the diagonal of
P/Q* and for the diagonal of 1/Q. Therefore, without too much loss of generality
(see section 3 of [21]), we will basically restrict ourselves, in this paper, to rational
functions in the form R = 1/Q, where Q is an irreducible multivariate polynomial,
with Q(0,...,0) # 0. We will also consider, for pedagogical reason, the case where the
denominator @ factors in only two polynomials, @ = 1/Q1/Q2, where at least one of
the @;’s depends on all the variables€.

In the sequel, we notice that, generically, for irreducible @ over the rationals,
the resulting (minimal order) differential operator, annihilating the diagonal of 1/Q,
seems to be systematically irreduciblet. In contrast, a factorization of the differential
operator occurs for factorizable Q.

1.1. The formal solutions

The differential operators annihilating diagonals of rational functions are very selected
differential operators [21]. The formal solutions, at the origin, of such differential

operators (call it L,) can be organized as the union of different sets (1), (2), ... of
formal series which makes the monodromy at ¢ = 0 crystal clear:
In(t)?
So, SO . ln(t) + SLQ, So . Hé') + SLO . ln(t) + 5270,
In(t)™ In(t)"1 In(t)"—2
S, - Sy g B . 1
0" T RN Tr TR gy T oo S
In(t)?
To, To - In(t) + T, To —= + 1o In(t) + Tz,
In(t)™ In(t)m~1 In(t)m—2
T - Tige —t LT —L coo +Tho, 2
O T TR G TR0 gy T T @

etc.

In each of these “sets” of formal solutions, the series (up to a t* overall,
a = 0,1/2,...) are analytical at ¢ = 0. One of the series Sy, Tp, ... is the diagonal
of the rational function annihilated by the (minimal order) differential operator L.
It is therefore a globally bounded series. The other analytic solution series have, at
first sight, no reason to be globally bounded series.

1.2. Conjecture on the number of variables

Our main conjecture corresponds to the exact value of the minimal number N, of
variables of the rational functions required to represent a given diagonal of rational
function series. Consider a rational function R; with N variables, and the (minimal
order) differential operator annihilating Diag(R;) (i.e. the diagonal of R;), assumed
to be homomorphic to its adjointi (i.e. its differential Galois group is included either in

9 The case where @1 and Q2 depend on different sets of variables corresponds to a Hadamard
product and will not be considered in this paper.

1 For examples of irreducible @ and non irreducible operators see Appendix D.

1 It has been noticed in several of our papers [21, 22], that diagonal of rational (or algebraic) functions
almost systematically yield differential operators which are homomorphic to their adjoint. The rare
cases breaking this “self-adjoint duality” were seen to correspond to candidates to rule out Christol’s
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a symplectic, or in an orthogonal group). Among the formal solutions, at the origin, of
this differential operator, there is one formal solution which has the highest log-power,
n, i.e. behaves as In(t)"™. We conjecture that the diagonal of R; identifies with the
diagonal of a rational function R which depends on a minimal number of variables N,
where N, is simply related to the highest log exponentq n by the following relationf
(with N, < N):

N, = n+2. (3)

Note that the existence of such rational functions with a minimal number of
variables N, (regardless of the number of monomials and degrees), does not prevent the
existence of other rational functions with more variables, giving the same diagonal. For
instance, when the general term of the series writes as nested sums of binomials [1, 23],
it is straightforward to obtain a first rational function [1]. This first rational function
has often more variables than this minimal number N,. Also note that a balanced
ratio of factorials coefficients can be written in various binomial forms, thus yielding
many rational functions.

1.3. Some remarks

Let us give some remarks on the definition of what we call the rational functions and
on the number of variables occurring there.

We have seen in previous papers (see for instance section 4.3 and appendix G in
[24]), that an exact result on the diagonal of a rational function of some variables z, v,
..., depending on parameters, can straightforwardly be generalised to the same rational
function, but where the parameters become arbitrary (rational or algebraic) functions
of the product ¢ = xyz --- of the variables of the rational function. Consequently we
extend the definition of rational functions to rational functions where the variables are
rescaledf by arbitrary (rational or algebraic) functions of the product ¢t = zyz ---

In the sequel, some of the rational functions depend on N-th root of variables
(e.g. u/*, v'/6, ..). The calculation of the diagonal of such a function, is equivalent
to the calculation of the diagonal of this function where all the variables are raised to
some power. In the following we will say, by abuse of language, in such cases, that we
have a rational function even if it contains N-th root of some variables.

Also, we have seen examples of rational functions where some monomials or
variables in the rational function do not contribute to the diagonal, meaning that the
rational function has in fact lesser number of variables. We used, for this situation,
the term “effective” number of variables in section 2.4 of [21]. Consider the rational
function 1/Q where Q =1 —y—z—22z—zu—x zu— xyu, which depends on four
variables. The diagonal of 1/Q is ”blind”$ on the monomial z z and the product zu
stands for one variable, reducing @ to Q=1- y—2z—v —yv — zv which depends
only on three variables. We should note that we have not seen this situation in our
examples coming from physics or geometry.
conjecture [2, 20]. The question of this self-adjoint symmetry breaking is adressed in section 5.2
of [21].

q ’%hi crucial role played by the highest log exponent corresponds to the concept of monodromy
filtration (see paragraph 4.2 page 40 of [20]).

f We do not have a conjecture for the minimum number of variables N,, for diagonals of algebraic
functions. An open question is to see if we could actually have N, = n + 1 in the diagonal of
algebraic functions case.

t See for instance equations (54) and (55) below.
1 Changing the monomial x z into uz z, the resulting diagonal will not depend on the parameter u.



1.4. Complements and additional speculations on conjecture (3)

Among the different sets (1), (2), ... of formal series solutions of the (minimal order)
differential operator, one set, for instance (1), corresponds to the highest power of
the logarithms, namely n. We also conjecture that the series with no logarithm in
this set, here Sy, will necessarily be a globally bounded series, and, thus, according
to Christol’s conjecture [2], will be a diagonal of a rational function, with, according
to the conjecture (3), the minimal number of variables N, = n + 2. The other sets,
for instance (2), will, in general, have a power of logarithms m which is less than the
highest power n: m < n. In this m < n case we also conjecture that the power
series (up to a t* overall, « = 0, 1/2, ---) with no logarithm in this set, here T} for
(2), cannot be a globally bounded series. Consequently, it cannot be a diagonal of a
rational function.

In the cases where another set (2), is such that its power of logarithms, m, is
actually equal to the highest power of logarithm n, we conjecture that the power
series (up to a t* overall, o = 0, 1/2, ---) with no logarithm in this set, here Tp,
will necessarily also be a globally bounded series, and, thus, according to Christol’s
conjecture [2], will be a diagonal of a rational function, with, according to the
conjecture (3), the minimal number of variables N, = n + 2.

Let us recall that the definition of diagonal of rational functions is based on
multi-Taylor expansions around the origin [1]. Therefore, the seeking of the maximum
exponent of the logarithm in the formal solutions is also made at the origin. The
maximum exponent of the logarithms in the formal solutions around the other
singularities can also be considered, and this is checked for many of our examples
below.

1.5. Conjecture on the parity of the number of variables and the differential Galois
groups

Another conjecture is related to the symplectic, or orthogonal, character of the
differential Galois groupt of the irreducible differential operator annihilating the
diagonal of the rational function with N, variables.

Since we assume that the (minimal order) irreducible differential operator
annihilating the diagonal of the rational function is homomorphic to its adjoint, its
differential Galois group is necessarily symplectic or orthogonal [22, 25].

We forward a conjecture stating that the parity of the "minimal” number N, of
variables in the irreducible denominator @) dictates the character either symplectic Sp
(N, is an odd number) or orthogonal SO (N, is an even number) of the differential
Galois group of the (minimal order) differential operator annihilating the diagonal of
the rational function. This conjecture is that the group is orthogonal for N, even
and symplectic for N, odd:

N, even (resp. odd) — SO (resp. Sp) (4)

The illustrative examples displayed in this paper in favour of these two conjectures
(3), (4), are chosen for pedagogical reasons, but also for their interest per se. We have

1 An irreducible differential operator Lg, of order g, has, generically, a symmetric square (symz(Lq))
of order Ny = q(g+1)/2 and an exterior square (ext?(Lq)) of order Ne = q(q—1)/2. If sym?2(Lq)
(resp. ext?(Lg)) annihilates a rational solution, or is of order Ny —1 (resp. N — 1), the differential
operator Lg is included in the orthogonal group SO(gq, C) (resp. symplectic group Sp(g, C)) that
admits an invariant quadratic (resp. alternating) form.
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two different kinds of examples: the ones corresponding to (irreducible) differential
operators which have Mazimum Unipotent Monodromy¥ (MUM), and the ones that
do not have MUM. In the MUM case, we have a simple relation n = ¢ — 1 between
the power of logarithm n in (3), and the order ¢ of the differential operator L,. The
conjecture (3) thus becomes, in the MUM case, a simple relation N, = ¢ +1 between
the number of variables and the order of the operator. For the non-MUM examples,
the number of variables is not related to the order of the differential operators, but to
the highest power of the logarithms n, in other words, it is related to the monodromy
matriz at the origin.

The paper is organized as follows. We recall in section 2 the definition of the
diagonal of a rational function, and in section 3 we recall the results of the Lattice
Green Functions of the d-dimentional (face centred cubic, simple cubic and diamond)
lattices, to illustrate the two conjectures (3), (4). Section 4 presents some illustrative
examples for non factorizable multivariate polynomials ). We give, in section 5, the
polynomials @ for some Calabi-Yau equations [10] of geometric origin, obtaining, for
each case, the polynomial @ with the minimum number of variables N, = 3 +2 = 5.
Section 6 deals with the situation where the denominator polynomial @ factorizes as
Q = Q1Q2, giving either a direct sum, or a unique factorization, of the (minimal
order) differential operator annihilating the diagonal of 1/Q. In section 7, we give
examples of diagonal of algebraic functions which are N-th root of rational functions
and equivalent rational functions of the form 1/Q), giving the same diagonals. Finally,
in section 8, we discuss the homomorphisms-to-adjoint assumption on a counter-
example candidate to Christol’s conjecture [2].

2. Diagonals and multinomial expansion

The diagonal of a rational function R, dependent on (for example) three variables, is
obtained by (multi-Taylor) expanding R around the origin

R(x,y,z) = ZZZ Am,n,l * ™ y” Zla (5)
m n l

keeping only the terms such that m = n =1[. The diagonal reads, with ¢t = zyz:
Diag(R(a:,%z)) = Z pmymym - (6)
In most of the examples of this paper the rational function will have the form
1/Q with
Q=1 -(T+T +-- +T,), (7)
where the Tj’s are monomials. The expansion of the rational function 1/Q reads:
1 3 (ki +ko+ - +ky)!

Q kylko! - k)

Calculating the diagonal of 1/@Q amounts to distributing the powers k; on the
variables occurring in the monomials, and putting equal the exponents of each variable.

TR Tk (8)

n

€ Maximum unipotent monodromy: the critical exponents at the origin are all equal.



7

With the exampleq Q = 1 —z —y —z —u'/? —v'/5 depending on five variables,
or n-th root of variables, the expansion of 1/@Q), around the origin, reads:

o0

1 5 (s ko ks tha v hs) g

Q ey ki) gl Fog o

The diagonal will extract the terms with the same power. Introducing the integer p,
such that k; = ko = ks = k4/2 = ks5/5 = p, the only terms contributing to the
diagonal are

ykz sz3 u}{?4/2 Uk5/5. (9)

k;=0,i=1,--5

o~ PP tp+2p 5P L o~ (10p)!
: = PR e (10
2 i emen T = Lm0

Let us mention how we obtain the (minimal order) differential operator
annihilating the diagonal. Once a long series is obtained, we use the guessing method
to obtainff the differential equation (ODE). We make use of the ”ODE formula”
forwarded in section 3.1 of [14] (and with details in section 1.2 of [17]) to ensure that
we actually deal with the minimal order differential equation. For the differential
operators of high order, which are not irreducible, the factorization is obtained using
the method of factorization of differential operators modulo primes (see Section 4
in [15] and Remark 6 in [22]).

3. The lattice Green function of the simple cubic, diamond and face
centred cubic lattices

For the lattice Green functions (LGF) of the simple cubic lattice of dimension d, the
rational function have N, = d + 1 variables. The corresponding differential operators
L,, (n = d, see Appendix A.1.1) annihilating the LGF have Maximum Unipotent
Monodromy (MUM), and thus, the formal solution with the highest log-power at the
origin corresponds to In"~'(¢). The relation of conjecture (3) is satisfied.

Similarly, one may consider the LGF of the diamond lattice (Appendix A.1.2) in
3, 4 and 5 dimensions, where the rational functions depend on respectively 4, 5 and
6 variables, and check that the formal solutions with the highest log-power, at the
origin, are respectively in In(¢)?, In(¢)® and In(t)*, in agreement with conjecture (3).
All these differential operators also have MUM.

The lattice Green functions (LGF) of the face-centred cubic lattice of dimension
d are diagonals of rational functions of the form 1/Q for the dimension d < 7,
see [3, 4, 5, 6, 7], and we have produced the corresponding (minimal order) differential
operators [8, 9] for d = 7,8, ---, 12. These differential operators no longerf have
MUM. According to the parity of the dimension d, which is related to the number of
variables by N, = d + 1, the differential Galois group of these differential operators
are included in Sp (N, odd) or SO (N, even) in agreement with our conjecture
(4). We have checked (see Appendix A.2) that, among the formal solutions at the
origin of these differential operators, one solution is in front of In(¢)™, where n is the
highest log-power. This exponent is in agreement with the relation N, = n +2 of the

9§ For ”polynomials” with N-th root of variables, see, for instance, (31) in section 5.

11 Alternately, we can use the creative telescoping [21] to get this differential operator as a telescoper.
This method often requires more computing time.

1 Except for d = 2, 3, 4 see Table A.1 in Appendix A.



8

conjecture (3). For the exponent of the logarithmic formal solutions at all the other
singularities see Appendix A.2.

Beyond this "LGF laboratory”, let us give some examples with irreducible (non
factorizable) denominator Q.

4. Examples with non factorizable denominator @

4.1. A LGF-like non-MUM exzample

In the examples with the lattice Green functions, one may imagine that the occurrence
of the differential Galois groups Sp or SO is related to the dimension of the lattice.
Let us go beyond this relation by considering the structure function

A= Cc1C2C3 + C1CoC4 + C1C3C4 + CaC3Cy, Cj = COS gbj, (11)
considered by Guttmann in [5], which does not correspond to any known obvious lattice.
The (minimal order) differential operator annihilating

1 / dg1 doo dds dey
(2m)* 1 —t-x 7
is of order 8 and is irreducible. Its exterior square is of order 27, instead of the
generic order 28 = (8 x 7)/2. Its differential Galois group is thus included in the
simplectic group Sp(8, C). The lattice Green function G(t) is the diagonal of the
rational function 1/@Q, depending on 5 variables (zo, 21, 22, 23, 24)

Q=1 —t-\ (13)

such that ¢; = z; +1/zj J=1---4 and t= 2z9z1222324.

G(t) =

(12)

The eight formal solutions, at the origin, of the order-eight differential operator
read

© © (0, n(®)*
S 5 S . ln(t) + 5270, S . 2' + 53,1 . ln(t) + 5370,
In(t)3 In(t)?
S(O) . :())') + S472 . é') + S4,1 . ln(t) + S4,0,
t1/2. g(1/2) $1/2 . g(1/2) In(t) + /2. Sq,
/3. 5’(1/3)7 +2/3 . 5’(2/3)7 (14)

where the S;;’s are analytical series at ¢ = 0, and where the other series begin as
1 + --- The series S is globally bounded, and corresponds to the diagonal of the
rational function. All the other analytical series S(1/2) §(1/3)  §(2/3) S;.; in (14)
are not globally bounded.

The diagonal S(® = Diag(1/Q) is the diagonal of a rational function of
N, = 3 +2 = 5 variables, in agreement with conjecture (3).

Around all the other singularities, the highest log-power is in In(t)!, and each
formal series, in front of In(t)!, is not globally bounded.

The generalization of (11) to 6 variables amounts to considering:
A= C1C2C3C4 + C1C2C3C5 + C1CaC4C5 + C1C3C4C5 + C2C3C4yCs5, Cj = COS ¢j. (15)

The corresponding differential operator is expected to have its differential Galois group
included in the orthogonal group. The differential operator is of order 9. Its differential
Galois group is indeed (included) in SO(9, C), (its symmetric square being of order
44, instead of the generic order 45 = (9 x 10)/2).
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The formal solution of this order-nine differential operator with the highest log-
power at the origin, corresponds to In(t)*, giving, according to the conjecture (3),
N, = 442 = 6 as the minimal number of variables occurring in the rational function.

4.2. 3-D fec example: reduction to three variables

The diagonal of 1/Q where

Q=1 —apu (w4 3) ) ++ )+ D+t ) +D). (16)

is a polynomial depending on four variables x, y, z, u, reproduces the 3-dimensional
face-centred cubic lattice Green function. The (minimal order) differential operator
annihilating this diagonal is of order three, and its differential Galois group is included
in SO(3, C). The most singular formal solution is in In(#)?, in agreement with 2 + 2
variables for the rational function, in agreement with conjecture (3).

Let us reduce the number of variables of the polynomial @, given in (16), to three
variables, by fizing u = 1. The polynomial @ becomes:

1 1 1 1 1 1
=1 — . ). = 2. - 2. ). ar
@ = 1o (@) 4 )@t 4D+ G+ (D). 1)
The (minimal order) differential operator, annihilating this diagonal, is of order six,
and its differential Galois group is included in Sp(6, C). The formal solution with the
highest log-power at the origin is in In(¢)!, in agreement with 1 +2 = 3 variables
for the rational function.

4.8. Another diagonal representation of the 3-D fecc LGF

The LGF of the three-dimensional fcc lattice can also be seen as the diagonal of 1/Q),
where the polynomial denominator @ depends on four variables:

Q = 1 —2%yzu- (1 +4zyzu) — (1 +u)- (y+2). (18)
The diagonal of 1/Q, where @ depends on four variables, gives (with ¢ = xyzu):
. 1 112 ,
Distiayen (35) = oFs (o3 3 AL 108 22 (1 ap). (19

The formal solution of the corresponding differential operator, with the highest log-
power at the origin, is in In(¢)?, in agreement with the minimal number of variables
of 4 = 2 + 2, according to conjecture (3).

Taking the diagonal of 1/Q with @ given in (18) on only the 3 variables (z, y, z),
which means that the variable w is seen as a parameter, one obtains (with s = xyz):

1 1 2
Dintayo () = 2Fi ([ 3h 0k 27w (140 (14 au) ). 20)
The formal solution of the corresponding differential operator with the highest log-
power at the s = 0 origin, is in In(s)!, in agreement with 3 = 1 + 2 variables,

according to conjecture (3).

Here, for the same rational function 1/Q), we clearly see that the fact that the

diagonal is taken on 4 or 3 variables, produces a singular formal solution behaving in
In(t)? or In(s) .
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4.4. A reflexive polytope example

From the 210 dIfferential operators arising from reflexive 4-polytopes [23, 26] (Laurent
polynomials of 4 variables) with symplectic differential Galois group Sp, let us consider
the examplel, depending on 5 variables, which corresponds to the rational function
1/@Q with polynomial denominator

Q =1 —zyzuv- S, (21)
where:
1 1 1 1
S = z+y+tz+tu +7+7+7+E
+yz+ +2 +—+—+ + +—+—+T. (22)
z  yz xu yz u 23y

The diagonal of 1/@Q is annihilated by an 1rreducible order-six differential operator
whose differential Galois group is symplectic (included in Sp(6, C)). The formal
solution, at the origin, of this order-six differential operator, with the highest log-
power, behaves as In(t)3. This is in agreement with the number of variables
N, = 3 +2 = 5 occurring in the polynomial @), according to conjecture (3).

Around all the other singularities, the maximum power of the log in the formal
solutions is 1, and the series are non-globally bounded.

4.5. An Apery generalization example

Let us recall the series with Apery numberst:

S () e s Y () e e

n=0 k=0 n=0 k=0

This series is actually the diagonal of the rational function 1/Q with four variables [20]:
Q = (1 —{,131—{,132)-(1 —$3—,’E4) — X1 X2 X3 T4. (24)

More generally, let us consider the series given by (with m a positive integer):

SY () () e s T () e e

n=0 k=0 n=0 k=0
This series is the diagonal of the rational function 1/Q,,, withq

m—1

Qm = 1 — ] (ajs1 + 2552 + 22541 22542), (26)
=0

depending on 2m variables. For any value of m, the number of variables being even,
the differential operator, corresponding to the diagonal of 1/Q.,, has a differential
Galois group which should be included in the orthogonal group SO, according to
conjecture (4).

For m = 3, we have 6 variables in (26),
Qs = 1 — (x1+zo+x122) - (v3+ x4 +2324) - (@5 + 26+ x526),  (27)

i Polytope v18.10805, topology 28 in [23, 26].
1 The sequence is related to Apery’s proof on the irrationality of ((3).
€ Use the multinomial expansion, then equate the exponents of the variables.
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and the diagonal of the rational function 1/Qs reads:

S e S ()

n=0 k=0 n=0 k=0
= 1 +9t +4332 +36729¢% + --- (28)

This series (28) is annihilated by an order-nine differential operator Lg. The
symmetric square of Lg is of order 44, instead of the generic order 45 = (9 x 10)/2.
The differential Galois group of this order-nine differential operator Lg is (included)
in the orthogonal group SO(9, C). The formal solution of Lg¢ with the highest
log-power, at the origin, behaves as In(t)?, in agreement with the conjecture (3):
N, =4+2=6.

The maximum exponent of the log’s in the formal solutions around all the other
singularities ¢ = ¢; (with the exception of ¢ = o0) is 2, and the series, in front of
In(t — t;)?, are not globally bounded.

For the singularity ¢t = co = 1/s, the highest log-power is also 4, i.e. the same
value as the maximum log-power around ¢ = 0, so we expect the corresponding series
in front of In(s)* to be globally bounded. The first terms of the series read

5 (1 195 +433s% +367205° + ) (29)

Similarly, for m = 4, we have 8 variables in (26). The differential operator,
annihilating the diagonal of the rational function 1/Qy, is of order 15. Its differential
Galois group is (included in) the orthogonal group SO(15, C). The formal series
solution, at the origin, of the order fifteen differential operator, with the highest log-
power, behaves as In(t)® in agreement with the conjecture (3): N, = 6 +2 = 8.

5. Some Calabi-Yau examples

We consider, in this section, some examples of Calabi-Yau equations from [10], where
the expressions of the general term of the series are known in closed form. These order-
four differential operators are irreducible, their differential Galois groups are (included
in) symplectic groups Sp(4, C). They all have the MUM property [10], and their
formal solutions with the highest log-power behave as In(¢)3. Therefore, according
to conjecture (3), these differential operators should annihilate rational functions of
N, = 3 +2 = 5 variables.

5.1. The first 19 Calabi-Yau operators in Almkvist et al. Table [10]

We have considered the first 19 Calabi-Yau differential operators of [10]. These Calabi-
Yau equations (except #9) have a geometric origin [27, 28, 29, 30, 31]. The general
term of the series are (or can be) written as nested sums of products of binomials [23],
known to correspond to diagonals of rational functions [1, 23]. The aim, here, is to
give the rational function with only 5 variables.

Assuming some 1/@Q form for the rational function, the polynomials @ are
obtained from closed formulae (given in [10]) of the general term written as ratio
of factorials, using a “guessing” procedure sketched in Appendix B. The procedure
in Appendix B, amounts, from the general term given in [10], to going back up to
the expression coming out from a multinomial expansion. Eventually one finds that
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all the polynomials () can be written with five variables. We give the corresponding
multivariate polynomials ) obtained from this guessing procedure, in Table 1.

Note that, for some @Q’s, we still say that @ is “polynomial” even if it contains
N-th root of some variables (u!/4, v1/6, ...). Section 2 shows that the diagonal of
the rational function with N-th root of variables is actually a power series (not a
Puiseux series). In the following, instead of some ”polynomials” containing N-th root
of variables, we give equivalent polynomials still with 5 variables.

Table 1. Rational functions 1/Q for some Calabi-Yau series > A, t", where
Ap is the general term of the series given in [10]. We follow the numbering # of

[10].
# An 1-Q Ny
1 o) T+yFztuto 5
2 %ﬁéw T4y + 2+ ut/? 4 ol/0 5
3 @) (z+2)1+y)(1+0)1+u) 5
4 % : (z+yu+ 2v) (y + 2z + uv) 5
5 (n)t (3n)! z+y+z+utv(@+y)(z+u) 5
6 7(2712;(;1”)! r+y+z+ut+ov(z+u) 5
7 % T+y+z+u+ol/t 5
8 n!(f(g)r!b)! T4y +z+u+ot/? 5
9 % z+y+z2(x+y)+u/t+ol/0 5
10 () (2 +yu+ (20)'12) (y + 22 + (w)'/?) 5
11 Lppel THy+ztutoly+z+u) 5
12 % z+y+ 1+ 2)(w/?40'/2) 5
13| (i) (2 + ()2 + (20)'/3) (y + (2)'/2 + (w0)/3) | 5
14 % z+y+z4+ulz+y) +o/3 5
15 (iruls)!(Z);s r4+y+z(@x+v)+u(y+v) 5
16 | (%) (2)2(2;5) (T | eyt tutolayzFayutrzutyzu) |5
17 ( ‘k,(nij Bl (x+y+2) (v+au+yz) (v + zv + zyu) 5
s GG wt (z+9) (@+0) (24 0) (y + 2) 5
19 () ("R (P (x+y)(u+z)(ut+v)(y+2)(v+z+y+u) 5

5.2. The Q’s are multivariate polynomials of variables and N-th root of variables

For some @’s which are polynomials with N-roots of variables, a straighforward
change of variables, such (z, y, --+) — (2™, y", --+), may be introduced.
For instance, for Calabi-Yau number 2 (that we denote CY3),

oo

Y = - n — F 1 1 1 2 .
CY, 7;) n!3 (2n)! (5n) -t 43 [10 10’ 10° 10] [1,1,1],2%5° - ¢

= 1 +15120¢ +3491888400¢% + 1304290155168000¢° + --- (30)
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which is actually the diagonal of 1/Q), with

Q=1 —(z+y+z +ul/? +21/%), (31)
the series is in t = xyzuv. If one wants to get rid of the N-th roots u!'/? and v'/5,
one can rather consider the polynomial

Q=1 —@0+y"0+2"" +4° +07), (32)

yielding for the diagonal of 1/Q where @ is given by (32), the series (30) where ¢t
is changed into #'°. Other polynomials with five variables can be found. With the
polynomial

Q=1 —(z+y+z +a'y*u™’® +z20u?), (33)
or the other polynomial
Q=1 - (gcyzu + zzuv + yzuv + xyvu® + xyzv3) , (34)

the series (30) is reproduced with ¢ changed respectively into t® and ¢°.

5.3. The rational function versus the pullbacked solution

From the Calabi-Yau equations in [10], two (or more) may have the same Yukawa
coupling T, which means [33] that one solution can be written in terms of the other
one. Let us see how this property appears in the multivariate rational functions 1/Q.

5.8.1. Calabi-Yau number 79
The series for Calabi-Yau number 79 reads

o= 23 ()

n=0 k=0
= 1 4121t +113641¢> + 168508561¢> + --- (35)

and has the same Yukawa coupling [10] as C'Y7. It reads

1 t
Yig = —— - CY;
CYrg 1_t01< )

1-1¢
1 1234 t
= — R (=25 001, 50 ——
1 —+ 43([5a57575]a[7a]75 ].—t)’ (36)
which is the diagonal of 1/Q7¢ where Q79 reads (with ¢t = zyzuv):
Qr9 = (1 —1)- (1 _(136—15 +y+z+u—|—v)>). (37)

The diagonal of 1/Q, with @ given in (37), is the same series as in (35).

5.8.2. Calabi- Yau number 128
Another example is Calabi-Yau number 128 which series reads

= 1 4122t +114126¢> + 169305620t + 307902541870t* + ---

T See, e.g. [32, 33, 34] for the definition of the Yukawa coupling, and Appendix G.
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and has the same Yukawa coupling [10] as C'Y7, in terms of which it writes:

1 t
CYis = —— CY1 | ——
S T (1 4t)
1 1234 t

= — L F([5,2,5,2],[1,1,1], 5°- . 39
VI — 4t 4305555“ ] 1—4t) (39)
The Calabi-Yau series (38) or (39), is the diagonal of 1/Q12s, where the denominator

Q128 has an “algebraic term” depending only on the variable t = xyzuv:

Qs = V1 —4t- (1 —(z+u+v)) —x—y. (40)

6. Factorizable denominator (Q: examples with two factors

6.1. The differential operators occurring in the x\™’s of the Ising model

The rational functions, considered in the previous sections, are in the form 1/Q),
where the denominator @ is a non factorizable multivariate polynomial, the (minimal
order) differential operator annihilating these diagonals, being irreducible, contrary to
the differential operators annihilating integrals corresponding to the n-fold integrals
x(™’s of the susceptibility of the Ising model [12, 13, 14, 15, 16, 17]. These integrals
are very convoluted forms of algebraic fractions, which have been shown to be diagonal
of rational functions [1], but are far from being in the form 1/Q.

All the factors, occurring in the differential operators for the y(™)’s, have been
shown to have differential Galois groups either symplectic or orthogonal (see [22] and
references therein). Furthermore, focusing on the blocks of factors (occurring in the
differential operators corresponding to the x(™)’s) which have a unique factorization,
i.e. that write as, (e.g. for three factors) L, L, L, it appears that if L, is in the
orthogonal group (resp. symplectic group), the left factor L, is in the symplectic
group (resp. orthogonal group) and so on, in an alternating way. Appendix C gives
the situation for all the factors occurring in the differential operators corresponding
to x®, -, x©).

This occurence of products, as well as direct sums of products, for factors of the
differential operators annihilating these diagonals, seems to be related to the fact that
the denominator @ is notirreducible. In the sequel, we address this case, restricting for
pedagogical reason, to only two factors. We will see, in these examples with two factors,
that conjecture (3) is still valid. The fact that the denominator @ is not irreducible
yields differential operators that are not irreducible: thus one cannot simply introduce
a differential Galois group for these differential operators. One has to consider the
differential Galois group of each factor of these reducible differential operators. We
will see that an alternating symplectic/orthogonal structure seems to systematically
occur (as Appendix C shows for the y(™)’s).

6.2. Foreword: two factors

In all the examples of the form 1/Q = 1/Q1/Q2 displayed below, and many more
not given in this paper, we have systematically obtained the following results. If the
number of variables, and the variables for @1 and Qs are the same, the differential
operator, annihilating the diagonal of 1/Q = 1/Q1/Q2, is of the form

<£(1) ® 5(2)> - N, (41)
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where the differential operators £V and £®2) are homomorphic to the differential
operators annilating, respectively, the diagonal of 1/Q1 and 1/Q2, and where the
differential operator N, at the right, is some “dressing”q. We have not found any
simple interpretation of this “dressing”.

In contrast, if the number of variables for Q1 and (s is different, the variables
for (for instance) Q2 being a subset of the set of variables for @7, the differential
operator, annihilating the diagonal of 1/Q = 1/Q1/Q2, is of the form

£V N, (42)

where the differential operator £() is homomorphic to the differential operator
annilating the diagonal of 1/Q1, and where, again, we have not found any simple
interpretationtf of this “dressing” differential operator N.

6.3. First example
As a first example, consider the diagonal of 1/Q
Q = 1 —ax—y—2z +y>—22 vay+yz +y22+x22+ 25, (43)

which is annihilated by an irreducible order-ten differential operator Ljy which has
a differential Galois group (included) in Sp(10, C). The formal solution with the
highest log-power at the origin is in In(t)!, in agreement with 3 =1 + 2 variables.

Changing the monomial —y into —2y in (43), one obtains a polynomial Q that,
now, factorizes:

Q = (1—(£+y—|—z))-(1—y—z2). (44)
The diagonal of 1/ Q is, now, annihilated by an order-six differential operator with
the uniquei factorization Lg = My - My, where the order-two differential operator

M> has a differential Galois group (included) in Sp(2, C), and where the order-four
differential operator M, has a differential Galois group (included) int SO(4, C).
While the (left) differential differential operator My is homomorphic to the order-
two differential operator annihilating the diagonal of 1/ (1 — (z + y + 2)), we have no
interpretation for the ”dressing” right factor My with respect to the right factor of Q.

This example shows that changing the coefficients in front of the monomials to
a value that makes the polynomial () factorizable leads to a reducible differential
operator. A more subtle situation is addressed in Appendix D.

Remark 6.1. The formal solution of Lg (and of Ms) with the highest log-
power at the origin is in In(t)', in agreement with the fact that @ depends on
3 = 1 4 2 variables. The “dressing” differential operator My has no logarithmic
formal solution around all the singularities, and all these formal solutions are globally

9§ For Q1 and Q2 polynomial of three variables, the “dressing” operator N seems to always have
algebraic solutions.

11In particular, in the case where both operators have the same order and the same singularities,
the ”dressing” operator N in (42) is not homomorphic to the differential operator annihilating the
diagonal of 1/Qa.

1 No direct sum factorization.

f Tts symmetric square has the rational solution (175t +48)/t/(3125t% +1644t +128). Its symmetric
cube (of order 20) has a rational solution, (3125t + 1644 ¢ + 128)/t. Its symmmetric fourth power
(of order 35), has a rational solution, (3125t 41644t +128)/t2, and its symmmetric fifth power (of
order 56), again, has a rational solution, (3125t + 1644t + 128)/t?, suggesting a differential Galois
group smaller than SO(4, C).
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bounded. According to Christol’s conjecture [2] these formal solutions are diagonal of
rational functions and according to our conjecture (3), the rational functions depend
on only two variables and therefore, should be algebraic series.

In fact, the calculation of the p-curvature of the differential operator My
gives zeroff for every prime p, in agreement with algebraic series (according to
Grothendieck-Katz conjecture [35]).

6.4. Second example

Consider, now, the denominator @Q
Q = (1—($+y+z+u))-(1 —xy — zu), (45)

and the diagonal of the rational function 1/Q:
1
Diag(a) = 1 +30t +295812 +428652¢% + 728100004 + .- (46)

This diagonal is annihilated by an order-five differential operator that factorizes as
Ls = L3 - Lo, where L3 has a differential Galois group (included) in SO(3, C), and
L5 has a differential Galois group (included) in Sp(2, C). The differential operator Ls
is homomorphic with the order-three differential operator annihilating the diagonal of
1/(1 — (x4 y+z+u)). Note that the formal solution of Ls with the highest log-
power at the origin, is in In(¢)?, indicating that we should deal with a minimum
number of 4 = 2 + 2 variables, in agreement with (3).

Here again, while the left factor of the differential operator L5, and the differential
operator annihilating the diagonal of the reciprocal of the first factor of @, are actually
related by operator homomorphism, we have no interpretation on the right factor Lo
with respect to the right factor of Q. The differential operator Lo has a differential
Galois group (included) in Sp(2, C), and carries In(¢)! as the formal solution with
the highest log-power, meaning that it is, per se, given by the diagonal of a rational
function with 3 = 1 + 2 variables:

1 13 64

sol(Lz) = Nl 2F1 <[474]a[1]a9t) (47)
1

= — . Di

1 —4t 1ag<1 —cx—cyy —c3/3- 212

> where: clcQCg = 1.

Remark 6.2. One should note that the second factor in the polynomial (46),
in itself, depends on only two variables xy and zu. However, in the product of
polynomials given in (46), all the four variables contribute to the diagonal. This is
not the kind of situation of section 6.2 where the two polynomials should depend
separetly on the same number of the same variables for which the diagonal is not blind
(see section 1.3). The resulting differential operator Ls = Ls - Lo, annihilating the
diagonal of 1/Q, with the differential operator Lo, shows that there is a product of
polynomials @1 Q2 where @ and @2 depend respectively on four and three variables
and such that the diagonals of 1/Q and of 1/Q1/Q2 identify.

In the previous examples, the denominator polynomial @ factorizes into two
polynomials Q = Q7 2, where the number of variables occurring in each polynomial

11 We thank A. Bostan for calculating the first p-curvatures, thus showing that these p-curvatures
are zero for 7 <p < 73.
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is different. Appendix E addresses the case when the product @1 Q> switches from
the situation where both polynomials @; carry the same number of variables, to the
situation where one of them has a smaller number of variables. Appendix F considers a
denominator Q = @1 )2, depending on one parameter b, and where the polynomials
@1 and @2 depend, respectively, on 4 and 3 variables. We address in Appendix F
the situation where, for one particular value of the parameter b, the polynomial @
reduces to a polynomial depending on only three variables instead of the four variables
we started with.

7. Rational versus algebraic functions and powers of rational functions

In this section we consider some examples of diagonals of algebraic functions, square
root of rational functions, and powers of rational functions.

7.1. A modular form example

Let us consider the order-two differential operator Lo annihilating the hypergeometric
function o Fy ([1/12,5/12], [1], 1728¢):

Ly = (1—1728t)-t- D? +(1—2592t)- D; — 60. (48)

This order-two differential operator Lo is homomorphic to its adjoint providedi one
considers a simple square-root algebraic extension:

(1 —17281)'/2 . adjoint(Ly) = Ly- (1 —17281)Y/2. (49)
This hypergeometric function corresponds to the diagonal
15
Fy([—=,—=],[1], 1728¢) = Diag(R 50
oFi (I3 5l [l 1728¢) = Ding (). (50)

of the algebraic function R (depending on two variables with ¢ = zy) given by:

= (VI TTSay VAR (e -y)) (51)

According to conjecture (3), we would like to be able to write (50), not as a diagonal
of an algebraic function of two variables, but as a rational function of three variables.

The procedure in [36] by Denef and Lipschitz gives, on this example, a rational
function R depending on four variables (z, y, u, v) such that (50), the diagonal of
R on the four variables (z, y, u, v), identifies with the diagonal of the algebraic
function R on the variables (z,y). In this procedure, the denominator of R
comes in a factorized form by construction, and each factor does not contain all the

variables. For an algebraic function with n variables (z1, 2, -+, ), the Denef and
Lipschitz procedure [36] will give, as denominator, the product Q(x1, 2, -+, Ty, u1)-
Q(mla T2, ="y xn?“’?) T Q(.’El,l'z, Ty (En,un).

For the hypergeometric function oF; ([1/12,5/12],[1], 1728¢), the procedure
sketched in Appendix B, is not applicable. However, one may imagine that,
introducing a pullback, the general term may be cast in the appropriate form of ratio

1 Alternatively one can use the “Homomorphisms” command of DEtools in Maple on the symmetric
square of adjoint(L2) and La.
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of factorials. One actually has (with a double expansion, index summation change,
and summation of the inner sum):

- Ly e (L) M oy

- zn: nl (2n)! (fm)! e (52)

The last multinomial form leads to (with ¢t = zyz):

1 5 i .
o F ([12,12],[1]7 1728 - (1—432t)) = D1ag<1 EYE —z1/3>' (53)

The order-two differential operator, annihilating the diagonal (53), is not only
homomorphic with its adjoint, it is self-adjoint. Its differential Galois group is
(included) in Sp(2, C), and the formal solution of the differential operator with the
highest log-power carries a In(t)!, in agreement with the 3 = 1 + 2 variables of the
diagonal in (53), and conjecture (3).

Remark 7.1. From (53) we easily get that

1 5 1
| [—,—=][1], 1728¢t) = Di 54
2 1([12712]a[]3 ) 1ag<1 a7 _y1/2 _Z1/3>a ( )
1 — (1 —1728¢)1/2
where « 641 , with ¢t = zyz (55)
Up to an algebraic function of the product t = xyz, we thus have a representation

of (50) as a diagonal of a rational function of three variables.

Remark 7.2. Note that the pullback in (53) is precisely the one that matches
(53) with one of a modular form of Appendix B in [37]:

1 5 15
il |—,—=],[1], 1728 - t- (1 — 432 = o ||z, =], (1], 432¢) .
o ([ g 17280 0 (0 —a320)) = o ([ SL00as20). (66)
7.2. From the LGF of 3-D s.c to Calabi-Yau number 69

Recall the rational function 1/Q), depending on four variables, and correspondingq to
the lattice Green function of the 3-dimensional simple cubic (Appendix A.1.1),

Q=1 f(z+y+z +u~(xy+xz+yz)), (57)
1 1113 1 2
Di (7) = HeunG (-, —,~,21,=, 4-¢) . 58
V) e <9 12747472 ) (58)
Considering, now, the diagonal of the reciprocal of Q/2,
1 9 1575 107415
Di (7) = 1 +-¢ 2 £ 59
iag 012 +4 + o1 + 256 (59)

9 This Heun function (58) can be written as pullbacked 2Fi hypergeometric function with algebraic
pullbacks (see equations (12), (13), (14) in [37]).
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one obtains an annihilating irreducible order-four differential operator, with a
differential Galois group included in the symplectic group Sp(4, C), and with In(¢)3
highest log-power formal solution. According to conjecture (3), a rational function
1/Qeq, depending on 5 = 3 + 2 wariables should exist. It actually reads:

1/2
Qeg = 1 —<J;—|—y—|—z +u- (xy+ 2z + y2) +v4> (60)

The diagonal of 1/Q., identifies with the diagonal of 1/Q'/2. With the rescale
v'/2/4 — w'/? (ie. t — 16t) it corresponds to the Calabi-Yau series (number

69 in [10]): ) o
CYeo = Y. 71'(24(712)7;)' Zk: (Z) (2:) o, (61)

7.3. From the LGF of 3-D f.c.c to Calabi-Yau number 14

The diagonal of the rational function 1/Q with denominator
Q=1 —(z+y+z +u-(y+=2)), (62)
reads:

Diag(%) - <[; %g] 1,1, 108t> . (63)

This hypergeometric series (63) actually occurs} for the lattice Green function of the
3-dimensional face-centred cubic lattice. Let us, now, consider a rational number «,
and let us introduce the algebraic function 1/Q(«):

Q) = (1 —@+y+z +u- (y+2)) . (64)

One actually obtains for the diagonal of 1/Q(«):

1 laa 1o 2
Di —— ) = 4B ||z o+, -+ <), [1,1,1), 108¢% ). 65
1ag<Q(a)> 4 3([27373+353+3]7[a ’ ]a ) ( )
For a = 1/2, the diagonal given in (65)
1 15 31185 6381375

Di — ) = 1 —1 t—— —— 66
lag(@@/z)) Tt T s 1024 (66)

is annihilated by an irreducible order-four differential operator, homomorphic to its
adjoint, with In(#)? as the maximum power in its formal solutions around the origin.
This globally bounded power series (66) is actually the diagonal of a rational function
1/Q(1/2) with 5 = 3 + 2 variables where the polynomial denominator reads:

~ U1/3
Q(1/2) = 1 —<x+y+z +u- (y+2) +4). (67)

The diagonal of 1/Q(1/2) identifies with the series given in (66). The polynomial
(67) (with the change v'/3/4 — v'/3) is the same polynomial as the one given in
Table 1, which corresponds to Calabi-Yau equation number 14.

Remark 7.3. The relations between the square root of the rational function
of the LGF of simple cubic (resp. face centred cubic) and the rational function
corresponding to Calabi-Yau number 69 (resp. Calabi-Yau number 14) are similar
to the known relation [5, 38, 39] between the LGF of the d—dim diamond and the
LGF of the (d + 1)—dim simple cubic lattices. Other examples are given in Appendix
G.

i The solution of the LGF of 3-D f.c.c is given in (19), a pullbacked form of (63).



20

7.4. Power of rational functions and homomorphisms

Consider the polynomial ) dependent on the parameter p:

Q=1 —(z+y +2° +u-az2). (68)
The diagonal of 1/@Q is annihilated by an irreducible order-four differential operator
Ly, and the diagonal of the square 1/Q? is annihilated by an irreducible order-

four differential operator Ny.  These two differential operators are actually
homomorphic [21], giving
1 1
Diag(—) — Wi(u -Diag(—), 69
o (1) 0 (69)

where Ws(u) is an intertwiner of order three. For = 0, the order-three differential
operator Wj3 reduces to an order-one intertwiner:

Wa(s = 0) = ;t.Dt 1 (70)

Let us take p = 0, and generalize the polynomial @ to (with r a positive integer):
Q=1 —(z+y +2). (71)
The diagonal of 1/ Q is annihilated by an order 2r differential operator LST). The
differential operator, annihilating the diagonal of 1/Q™, is also of order 2. Let us call
it LY. The differential operator LY is homomorph with the differential operator

L(;TLH), giving:

Diag(QiH) - (27;21 tD; + 1) : Diag(éln), (72)

As far as conjecture (3) is concerned, the rational functions 1/Q and 1/Q",
have the same minimum number of variables, therefore the formal solutions of the
corresponding differential operators have the same maximum log-power.

7.5. From reciprocal of square root to rational functions

Let us recall§ the diagonals Diag(1/Q'/?) given in (59) and (66), where @ depends
on four variables, and which identify with the diagonals of Diag(1/Q¢,) given in (60)

and (67)
. 1 . 1
Diag <Ql/2> = Diag (Qeq) , (73)

1
where Qeg = Q fzuo‘, (74)

with an additional fifth variable w, and where « is a rational (not integer) number.
Let us show how this occurs with the procedure of Appendix B, and show whether
the form (74) is general.

Consider the multivariate polynomial Q@ = 1 — (T} +T» + ---+T},), where the
T;’s are monomials. The expansion of 1/ Q'/? reads:

1 1 (2ko)! A
oz - 2w oz (4T 4o £ T
_ 1 (2ko)! (ki +kat - + k) kot o .
- Z 4ko kol2 kil kol - k! A E R P (75)

& See also examples in Appendix G.



21

With the constraint kg = ki + ko + -+ + ky, , there will be one more factorial (i.e.
ko!) in the denominator with respect to the expansion of 1/@Q given in (8). One has
then one additional monomial in the polynomial @, if we consider the right hand
side of (75) as an expansion of 1/Qcq.

By performing the diagonal on (75), one factorial in the denominator k;! takes
a value like k;! = (rp+ ---)!, where p is the running index of the diagonal and
r an integer. The additional monomial in Q., Will be v/, Now depending on the
monomials T}, there is no reason why the additional variable will not occur elsewhere.

Hereafter, let us display some examples of polynomials @ and Q., (with p a
parameter) where the relation (73) holds but with an expression for Q.,, different
from the simple expression given in (74):

Q= 1—-(z+y+z +pz’y), (76)
1

Qeqg =1 — <x+y+z +ux5yu5/3 +4u1/3>7 (77)

Q=1—(r+y+z tay+yz +pz’yz), (78)

1
Qeg = 1 — (x—l—y—i—z + (zy +yz) - u'® + padyzut/? —|—4u1/3>. (79)

Such relations and relation (74) single out square roots, and cannot be simply
generalised to any N-th roots of polynomials. This special role played by reciprocal
of square roots comes, in fact, from the emergence of ratio of factorials of multiple
argument in the relation:

(1/2), _ 1 2n)

(80)

n! qn 2

In view of the expressions of the polynomials ()., a natural question arises for the
case where the polynomial @ is factorizable (in two factors, for instance) @ = Q1 Q2.
Does the additional variable u occurs in one factor, or in both, or as an additive
monomial ? In the last situation, the equivalent polynomial (., may come out non
factorizable, and the equivalent differential operator will be irreducible.

Let us consider the polynomial Q = (1 —z —y — z)- (1 —y — 22) given in (44).
Here the variables in the second factor of Q are a subset of the variables in the first
factor. The diagonal of 1/ Q is annihilated by an order-six differential operator with
the unique factorization Lg = My - My.

The first terms of the diagonal of 1/Q'/? are (t = xyz):

1 9 1695 , 26215 120086775
Diag (—— ) = 1 4ot 4242 4 223 22000004 (g
1ag<Q1/2) 1T U T e 16384 * (81)

This globally bounded power series is annihilated by an order-eight differential
operator Lg. The differential operator Lg is irreducible with a differential Galois group
included in SO(8, C). Among the formal solutions, at the origin, of the differential
operator Lg, two series behave as In(¢)?, (i.e. the maximum log power). One of these
solutions is the series given in (81) which, according to our conjectures, should be
diagonal of a rational function with four variables (N, = 2 + 2).

In order to find such a rational function 1/Q.,, we follow the procedure in
Appendix B with the general term of the diagonal of 1/Q'/2, to obtain:

1
Qeg= 1 —z—y—=2 —|—Z~ (2xy+y2 +2yz —422)~u1/3
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1 1
+§zg-(2x +y +22) u?? _ZU1/3' (82)
Consider, now, the polynomial Q@ = (1—z—y—2z)- (1 -2 —y— 2%) where both
factors in @ carry the same number of variables. The diagonal of 1/Q is annihilated
by an order-seven differential operator with the direct sum factorization L; =
(Ly @ Lg) - Ny. The diagonal of 1/Q'/?
) 1 . 195 , 3

is annihilated by an irreducible order-eight differential operator with differential Galois
group included in SO(8, C). One of the formal solutions, at the origin, of the
differential operator, behaves as In(¢)2, (i.e. the maximum log power). The power
series in front of In(¢)? identifies with the series given in (83), and should be the
diagonal of a rational function ., with four variables. The polynomial ()., reads:

Qg =1 —(z+y) (2 1) (2+2) +(x+y)° u'/?
cul/?, (84)

2
820575 , (53)

+z- (z2—z—1)~u_1/2 —

=

8. On the homomorphism to the adjoint assumption

All the examples, displayed in this paper (and many others not given here), confirm
the conjecture (3). One assumption for this conjecture to hold, is that the (minimal
order) differential operator is homomorphic to its adjoint, thus yielding symplectic,
or orthogonal, differential Galois groups [22, 25, 40]. This assumption may look
as an innocent caveat since, as we underlined in several papers [40], the (minimal
order) differential operators annihilating diagonals of rational functions are, almost
systematically, homomorphic to their adjoint{.

However, some examples of diagonals, whose corresponding (minimal order)
differential operators are mot homomorphic to their adjoint, have been seen to
correspond to 3F» candidates to be counterexamples to Christol’s conjecture [2, 20].
Such a candidate, for instance, reads:

g —q)1/3

3F2<[§a ga %]7 [17 %]v 27t> = Dlag(il_;v_yy)_z) (85)
This hypergeometric function is the diagonal of a quite simple algebraic function
of three variables. The order-three differential operator annihilating (85) is not
homomorphic to its adjoint. Its differential Galois group is SL(3, C). One of the
formal solutions (at the origin) of the order-three differential operator has the highest
logarithmic power In(t)?.

Note that a representation of this hypergeometric function (85) as diagonal of
rational function of more than three variables, is possible [2] using Denef-Lipschitz
formulation [36], but a representation as a diagonal of a rational function of 1 +2 = 3
variables does not seem possible.

Thus this example does not seem to satisfy relation (3). It is outside the
framework of this paper, for which the assumption to be homomorphic to its adjoint
is not superfluous, but necessary.

1 For reducible differential operator, each factor is homomorphic to its adjoint.
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9. Conclusion

In this paper, we addressed some properties of the diagonal of rational functions. We
restricted the analysis to the rational functions of the form 1/Q.

It seems that the minimal number of variables N, required to represent a globally
bounded D-finite series as a diagonal of rational function, is simply related to the
highest power n of the logarithmic formal solutions of the (minimal order) differential
operator annihilating the diagonals, by N, = n + 2, provided one assumes that this
differential operator is homomorphic to its adjoint.

Furthermore it is observed that the symplectic, or orthogonal, character of the
differential Galois group seems to be related to the parity of this highest power n of
the logarithmic formal solution.

In the situation where the polynomial @ factorizes in two polynomial factors as
Q = Q1 - Q2, the differential operator annihilating the diagonal of 1/@Q has either a
direct sum or a unique factorization, depending on whether both polynomials @; carry
all (the same) variables, or not. Furthermore, in the case of a unique factorization,
the successive factors in the differential operator are included in the symplectic and
orthogonal differential Galois groups, in alternance. Even in these factorized cases
conjecture (3) remains valid.

All the results, and educated guess statements, of this paper are just conjectures.
One would like to have a demonstration of these various conjectures. At first sight,
one can imagine that the number of variables N, is related to some “complexity
measurement” of the (minimal order) differential operator annihilating the diagonal.
A very naive measure of the complexity is the order of the operator, and the MUM
examples, for which we have a simple relation between the highest power n and the
order, seem to confirm such a naive view-point. We show, in this paper, that this is
not the case. The relation the number of variables N, is not related with the order
but with highest log-power n. Along this line, and as far as a demonstration of the
main conjecture (3) is concerned, let us underline that the crucial role played by the
highest log exponent corresponds to the concept of monodromy filtrationf, which can
be introduced even if one is not totally sure that the differential operator is minimal
order.

Acknowledgments We thank A. Bostan and J-A Weil, for discussions on ODE’s
with algebraic solutions. We thank A. Bostan for some p-curvature calculations. We
thank G. Christol, for monodromy filtration discussions. We thank C. Koutschan for
LGF discussions.

Appendix A. Linear differential operators corresponding to Lattice Green
functions

Appendiz A.1. MUM cases

Appendiz A.1.1. Simple cubic lattice Green functions in d dimensions

The lattice Green function of the d-dimensional simple cubic lattice is given by
the multiple integral of a rational function with numerator 1, and non factorizable
denominator depending on d variables, and on the parameter t.

t See paragraph 4.2 page 40 of [20].
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The diagonal 1/Q, with polynomial @ given by

d d d
Q = 1 - Zl‘j — Td+1 Z Hxi, (Al)

i=1 =1 it
depending on N, = d + 1 variables, reproduces the simple cubic lattice of dimension
d. The diagonal of 1/Q is annihilated by an irreducible differential operator of order
d, having MUM. The maximum power of the logarithmic formal solutions of the
differential operators up to d = 8, and the corresponding rational functions follow

the two conjectures (3), (4).

Appendiz A.1.2. The diamond lattice Green function
The LGF of the 3-dimensional diamond lattice is given by the diagonal of 1/Q,
where

1 11
- 1 — ) .S(= = = A2
Q zyzu - S(x,y,2) S(xyz) (A.2)
. 1 1
with : S(z,y,2) = x+ - +z- (y + y) , (A.3)

With the fourth variable u, the number of variables is N, = 4. The corresponding
order-three differential operator is irreducible, its differential Galois group is included
in the orthogonal group SO(3, C), and its formal solutions with the highest log-power
behave as In(t)?, in agreement with N, = 2 + 2 = 4 variables.

The LGF of the 4-dimensional diamond lattice is given by the diagonal of
1/@Q, depending on N, = 5 variables. The corresponding order-four differential
operator is irreducible. Its differential Galois group is (included) in the symplectic
group Sp(4, C). Its formal solution with the highest log-power behaves as In(¢)?, in
agreement with N, = 3 +2 = 5 variables.

Likewise, the LGF of the 5-dimensional diamond lattice is given by the diagonal of
1/@Q, which depends on N, = 6 variables. The corresponding order-five differential
operator is irreducible. Its differential Galois group is (included) in the orthogonal
group SO(5, C), and with the formal solution with the highest log-power at the origin
behaving as In(t)?*, in agreement with N, = 4 +2 = 6 variables.

All these examples are in agreement with the two conjectures (3) and (4).

Appendiz A.2. Non-MUM examples: Face centred cubic lattice Green functions in d
dimensions

The lattice Green function of the d-dimensional face-centred cubic lattice is given by
the multiple integral of a rational function with numerator 1, and non factorizable
denominator depending on d variables. For these lattice Green we have not MUM
(except for d = 2,3,4).

The diagonal 1/Q where @ is the polynomial

Q(‘Tla X2, * -, Id, xd-’rl)
d+1 d 1 1
j=1 7>

depending on N, = d + 1 variables, reproduces the face centred cubic lattice Green
function of dimension d.
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From d = 2 to d = 12, we denote the corresponding differential operators (the
subscript being the order), G2P7ec GiPlee 3] GiPree [5], GiPIee [6], GSPI [7],
GPI i, amd (GE1%, GDFe, Glgbre, GAIPIE, G )

The differential operators, up to d = 9, are known to be irreducible [8, 9]. The
differential operators, up to d = 12, have formal solutions with the highest log-power
at the origin behaving as In(¢)™. All the differential operators (and their corresponding
rational functions) (see Table Al) are in agreement with the two conjectures (3) and
(4).

All the differential operators up tof d = 11 have non globally bounded formal
solutions around all the singularities ¢ # 0. There is an exception for Gng ce
which has, at the singularity ¢t = —1/4, a globally bounded formal solution in front of
In(t + 1/4)2, i.e. the same maximum as around the singularity ¢ = 0.

Table A1l. Minimal number of variables, order, maximum exponent of In(¢)™ of
the formal solutions and differential Galois group for the LGF of the fcc lattice of
dimension d = 2,3,---,12.

d 2 3 4 5 6 7 8 9 | 10| 11 | 12

N, 3 4 5 6 7 8 9 | 10 | 11 | 12 | 13
Order 2 3 4 6 8 | 11 | 14 | 18 | 22 | 27 | 32
n 1 2 3 4 5 6 7 8 9 | 10 | 11
SporSO | Sp | SO | Sp | SO [ Sp [SO | Sp | SO |Sp | SO | Sp

Appendix B. The minimum number of variables in the rational function

For general coefficient of the series written as nested sums of binomials, one may use
the integral representation of the binomial

1 1 "d
"y - d+2)" il (B.1)
k 21i Joo o 2R z

to write down the rational function [1]. The calculations are straithforward [1], and
one obtains, this way, the rational function with as many variables as binomials plus

one more variable. Furthermore, the denominator polynomial () will be in a non
factorized form, for more than one summation in the general term of the series.

Let us consider, for instance, the general term of the Calabi-Yau series (number

16 in [10])
ove = 3230 (7)) - (1) (03 o

= 1 +8t +168t* +5120t% + ... (B.2)

Using the integral representation (B.1), each binomial, and the variable ¢, brings
one variable. One obtains

)
Ql : QQ ’
12D fee

T For d = 12, the differential operator G35 is known only modulo some primes.
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where:
Q= 1 —zzmzszs- (1+21)° (L+22)- (1+23) (14257
Q= 1 —2zyz5- (1 + 21)2 . (1 + Zg) . (1 + 23) . (1 + Z4)2. (B4)
This diagonal of rational function representation of the Calabi-Yau CY;4 depends on
six variables with a factorizable denominator. This is a diagonal of rational function
representation of C'Yjg, but this simple nested sum of binomials does not provide the
minimal number of variables representation for the diagonal.
Let us now show how the rational function 1/Q, in Table 1, is obtained for
Calabi-Yau CYis.
The procedure amounts to casting the general term into the original form of the
multinomial theorem, instead of the previous nested sum of binomials form. This

means making the numerator with one factorial by introducing more summations.
Converting to factorials, and using the formula

2n)! ~ 1
(n!4) = ) PO (B.5)
k=0

in the general term of CYjg, one obtains€:

(2n)!

CYys =
10 2 k12 kal? (k— k)2 (n— k — ko)!?
n,k,k1,k2

1 (B.6)

The general term carries one factorial in the numerator, and eight factorials in the
denominator. There are, then, 8 monomials in the multinomial expansion of the
unknown polynomial denominator @ = 1 — (7% +T5 + --- + T3).

These monomials correspond to each factorial as

T1 — kl, T2 — kl, Tg — k‘g, T4 — ]{32,
T — k—k‘l, T — k—kl, (B?)
T7 — n—k—kg, Ts — n—k—ko
and satisfy
e 157, T5T5
=1 =1 =1 T Ty =t B.
T5T6 ’ T7T8 ’ T7T8 ) 748 ) ( 8)
which give:
t t t t
T = — T = — T = T = - B'
2 Tl ) 4 T3 ) 6 T5 ) 8 T7 ( 9)

The variable t is the product of all the variables. There are four unfixed 7}, the
number of variables should be greater, or equal, to 4. Guided by our conjectures, let
us, first, assume there are five variables, i.e. t = zyzuv. Choosing 171 = z, T3 = v,
T5 = 2z and Ty = u, we obtain the polynomial @ given in Table 1. On may also
choose T1 = x, T3 = y, T5 = zu and T7 = yv, to obtain

Q 1 —z- (I 4+utuz+uzv) —y- (1 +v+ovz+wvzu), (B.10)

and the diagonal of 1/@Q, then identifies with CYis.
Assume, now, that we start with 6 variables, i.e. t = xyzuvw, and fix T} = z,
T5 =y, Ts = z and Ty = wu. One obtains the polynomial

Q = 1 —(x+y+z+u +vw~(xyz+yzu+zux+uwy)), (B.11)

9 This is the original form of the general term given in Section 8.1 of [31].
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where it is clear that the product vw stands for just one variable.

Remark B.1. One should note that the conditions (B.8) are satisfied with 4
variables giving Q@ = 1 — (z+y+2z+u +2yz+ yzu + zuz + uzy), the diagonal
of which does not identity with CYj6. The corresponding differential operator is of
order four, is irreducible, has his differential Galois group included in Sp(4, C), and
the most logarithmic singular formal solution is in In()?.

Remark B.2. Assume that, in the numerator of (B.6), one has a* (2n)! t", the
first condition in (B.8) changes to

T1T2 T1T2
_ 1 . _ B.12
T5T6 T5T6 ( )
and the denominator polynomial ) becomes:
1 —(a:+y+z+u + - (mzu+xyu—|—xyz+ayzu)), (B.13)

Appendix C. The factors occurring in the x(™)’s of the Ising model

The differential operators corresponding to the n-particles contributions to the
magnetic susceptibility of the Ising model, namely the x("’s, and especially their
decomposition in products and direct sums of many factors are recalled below (the
subscript denote the order of the differential operator):

X(l), Ll)
X(2)7 L27
X(d), L7 = Ll@(Y:; Z2’ Nl),
x@, Lo = Lo® (Ly- L4(14)), L4(14) = L3 (L1280 L1719 Dy),
X, Ly = L& (LsLiz- L) (Va& (o N)& (Fy- By L)),

(©) Lo — I, 3 1 (@) = e
X 52 = Lio® (Le- Lo~ Lo1) - Dt_; ®Ls® Ly @ (LsyLs- L5)),

All the factors, occurring in the differential operators, have been shown to be such
that their differential Galois group is either symplectic or orthogonal (see [22] and
references therein).

The blocks of factors (of order greater than 1) with unique factorization (with
their corresponding differential Galois group), are:

Y3 Zs, Ys — SO(3, C), Zy — Sp(2, C)

Ly Lo, Ls — SO(5, C), L5 — Sp(12, C),

s F, F3 — SO(3, C), F, — Sp(2, C),

L¢ Ly Loy, L¢ — SO(6, C), Ly — Sp(2,C), Loy — SO(21, C),
Ly L3 LS, Ly — Sp(4, C), Lz — SO(3, C), L§ — Sp(2, C).

Each time we deal with a block of factors with unique factorization, the differential
Galois groups of the differential operators inside the block, are, in alternance, (included
in) symplectic, or orthogonal, differential Galois groups.

Let us note that we have shown [1] that the x(™’s are actually diagonals of

rational functions. However, for each differential operator factor in the blocks, it is
quite hard to find the corresponding rational (or algebraic) function whose diagonal
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is annihilated by this differential operator factor. Conjecture (3), can just be used to
determine the minimum number of variables in the rational function. This should,
also, be consistent with the fact that only the series in front of In(¢)™, with n the
maximum exponent, are globally bounded.

Consider, for instance, the order-twelve differential operator Lis occurring in
the factorization of Lss, the differential operator annihilating x(®). Among the
formal solutions of Lis around the origin, there are two series in front of In(¢)3, (the
exponent n = 3 being the maximum), which are, both, globally bounded. According to
conjecture (3), these two globally bounded series solutions of the differential operator
L1s, should be diagonal of rational functions of N, = 3 +2 = 5 variables. Around
the singularity ¢ = co = 1/s, there are also two series in front of In(s)?, (the same
value of the exponent), and these series are also globally bounded. At the singularity
t = 1/4, there is one series in front of In(t — 1/4)3 among the formal solutions, and
this series is actually globally bounded. Around each of the other singularities (with
rational values), i.e. t = —1/4, —1/2, —1, 1, the maximum of power log in the formal
solutions is, respectively, 2, 1, 1, 1, and all these series are not globally bounded. For
the singularities ¢ = t,, roots of polynomials of degree 2, 3 and 4, we only checked
that, for each, the formal solutions behave at the most as In(t —t,)*.

Appendix D. Other examples

Here, we give some examples that contradict, at first sight, the affirmation that the
diagonal of 1/@Q with non factorizable (resp. factorizable) @ over the rationals, is
annihilated by an irreducible (resp. factorizable) differential operator.

The three rational functions 1/Q; with @Q; given by

Q= 1 +@+y+z +ay+yz —2%yz), (D.1)
Q= 1 —(z+y+z +2ty), (D.2)
Qs = 1 —(z4+y+z +2° (y+2), (D.3)

rule out the irreducibility statement. The diagonal of the rational function 1/Q; is

)

annihilated by an order-four differential operator Lz(f- which factorizes as a direct sum

of two order-two differential operators (ng ) and Mz(j )):

Ly = Y o My (D.4)

The three examples follow exactly the same features. For the three examples, one has
) 1 ; 1-—

sol(LY)) = Diag( “:) , sol(MY)) = Diag( x) , (D.5)
Qj Qj

and for the three examples, their solutions sol(L(zj )) and sol(MQ(j )) can be written
as pullbacked hypergeometric function oF ([1/12,5/12],[1], ¢) with an algebraic
prefactor (see [41], for Q).

Note however, that when the polynomials @); are considered with generic values
of the coefficients in front of the monomials, the resulting differential operators,
annihilating the diagonal of 1/Q);, are of order four, and are irreducible.

Introducing a parameter p in @

Qi(p) = 1 +@+y+z +ay+yz —p- 2°y2), (D.6)
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and using the method of factorization of differential operators modulo primes (see
Section 4 in [15] and Remark 6 in [22]), one finds that the differential operator
annihilating the diagonal Diag(1/Q:(n)) factorizes for only two values of p. The
trivial g = 0 where Q1(0) = (1 + 2 + 2) (1 + y), and the particular value p = 1.
The example with Q1 (p = 1) is presented in [41] and analyzed via the notion of split
Jacobian [42].

Note that either irreducible or factorizable in direct sum, the differential operators
ng )7 MQ(J ) have their differential Galois groups included in symplectic groups, and
their formal solution with the highest log-power behaves as In(¢)*, indicating a minimal
number N, = 3 = 1 +2 of variables occurring in the rational function 1/Q;. This
is also the case for the order-four irreducible differential operator corresponding to the
diagonal of 1/Q1(u), for generic values of the parameter .

Appendix E. Direct sum versus unique factorization for the diagonal of

1/Q, with Q = Q1 Q2

The examples of section 6 dealt with a polynomial @ that factorizes as (10) ()2, where

the polynomial Qgc) contains all the variables, and the polynomials Q3 has a smaller
number of variables. Call L,, the differential operator annihilating the diagonal of

1 /Q(lc). The differential operator, annihilating the diagonal of 1 /QEC) /Q2, appears
with a unique factorization as Ny - M, where NN, is homomorphic with L,. There is
no known relation between the differential operator, corresponding to 1/Q2, and the
”dressing” differential operator M,,.

Appendiz E.1. Direct sum

Let us consider the situation where () factorizes as Qgc) gc), and where both
polynomials Qgc) and Q§C> carry all the variables. Call L,, L, and L,, the
differential operators annihilating respectively, Diag(l/Qgc)), Diag(l/Qéc)) and
Diag(1/Q\”/Q”). Since the polynomials Q@ and Q. are on an equal footing
in terms of number of variables, one may expect the differential operator L£,, to have
a left factor homomorphic to L, as well as another left factor homomorphic to L.
This means that L£,, has a factorization in direct sum between the homomorphic
differential operators of L, and L,,.

Appendiz E.2. From direct sum to unique factorization

Let us see how the direct sum actually reduces to a simple product, when one of the
factors @); has less variables. Take the rational functions 1/Q; and 1/Q. with the
polynomials:

Q=1 —(@+y+2), @) = 1 —(@+y +a -z +ay). (B
The diagonal Diag(1/Q1) (resp. Diag(1l/Q2(c))) is annihilated by an order-two
differential operator Lél) (resp. Lg)). The diagonal of 1/Q1/Q2(«)

1
Dia, « E.2
¢(gg @) (B2)
= 1 +(134+14a)-t +(2414+273a+3060°)- > + ---
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is annihilated by a (quite larget) order-six differential operator Lg, depending on «,
and it factorizes in a direct sum as:

Ly = (NMPe NPty = (V- Hy)e (NS - Hy), (E.3)
The order-two differential “dressing” operator Hs has two algebraic solutions:
sol(Hs) = . (const.A1/4 +const. (t —a +1)- A71/4) , where:
Vit /b2
A= p +4-2a—-3)-Va—1-Vt- /pa, where:
pr = t2 +2- (a—1)- (4a—=5)- (4a—=T7)-t + (a—1)2
pp = t* +2- (a—1)- (8a* —24a+17) -t + (a—1)% (E.4)

) (resp. N2(2)) is homomorphic with the

The order-two differential operator N2(1
differential operator Lél) (resp. L§2)). The differential operator L(Ql) does not depend

on «, but the intertwiner Wl(l) does:
1 1 < (1 1
N3V (a) - WiP(a) = WiP(a)- L5, (E:5)
From the direct-sum decomposition (E.3), the diagonal of 1/Q1/Q2(«) which is
annihilated by the differential operator Lg, reads:
1

Diag <C21Q2(Oé)(a)) = sol (Nél)(a) . Hg(a)) + sol (N2(2)(a) . Hg(a)) . (E.6)

For a = 0 the analytical solution (at ¢ = 0) of N2(2)(a) - Hy(a) is the analytical
solution (at t = 0) of Ha(a) for o = 0, namely the algebraic series
A = 1 +21t +561¢* +16213¢% +487521¢* +15015573¢° + - (E.7)

together with the constant function. The other solution of Hs(«), for o = 0, is not
analytic at ¢t = O:

So o= t712. (1 413t +321¢% +8989¢% + -..). (E.8)
The analytical solutions (at t = 0) of Nél)(a)o Hy(a) for a = 0 are, the

analytical solution (at ¢t = 0) of Ha(«) for o = 0, namely (E.7), together with the
series:

S = t +40¢* +14002% +47110¢* + 1560328¢° + - -- (E.9)
The diagonal series (E.2) for a = 0 reads:
1 +13¢ +241¢% +5013¢3 +110641¢* + 253294945 + .. (E.10)
which is nothing but the following combination of (E.7) and (E.9):

1
Diag | —————
¢ (Ql- Qa(a) = 0
This series is, thus, annihilated by only the differential operator N2(1) - Hy, for a = 0,
with no need of the differential operator NQ(Q) - Hy for a= 0.

) - A -8.S. (E.11)

Remark E.1. Note that the “spurious” differential operator N2(2) - Hs, actually
factorizes as a direct sum for o = 0

N2(2) . HQ(Q = O) = Dt ¥ (Ll : HQ(a = O))a (E12)
where the order-one differential operator L; annihilates a rational solution.

1 The polynomial coefficients of Lg are of degree 21 in ¢ and degree 22 in a.
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Appendix F. Rational function from four variables to three variables as a
parameter varies

The example in section 4.3 shows that, depending on the number (four or three) of
variables on which the diagonal is performed, we obtain, in the formal solutions of
the correspondig differential operators, the power 2 (i.e. In(t)?) or the power 1 (i.e.
In(s)!) in agreement with conjecture (3).

Here, we consider an example (depending on one parameter) where the diagonal
is performed on all the four variables, and the result, for some value of the parameter
(b = 2 in Appendix F.2 below), will indicate that we deal, in fact, with only three
variables in agreement with the power In(¢)! obtained in the formal solutions.

Let us consider the diagonal of the following rational function of four variables
x, Y, z, u, and a parameter b

1
Diag( ) — 1 4+20-(b+2)-t +756-(b2+3b+6)-t2

Q1 Q2
+34320 - (% 4407 +100 +20) - & 4 - (F.1)
where:
Qr =1 -z -y —2z—u, Q=1 —z—y—>b- 2 (F.2)

The power series (F.1) is annihilated (for generic values of b) by an order-six
differential operator with the unique factorization

L¢(b) = Ls(b) - La(b) - Ly (F.3)

where the order-one differential operator, Ly, reads D; + 1/2/t.
The order-three differential operator Lg3(b) has the following hypergeometric
solution:
379

1
csFy (=, =, 21,01, 2], 256 t). F.4
2. (1—b +6402- 1) ° 2([2’4, 1) [, 2], 256 t) (F.4)

The formal series solutions of L3z(b) have, at most, a In(t)2.
The order-two differential operator Lo(b) has the following oF; hypergeometric
solution:

1 35 64.b2-t).

seR (15 7k 1 5

The formal series solutions of Ly(b) have, at most, a In(t)! logarithmic power.

The formal series solutions of Lg(b) have, at most, a In(t)? logarithmic power.
This is in agreement with conjecture (3), and the fact that (F.1) corresponds to a
rational function of 2 + 2 = 4 variables.

(F.5)

Let us introduce the order-three differential operator Us, annihilating

Diag (631) - ;@(&, %, %]’ 1, 1], 256t). (F.6)
This order-three differential operator reads:
Us = (1 —256t)-t>- D +3-(1—384t)-t - D?
+ (1 —816¢t)- D; —24. (F.7)

The formal series solutions of Uz have, at most, a In(t)? logarithmic power, in
agreement with conjecture (3) and the fact that 1/Q; is a rational function of four
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variables. The order-three differential operator L3(b), in the factorization given in
(F.3), is actually homomorphic to the order-three differential operator Us.

All the results above are for the generic values of the parameter b. In the sequel we
consider the situation with the values of b for which the series (F.1) will be annihilated
by a differential operator of order less than six. These values of b aref b= 0, b= 1
and b= 2.

Appendiz F.1. The b= 0 and b= 1 cases

For the value of the parameter b = 0, the factorization of the order-six differential
operator Lg(b) becomes

Le(b=0) = ((Dt—i-%) D) @ (N3 - Ly). (F.8)

For b = 0 the series (F.1) is annihilated by the order-four differential operator N3 - Ly,
whose formal solutions, at the origin carry the maximum exponent In(t)?, indicating,
according to conjecture (3), that we deal with a rational function with 4 = 2 + 2
variables.

For the value of the parameter b = 1, the factorization of the order-six differential
operator Lg(b) reads:

Le(b=1) = (Dt v %) ® (Dt ¥ %) ® (Dt n %) @ Ms. (F.9)

For b= 1 the series (F.1) is annihilated by the order-three differential operator Mg,
whose formal solutions at the origin carry the maximum exponent In(t)? indicating,
according to conjecture (3), that we deal with a rational function with 2 +2 = 4
variables.

Appendiz F.2. The b= 2 case

For b= 2 the factorization of the order-six differential operator Lg(b) becomes:
Lib=2) = Vi & (Lg(b:2) -L1>. (F.10)

The series (F.1), for the parameter b = 2, is annihilated by the order-three differential
operator Ls(b=2) - L; with the hypergeometric solution:

sol(Ly(b=2) - Ly) = SFQ([%, g, g], it g], 256t) (F.11)
The formal solutions at the origin of Ly(b = 2) - Ly carry the maximum exponent
In(t)! indicating, according to conjecture (3), that we deal with a rational function
with 3 = 1 +2 variables, while the rational function we started with, was dependent
on four variables. The power series (F.11) should, then, be the diagonal of a rational
function depending on only three variables.

Introducing the polynomial Q3 = 1 —x —y — b- u, the partial fraction form of
1/Q1/Q2 in the variable z, reads for b= 2:

IR U
Q1Q2  Q1Q3 Q2Qs’

1 These values of b can be obtained using the method of factorization of differential operators modulo
primes (see Section 4 in [15] and Remark 6 in [22]). They can also be obtained by reducing the four
singularities ¢ = oo, 0, 1/256, (b — 1)/64/b% of Le(b) to the three singularities t = 00,0, 1/256.

(F.12)
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The diagonal of 1/Q1/Q2, and the diagonal of 1/Q1/Q3, are identical, by the
symmetry (z, u) — (u, z). We end up with

. 1 . 1
Diag (Ql Qz) = Diag (QQ Qg) (F.13)

= Diag<(1 g _y_gz).l(l -z —y—2u)>'

It remains to show that this diagonal depends, in fact, on only three variables instead
of four variables:

AR . 1« 2w
Dlag(QaQ?,) = Dle | T, AT ey

,J

. 1 > (4 zu)k
= D1ag<(1 — . Z(l —x—y)%)' (F.14)

k=0

The sum on the index k gives:

. 1 ] 1
Diag (Qng) = Dlag((l S —4zu>' (F.15)

As far as the diagonal is concerned, the product zwu stands for only one variable. The
diagonal given in (F.1) for b = 2, which is the series given in (F.11) is the diagonal
of a rational function depending on three variables, as the power of the logarithm in
the formal solutions of Lo(b=2) - L; indicates.

Remark F.1. In the factorization of Lg(b) for b = 2, given in (F.10), the
differential operator Lo(b = 2) - Ly annihilates the series (F.1) for the value b = 2.
Therefore, the differential operator V3 becomes “spurious”. The analytical solution
(at the origin) of the differential operator V3 reads

sol(V3) = 3F2<[§, %, Z]v [

to be compared with the solution (F.6) of the differential operator Us. The differential
operators Us and V3 are actually homomorphic

1, 1], 256t), (F.16)

1 5
(1—2561)- 2-V; - (t- D, +1) - (t-Dt +Z) C(1-256¢)-12-Us,  (F.17)
which shows (see section 7.4 ) that (F.16) is in fact:
1
sol(V3) = Diag(@). (F.18)
i

At the value of b = 2, even if the differential operator V3 is spurious with respect to
the series (F.1) for b = 2, the differential operator Lg(b) has kept, for b = 2, some
"memory” of the rational function 1/@Q1, through the spurious operator Vi.

Appendix G. Square root of rational functions versus Calabi-Yau
equations

As in sections 7.2 and 7.3, we give, here, two more examples where the diagonal of
square root of a rational function produces a Calabi-Yau equation.
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Appendiz G.1. The square root of the rational function of the LGF J-D simple cubic

Recall the rational function 1/@Q, depending on 5 variables, and corresponding to the
lattice Green function of the 4-dimensional simple cubic lattice:

Q=1 —(Jc+y+z+u +uv- (xyz—l—xyu—l—xzu—i—yzu)), (G.1)
1
Diag<§) — 1 +8t 41682 +5120¢° +190120¢* + ---

Considering, now, the diagonal of the square root of this rational function (G.1)
152927775 ,
4096

one obtains an annihilating irreducible order-five differential operator Ls, with a
differential Galois group included in the orthogonal group SO(5, C), and with In(¢)*
highest log-power formal solution at the origin. According to conjecture (3), a rational
function 1/Qcq, depending on 6 = 4 +2 variables should exist. With the introduction
of an extra variable w, it actually reads:

1y 735 ;
Dlag(w) = 1 43t £ TS F 1S

Qeq: Q_

The diagonal of the algebraic function 1 /Ql/ 2 identifies with the diagonal of the
rational function 1/Qcq.

The differential operator Ls has MUM, and is actually the exterior square of an
order-four differential operator, Ls = ext? (L4). The differential operator L4 also has
MUM, at ¢ = 0, the indicial exponents being four times 1/2. Let us introduce the
differential operator Ny:

Ny = Ly-vVE-(1 =160 (1 —64t)"/*. (G.3)
With the scaling ¢t — 16¢, the differential operator Ny reads (with 6 = t Dy):
Ny = 6% —4-t-(9600" +6406° + 5746 4 25460 4 41)
+16- t*- (3563520" + 451328 6% + 475136 6° + 199424 6 + 34257)
—2'%. % (1003520 6* 4 2007040 6° + 2098048 6% + 1043328 6 + 198453)
+2% . 1. (35635260" + 950272 6% + 1126912 6° + 6187520 + 124913)
— 2% 5. (20+1) - (9606° + 27206 + 2854 0 + 987)
+2% .40 (20+1)- (20+3)- (40+3)- (40+5). (G.4)

(G.2)

~

To be of Calabi-Yau type, the differential operator N, must satisfy some
conditions [33, 43]. The differential Galois group of Ny is included in Sp(4, C),
the differential operator N4 has MUM, and at the infinity, the indicial exponents
1/2, 3/4, 5/4, 3/2 are such that 1/2 +3/2 = 3/4 +5/4 = 2 is a rational. Morever,
the coefficients of the power series given below in (G.5), and the instanton numbers
given below in (G.11), should be integers.

The formal solutions, at the origin, of the differential operator N, are
Sy = 1 4164t +66972t> + 38050160¢> + --- (G.5)

and three formal solutions S;, (j = 1,2, 3) in the form of the set (1) and behaving as
S;= So In(t)? +---
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Let z = S1/Sp, the nome ¢, defined as ¢ = exp(z), has the expansion

g = t +360t% +188244t3 +119619168t* + --- (G.6)
and the mirror map reads:
t = q¢ —360¢> +70956¢> —14059968¢* + --- (G.7)
The Yukawa coupling defined by
2
K@) = 33 (%) (@8
reads:
K(q) = 1 —128¢q —41984¢> — 13919744 ¢> — 4141162496 ¢* + --- (G.9)
The Yukawa coupling, expanded in a Lambert series, reads
o 3
K(g) = 1 + 2 n; f_qu, (G.10)
=

and gives the ”instantons numbers” n;, j= 1,2, ---

1546624
— 128, —5232, BT —64705008, —7960717440, —1089730087792, --- (G.11)

where, with ng = 3, the numbers ngn; are actually integers.

The differential operator N, satifies the Calabi-Yau type conditions, and
especially the series given in (G.5), (G.6), (G.7) and (G.9) have integer coefficients.

Appendiz G.2. The square root of the rational function of the LGF 4-D body centred
cubic

Let us consider the rational function 1/@), where the polynomial @ reads:
Q=1 —-(z+2)-1+y)  I+u) - 1+v). (G.12)

This is the multivariate polynomial corresponding to the Calabi-Yau number 3 (see
Table 1). The diagonal of 1/Q also identifies with the LGF of the 4-D body centred
cubic lattice [4].

The diagonal of 1/4/Q with @ given in (G.12), reads:

Diag (\/1@> ~ LF ([; % % i, Z], 1,1,1,1], 256t> . (G.13)
This diagonal is annihilated by an irreducible order-five differential operator Ls, which
has a differential Galois group included in the orthogonal group SO(5, C). The
operator Lz has a In(t)* highest log-power formal solution at the origin. According
to conjecture (3), a rational function 1/Q.q, depending on 6 = 4 + 2 wvariables,
should exist. It actually (with an extra variable w) reads Q., = @ —w'/?/4. and the
diagonal of 1/4/Q actually identifies with the diagonal of 1/Qc,.

The order-five differential operator Ls has MUM, and is actually the exterior
square of an order-four differential operator, Ls = ext?(Ls). The differential
operator L, has MUM, at t = 0, the indicial exponents being four times 1/2.

Let us introduce the differential operator Ny:

Ny = Ly Vi- (1 —2566)"". (G.14)
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With the scaling ¢ — 16¢, the differential operator N4 reads (with 6 = ¢ D,):
Ny = 6% —16-t- (7586* +5126° + 440 6> + 1846 + 25)
+2'2. 2. (122880" + 1638467 + 13056 6° + 38406 + 401)
— 2% .43 (80+3)%- (86 +5)°. (G.15)

Similarly to the previous example, the differential operator Ny given in (G.15) satisfies
the Calabi-Yau type conditions.
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