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These lecture notes provide a self-contained introduction to Euler integrals, which are
frequently encountered in applications. In particle physics, they arise as Feynman inte-
grals or string amplitudes. Our four selected topics demonstrate the diverse mathemat-
ical techniques involved in the study of Euler integrals, including polyhedral geometry,
very affine varieties, differential equations, and computational algebra.
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Introduction

Consider £ Laurent polynomials f;,..., f, in n variables x = (x1, ..., x,) with complex coeffi-
cients. By an Euler integral, we mean any integral of the following form:

1

v
Xy X" dx dx dx
151—;_1/\.../\ ":Jf—sxv_. (D
r fi ff X1 X T X

The right-hand side is our shorthand notation. The first example is the Euler beta function

oo

1
Lo [T dx_rora-s) I e
B(v,1—s) = JO O—xr x Tot1-9)’ where T'(u) = JO t“ et dt, (2)

is the gamma function. The equality in blue will be derived below. Such integrals have been
called many different names, depending on the context in which they are studied. They were
called generalized Euler integrals by Gelfand, Kapranov and Zelevinsky [31]. This was moti-
vated by Euler’s integral representation of Gauss’ hypergeometric function. In fact, the integral
(1) represents a generalized hypergeometric function, and the name hypergeometric integral has
appeared in the literature as well [5]. Whens; =--- =5, =1 and I' = R}, our integral is a
function of v called the Mellin transform of (f; - -- f;)~* [53]. This lead the authors of [9] to use
the name Euler-Mellin integrals for general s and I' = R’}. Seminal contributions like [4,30]
justify the name Aomoto-Gelfand integrals. In physics, Feynman integrals in quantum field the-
ory and string amplitudes in superstring theory take the form (1) for particular choices of f;.
We elaborate on these specific polynomials below. In Bayesian statistics, Euler integrals appear
as marginal likelihood integrals [13]. In our title, we chose to use Euler integrals as an umbrella
term for all these instances of (1).

In different sections, we will view the integral (1) as a function of different sets of param-
eters. For instance, in Section 1, we will fix ' = ]RfL and think of (1) as a function of s and
v. On the other hand, in Section 3, we think of the integrand as an element of a cohomology
vector space. Hence, the integral gives a linear function which sends I' to (1). We will also
consider the case where the coefficients of f; depend on some parameters z. In this case our
integral is a function of z satisfying some interesting differential equations, see Section 4.

As mentioned above, Euler integrals appear in particle physics. The first important exam-
ple comes from quantum field theory, where Feynman integrals are used to describe particle
scattering processes. For a complete introduction to the subject, we refer to the recent book by
Weinzierl [61]. In the Lee-Pomeransky representation [43], up to a prefactor involving gamma
functions in s, v, the Feynman integral of a graph G takes the form

(3)

x” dx
I = —_—
R? (uG + ‘FG) X
where n is the number of internal edges of G, and U, F; are the first and second Symanzik

polynomials associated to the graph. We illustrate this with one of our running examples.

Example 0.1. Consider the triangle diagram G in (4) with three massless internal edges. The
internal edges carry variables (x;, x5, x3). The three external (open) edges attached to each
vertex carry the kinematic parameters (tq, to, t3):

ty

X X 4)
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The polynomial I/; is the sum over spanning trees of G, with each term given by the x;’s not

present in the tree:
UG: z +A+ S :X1+XZ+X3. (5)

The F polynomial is given similarly as a sum of spanning two-forests (disjoint unions of two
trees), each weighted with minus the corresponding kinematic variable:

|
‘FG:/\‘JI‘/““I‘/\:—tl'Xng—tz’ngl—t3'xle. (6)
The associated integral is given by

Vv 42 V-
X)Xy X3 dx;dxydxs

T~ =
G
3 (X]_ +X2+X3—t1 'X2X3—t2'X1X3—t3'X1X2)S X1X9X3
Ry

(7)

The exponents v; are typically taken to be non-negative integers and s = D/2 is half the space-
time dimension D. It is often convenient to think of (v, vy, ¥3) and s as generic parameters,
which is referred to as analytic and dimensional regularization respectively. o

The second application of Euler integrals in physics comes from scattering amplitudes in
string theory. Instead of particles, one computes the probability of strings interacting with
each other. See [44] for a comprehensive review. This offers a nice immediate connection to
algebraic geometry: The integration is on the moduli space M, ,, of genus zero curves with m
marked points. Equivalently, this is the space of configurations of m distinct points on P! up
to its automorphisms PSL(2). We can represent these points as the columns of a 2 X m matrix
with nonzero 2 x 2 minors. Two such matrices M;, M, represent equivalent configurations
if there is an invertible 2 x 2 matrix T and an n x n invertible diagonal matrix D such that
T - M; -D = M,. We can use the action of T and D to fix 3 out of m points, leaving n = m—3
degrees of freedom. Following [8, Eq. (1.5)], we write a point of M, , as

11 1 1 1 0
M_(O 1 14+x; 14+x+xy -+ 1+x;+-+x, 1)’ ®)

where n = m— 3 and the 2 x 2 minors f;; = My;M,; — M;jMy;,i < j are nonzero. The genus
zero contribution to the m-point string amplitude is given by an Euler integral depending on
an extra parameter a’:

a'n a'v,

X dx
T, =(a)- J e & ©)
Mom l_[1<i+1<j<mf'j

The pairs (i, j) excluded in the product in the denominator are those for which the minor f;;
is either constant or one of the x-variables. The integration is over the positive part ./\/loJ“’m of
M m, which is the subset of points M satisfying f;; > 0, for all 1 <i < j < m. Using the
parameterization (8), one checks that this is Ri.

There are two physically interesting limits: @’ — 0 and @’ — oo. The first one is called
the field theory limit in which strings become particles, and the second is the high-energy limit.
We will see in Section 2 that both of them admit an elegant geometric description.

Example 0.2 (m = 4). The moduli space M, 4 has dimension 1. The four-point string ampli-
tude (9) is Z, = a’ - B(a'v,—a’ v + a’s;3), where B is the beta function from (2). o
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Example 0.3 (m = 5). The matrix parameterizing M, s is

11 1 1 0
M_(O 1 1+X1 1+X1+X2 1)’ (10)

which has only 5 ordered minors depending on the variables (x, x):

fis=1+x, fia=1+x1+xg, faz = x1, foa=x1+ X3, faa=xy. (11)

The minors f,3 and f;,4 are not included in the integrand of (9), since they would only shift

the exponents of x](.x "I The five-point string amplitude is given by

a'vy_d vy
x, 'x dx;dx
ZS = (a/)z ' / ! 2 / / ! 2 . (12)
R2 (1+X1)a513(1 +X1 +X2)°‘514(x1 +X2)a524 X1Xo
T

The parameters (vq, vq,513,514,524) describe momenta and angles of the 5 strings involved in
the scattering process. o

Euler integrals have many other applications, including marginal likelihood integrals [13],
wave functions in cosmology [ 7], and correlation functions of conformal field theories [15,24].

These notes present the basics on Euler integrals from different points of view. They pro-
vide a roadmap through the literature for a reader who is new to the subject. At the same
time, we hope they serve as a helpful overview of important results for experts. Section 1
discusses convergence and meromorphic continuation, which leads us to study convex poly-
topes and polyhedral cones. Section 2 is about certain limits which are meaningful in physics
applications. This brings in algebraic equations, very affine varieties and Euler characteris-
tics. Section 3 develops the theory of (algebraic) twisted (co)homology on these very affine
varieties. Section 4 identifies difference and differential equations satisfied by Euler integrals.
Finally, Section 5 contains a list of open problems.

1 Newton polytopes and convergence

This section discusses convergence of the integral (1), viewed as a function of the exponents
s, v. The integration contour I' = R is fixed throughout the section. We set

I(s,v) = f f_sx”d—x. (13)
R" X

To ensure that the integrand is finite on R’}, we make the following assumption.

Assumption 1. The coefficients of f; are real, positive numbers. That is,

= DL qerx®, i=1,..L, (14)

a€supp(f;)
where c; , € R, supp(f;) C Z" is the support of f; (see Definition 1.1) and x* = xfl Xt

Before studying convergence, we should address how to evaluate the integrand f—*x”.
Since s and v are complex vectors, this function may be multi-valued. For instance, we have

filx)t = exp(s; logf;(x)),
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A QL

Figure 1: Left: Minkowski sum of three polytopes in R2. Right: The polytope
A(Ug + Fi) of the triangle Feynman diagram.

(1,1,0)

and log is only defined up to translates by integer multiples of 2t4/—1. When s is not an
integer, exp(s;F) # exp(s;(F + 2m+/—1k)) for some integer k, i.e., there are multiple branches
of fi(x)%. Assumption 1 ensures that f; takes positive values on R}, so that there is precisely
one positive branch of log f; and log x;. In this section, our integrand is

f7°x” = exp(—s;log f; —---—s;log f + v;logx; +---+ v,logx,,),

where the unique positive branches of log f; and log x; are intended.

As it turns out, statements about convergence of (13) involve convex polytopes and poly-
hedral cones. We start by introducing these objects, and then switch to convergence results
from [8,9,53]. In[9,53], (13) was called an Euler-Mellin integral and weaker assumptions on
f; are used. In this text, we stick with Assumption 1 for simplicity.

1.1 A little polyhedral geometry

This section introduces properties of convex polytopes and polyhedral cones that we need later
on. We omit most proofs, and refer the reader to the standard textbook [63] for more details.
A subset P C R" is called convex if for any p;, p, € P, the line segment p;p, is contained in P.
The convex hull of A C R" is the smallest convex subset P C R" such that A C P. We denote this
by conv(A). A convex polytope in R" is the convex hull of finitely many points. Since we will not
encounter any non-convex polytopes in this text, we will sometimes omit the adjective convex.
If P is a polytope and s is a nonnegative number, the s-dilation of P is the convex polytope

s‘P={s-p:peP}.

Here s - p is the usual scalar multiplication for vectors in R". It is easy to check that s - P is
indeed a convex polytope. The Minkowski sum of two polytopes P,Q is a new polytope

P+Q={p+q:pePBqeQ}.

This binary operation is commutative and associative. An example is shown in Figure 1 (left),
where we take the sum of three polytopes in R?. Each is the convex hull of the points repre-
sented by black bullets. The dimension of a polytope is the dimension of the smallest affine
space containing it. Figure 1 (left) shows two polytopes of dimension two (these are also
called polygons), and two polytopes of dimension one (i.e., line segments). In the right part
of that figure, we show a three-dimensional convex polytope in R®. The polytopes we will
encounter in this text arise as the Newton polytope of a Laurent polynomial.
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Definition 1.1 (Newton polytope). Let f = 3. cn cq x* € C[x;7,...,x!] be a Laurent poly-
nomial. The support of f is the set supp(f) = {a € Z" : ¢, # 0}. The Newton polytope
A(f) c R" is defined as the convex hull of the support, i.e., A(f) = conv(supp(f)).

At the level of Laurent polynomials, Minkowski addition corresponds to multiplication.
That is, for two Laurent polynomials f, g, we have A(f g) = A(f) + A(g).

Example 1.2. The polytopes in Figure 1, from left to right, are the Newton polytopes of
1+xq, 1+ x;+ x5, X1+ Xy, (T4 2x)(1 4+ x7 + x9)(x7 + x3),

and the polytope A(U; + F;) for the denominator of (7). o

A nonzero vector y € R" defines a face P, of a polytope P as follows:
P,={p€P:y-p=miny-q}.
q€eP

In particular, P is a face of itself: Py = P. Every face P, of P is a polytope itself, and a face of
a face of P is a face of P itself. If dimP, = dim P — 1, then P, is called a facet of P. Faces of
dimension O and 1 are called vertices and edges respectively. For example, the polygon in the
middle of Figure 1 has 5 vertices, 5 facets (or edges), and one 2-dimensional face.

The faces of P divide up R" into finitely many regions. For a given face Q C P, we set

Co={yeR":QcP,}.

For any face Q € P, Cy, is a polyhedral cone. l.e., there is a finite set A C R" such that

Cq = pos(A) = {Zcrr lC, ERzo} . (15)

reA

All our cones are polyhedral, so we will sometimes just refer to them as cones. The dimension
of a cone is the dimension of the smallest linear space containing it. For our cones Cy,, we have
dimCy, = n—dimQ. E.g., if v € P is a vertex, we have dimC, = n. If dimP =nand Q is a
facet, then Cj, is a one-dimensional cone. These are called rays. When Q runs over all faces,
the cones C, tile up R". The same is true for the vertices v. In symbols:

R" = Jcq =G, (16)
Q v

A cone C is called pointed if C N (—C) = {0}. If P C R" is full-dimensional, i.e., dimP = n,
the cone C, is pointed for each face Q C P. If Cj, is pointed and A C R" is the minimal subset
such that (15) holds, the elements of A are called ray generators of Cq- The reason is that each
r € A generates the ray Cy C Cq of a facet Q" D Q. A k-dimensional cone is called simplicial if
it has a set of k ray generators. This always holds when k < 2.

The collection of cones Xp = {C, : Q face of P} is closed under taking intersections. In
fact, one can check that C,, N Cy, = Cq,,, where Q, C P is the smallest face of P containing
both Q; and Q. This fact, together with the observation that X, is closed under taking faces
(we leave the definition of a face of a cone to the reader), makes X, into a polyhedral fan,
called the normal fan of P.

Example 1.3. A pentagon P in R? has five vertices. These give five pointed full-dimensional
cones in its normal fan. The ray separating two neighboring cones C, and C,, is the cone
C,,v, corresponding to the edge containing v, and v,. This is illustrated in Figure 2. The cone
Cp = {0} is the only zero-dimensional one. The normal fan ¥, is invariant under translations
of P. Le., 2p = Xp,,, for w € R". We encourage the reader to check this. o

6
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ViV,

(0,0)

Figure 3: The polar dual of P and its subdivision induced by the normal fan >p.

Our final construction is the polar dual P° of a polytope P C R". This is given by
P°={y€eR":y-p>—1, forallp € P}.

If P is full-dimensional and it contains the origin in its interior int(P), then P° is again a
polytope. Its vertices lie on the rays of the normal fan X,. Hence, the normal fan induces a
subdivision
P° = UBV’ where B, = C,NP°. 17)
v

Here B, is the convex polytope {y €C, : y-v > —1}.

Example 1.4. The polar dual and its subdivision are illustrated in Figure 3. To satisfy 0 €int(P),
we translated our polytope so that (0, 0) is an interior lattice point. o

The following lemma will be useful in our discussion on convergence.

Lemma 1.5. Let P be a full-dimensional polytope in R™. We have 0 € int(P) if and only if for all
vertices v of P, y -v <0 forall y € C, \ {0}.

Proof (sketch). The proof uses the facet description of int(P):
int(P) = {p €R" : rq-p >rq-Vq, forall facets Q C P}.

Here r(, is any ray generator of the ray Cy,, and v, is any vertex contained in Q. If and only if
all right-hand sides r, - v, are negative, p = 0 belongs to this set. For a given vertex v of P, a
vector ¥ € C, can be written as y = ZVEQ cq g, with ¢y > 0. The lemma follows. O

7
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1.2 Nilsson-Passare convergence

The main theorem of this section identifies a region in (s, v)-space C!*" in which the integral
(13) converges. The result for £ = 1 and s = 1 is due to Nilsson and Passare [53]. This was
generalized to integrals of the form (13) in [9]. The papers [9, 53] use weaker assumptions
on f. Our proof below is inspired by that of [55, Section 2] and [8, Claim 1].

Theorem 1.6. Let Re(s;) > 0 for i = 1,...,£ and suppose that A(f;) + --- + A(f;) has di-
mension n. The integral (13) with f; satisfying Assumption 1 converges absolutely if and only if
Re(v) € int(P(s)), where P(s) = Re(s;) - A(f1) + -+ Re(sy) - A(fy)-

Example 1.7. Ignoring the a’ parameter for now, the string amplitude Zs from (12) is

X xy? dx;dxy
T, = . (18)
gz (T4 )3(1+xp +x)14(x; + x2)%3 X1,
2

Suppose (s13,514,534) = (1,1,1). By Theorem 1.6, the integral converges if (v, v,) € int(P),
where P is the pentagon in the middle of Figure 1. For (v, v,) = (1, 1), we find using

Integrate [((1+x1) (1+x1+x2) (x1+x2))~(-1), {x1,0,Infinity}, {x2,0,Infinity}] 1

in Mathematica that Zs = m?/6. Multiplying the integrand with x1%*x2, i.e., using
(v1, v9) =(2,2), the program prints a message saying that the integral does not converge. o

The normalized volume of a compact set B C R" is defined as Vol(B) = n! - f 5 ldx. Our
proof of Theorem 1.6 bounds the Euler integral (13) in terms of the normalized volume of
polytopes, see Equation (23) below. It uses Lemma 1.5, as well as the following lemma.

Lemma 1.8. Let C C R" be an n-dimensional polyhedral cone and let v € R" be such that y-v < 0
forally e C\{0}. ThenB={y €C : y-v > —1}is a polytope with volume

Vol(B) = f exp(y -v)dy. (19)
c

If, instead, y - v = 0 for some y € C \ {0}, then the integral above diverges.

Proof. Tt suffices to show this in the case where C is simplicial, with n ray generators ry,...,1,.
This is because if C is not simplicial, it can be subdivided into finitely many simplicial cones
Cy,...,Cy, and we would conclude

k k
Vol(B) = ZVOI(BﬂCi) = ZJ exp(y-v) = f exp(y - v).
G c

i=1 i=1
Since y - v < O for all y € C, we may also assume that the ray generators r; are scaled so
that r; - v = —1. This means that Vol(B) = |det(A)|, where A = (ry,...,r,) is a matrix whose
columns are the ray generators. Since C is simplicial, a point y = (y1,...,¥,) € C can be
written uniquely as y = Az, where 2 = (2, ...,2,) are new nonnegative coordinates. Hence

n
J exp(y -v) = |det(A)|J exp(v'Az)dz = |det(A)|J l_[eXp(Zi(ri -v))dz.
C R? R} i=1
We now perform the integration for each variable gz; separately to conclude
n 2;=00
exp(zi(ri - V) T"
J exp(y v) = |det(A)|]_[[P—] .
C i=1 ri-v 2;=0

The integral is finite if and only if r; - v < O for all rays, which is equivalent to y - v < 0 for all
y € C\ {0}. In this case, it equals | det(A)| = Vol(B), as desired. O

8
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Proof of Theorem 1.6. We start with a change of variables x; = exp(y;):

— ,dx exp(y - v)
I = S v— = —d
(5. fRif ok e S (exp(y)) d

To show absolute convergence, we need to prove that

J exp(y - v) exp(y - Re(»))
e | f (exp(Y))? e f(exp(y))Re()

The equality in this display uses |[r¢+V=1?| = |exp(log(r)(a + v—1b))| = |exp(a log(r))| = r*
for a positive real number r and real numbers a, b. Notice that this means we may assume s
and v are real. We first consider the case where £ = 1. Let P be the Newton polytope A(f) of
f = f1. We have seen in (16) that its normal fan subdivides R" into n-dimensional polyhedral
cones C,, where v runs over the vertices of P. Therefore

exp(y - v)
I(s,v) = ZI (s,v) = ZJ_C f(exp(y))s dy (20)

Notice that we use the cones —C,, instead of C, for this decomposition, because these are the
domains on which we can find easy bounds for the integrand. Let f =Y. c,-x* with ¢, > 0,
as in Assumption 1. With our change of variables, this becomes f(e¥) = >, c,-e”"*. Since v is
avertex of A¢, one of the exponents a equals v. For y € —C,, y-v = y-a for a € supp(f)\{v}.
This gives the following chain of inequalities:

¢, - exp(y - v) < f(exp(y)) < D cq-exply - v). 21

dy < o0

This leads to a chain of inequalities of integrals. Let M = ),  ¢,. Since s > 0, we have

M_s~f exp(y - (v—sv))dy < Z,(s,v) < CJS'J exp(y - (v—sv))dy.
—C —c,

The integral appearing on the left and right of this expression can be written as
J exp(y -w)dy, with w=sv—w.
c,

By Lemma 1.8, this integral converges if and only if y -w < 0 for all y € C, \ {0}. Notice that w
is a vertex of the polytope s - P — v, and the cone C;,_, in its normal fan equals C,. By Lemma
1.5, y-w<O0forall y € C,\ {0} =C,\ {0} for all vertices w if and only if O € int(s - P — »).
This is equivalent to v € int(s - P), which proves the theorem for £ = 1.

When £ > 1, the formula (20) generalizes to a sum over the vertices of P(s):

exp(y - v)
I(s,%) = > L6, %) =
(5. ) Zv: ) Zv: ¢, filexp(y)) - fz(eXp(y))sf

Here P(s) =s; - A(f;)+---+s,- A(fy). Each vertex v of P(s)isasum v =s; vy +:--+sp v, of
vertices s;-v; of the summands s; A(f;). Here v; is the face A(f;), € A(f;) for any interior point
of C,. With the notation for coefficients as in Assumption 1, we set M; = ), ¢; ,. Bounding
each of the f; via ¢; , exp(y - v;) < fi(exp(y)) < M; exp(y - v;) as in (21), we find

4
l_[ f exp(y - (v=v))dy < Z,(s,v) < l_[ Civ f exp(y - (v—v))dy. (22)
i=1 v
Again, the integral in these expressions converges if and only if 0 € int(P(s) — v). O

9
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Remark 1.9. The decomposition of the integral Z(s, v) in (20) is referred to as sector decom-
position in the physics literature [36, Section 3.4]. This is used in state-of-the-art algorithms
for evaluating Feynman integrals numerically, which use Monte Carlo sampling and tropical
geometry [11,12].

By Lemma 1.8, if Re(s;) > 0 and v € int(P(s)), the bounds in (22) can be written as

{ J4
[ a7 voi(B,_,) < IZ,(5, )] < [ e n¢ - vol(B,.,). (23)
i=1 i=1

Here B,_, = {y € C, : y - (v—v) = —1} is the portion of (P(s) — ¥)° corresponding to the
vertex v, see Figure 3. This will be important in our discussion on field theory limits.

Theorem 1.6 identifies a region of convergence of the integral (13), which is geometrically
described by a convex polytope. As pointed out in [9, Example 2.3], the integral might con-
verge on a larger domain. E.g., the assumption Re(s;) > 0 is in general not necessary. However,
as it turns out, our domain is large enough to allow a unique meromorphic continuation of
Z(s, v) to the entire parameter space C!*". This is similar in spirit to the fact that the integral
representation of the gamma function seen in (2) only converges for Re(u) > 0. The mero-
morphic function I'(u) is obtained by extending that integral function on R, to a function on
C\ Z satisfying I'(u+ 1) = uT'(u). Let us now consider the beta function.

Example 1.10. The coordinate change x = % brings the integral in (2) into the form (13):

1 v 0 v
J X d_":f Y Y i s=wa1os, (24)
0 (1_x)s X 0 (1+}’)S Yy

Theorem 1.6 predicts convergence when Re(5) > 0 and v € int(P(5)), where
PE)={peR:p>0,—p>—Re(5)}. (25)

To justify the blue equality in (2), we observe that when these convergence conditions hold,

v

el o o0 y dy
I'(v+1—s)-B(v,1—s) = t"Fe7tdt _—
(V S) (V S) f J;) (1 +y)v+1—s y

- 1( t )‘5 _, tdydt
um— e .
1+y 1+y (1+y)>?

tdydt

w=-—wehaveu+w=t and A2 = = dudw. Hence

With the coordinate change u = 1 +y, T +y

I(v+1—s)-B(v,1—s) = f

u et du f w e Wdw = T(»)T'(1—s).
0 0

While the integrals in these equalities only make sense in their respective convergence regions,
we may use the definition of the gamma function to extend the beta function to a meromorphic
function on C2:

r(»)r(1—
B(v’ 1 _S) — M .
I(v+1—s)
Its poles are countably many lines in (s, v)-space, given by v, 1 —s € Z,. o

The fact that the beta function extends to a meromorphic function whose poles are given
by some gamma functions is an example of a general phenomenon, proved in [9]. We include
the statement, but omit the proof. We refer the reader to [9, Theorem 2.4] for full details.
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N

Figure 4: The poles of the meromorphic continuation of I5; with
(513,514,834) = (1,1,1) are lines emanating from the boundary of the pen-
tagon P from Example 1.7.

Theorem 1.11. Suppose the Minkowski sum A(f;)+: - -+A(f;) has dimension n and the polytope
P(s)= Zle Re(s;) - A(f;) is given by N < oo inequalities:

P(s)={peR":r;-p>w;-Re(s), i=1,...,N}, r;eR", w;eR’.

Under Assumption 1, Z(s, v) from (13) admits a meromorphic continuation of the form
N
P (s, v)-l_[F(ri~v—wl~-s), (26)
i=1

where ®¢(s, v) is an entire function.

It is worth noting that only the entire factor ®;(s, v) in Theorem 1.11 depends on the spe-
cific positive coefficients of f. The gamma factors only depend on the polyhedral data coming
from P(s). For fixed, positive s, the poles of this meromorphic continuation are hyperplanes
emanating from the boundary of P(s). This is illustrated in Figure 4 for (18).

Example 1.12. In Example 1.10, we read off from (25) that N =2 and r; = 1, w; = 0,
ry = —1, wy = —1. The gamma factors in Theorem 1.11 are I'(r; - v —w; - §) = T'(v) and
I(ry- v—wy-8) =T(1—s). The entire function &, (s, v) equals T'(v+1 —s)7L o

2 Limits and critical points

In this section, we continue to use the integration contour I' = R, and we work under Assump-
tion 1. We now think of the parameters s, v to be fixed, satisfying the conditions of Theorem
1.6. The main novelty with respect to Section 1 is that we introduce a new parameter &, of
which the integral 7 is now a function:

dx

X

1(5) = = - (Fx")?

7 o
1 x P oeeex? dx dx 1
B S e N NPTy . (27)
on g

- —
5 5 X X on

n 5 5 1 n

3 f1 o fy r

Notice that 5! plays the role of the inverse string tension a’ in the string amplitude (9). We
are interested in the opposite limits lims_, o, Z(6) and lims_,o+ Z(5). Motivated by the physics
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application, these are called field theory limit and high energy limit respectively [8,52]. They
are the leading terms in the series expansions of Z(§) around 6 = oo and 6 = 0.

As it turns out, both the field theory limit and the high energy limit can be expressed in
terms of complex critical points of the potential function or log-likelihood function

logL =logf*x” = —s; logf; —---—s; log fy + v; logx; +---+ v, logx,, .

These critical points are the complex solutions to the n rational function equations

d(log f=x") v gi gi
- x x
g—:—]—sl—J—---—se—’zo, j=1,...,n. (28)
9x; Xj f fe
These rational functions are defined where neither x; nor f;(x) are zero. We define
X ={xeC":x;-x, f1(x)- fr(x) #0}. (29)

This is an example of a very affine variety, see [41, page 6]. The set of complex critical points
of logL is Crit(logL) = {x € X : x satisfies (28)}. Since (28) consists of n equations in n
unknowns, we expect Crit(log L) to be finite. A solution x € Crit(log L) is degenerate if

%, %,
Hyogp = det| xj5— (xk—logL(x)) =0. (30)
dx; 9 xy .
j.k
This determinant is called the toric Hessian of log L. It is much like the usual Hessian determi-
nant, but with d/dx; replaced by the Euler operator x;(d/3dx;). Using the toric version will
be convenient later in the section. The following result is Theorem 1 in [40].

Theorem 2.1. There is a dense open subset U ¢ C*" such that for (s, v) € U, the number of
solutions to (28) equals the signed Euler characteristic (—1)" - y (X) of the very affine variety X,
and all solutions are non-degenerate, meaning that Hyog;,(x) # O for all x € Crit(log L).

Theorem 2.1 says that the number of points in Crit(log L) depends only on the topology of
the space X. We will see how to compute the Euler characteristic y (X) below.

In Section 2.1 we discuss how to compute Crit(log L) using numerical homotopy continu-
ation. Sections 2.2 and 2.3 explain how these critical points are used to compute field theory
and high energy limits respectively.

2.1 Computing critical points

Our goal is to solve the equations (28), assuming that (s, ») € C**" belongs to the set U from
Theorem 2.1. This ensures that there are finitely many solutions, all of them non-degenerate,
and the number of solutions we find is the Euler characteristic of X (up to sign).

We use the Julia package HomotopyContinuation. j1 (v2.6.4) for all computations in
this section [14]. Our approach follows that in [59] and is illustrated by means of an example,
for which we use the integral (18). The function logL is

log L = —s1310g(1 + x1) —s1410g(1 + x1 + x5) —s3410g(x1 + x5) + v; log x; + v, logx, .
Its partial derivatives give two rational function equations g; = g, = 0 in the unknowns x;, x5:

S S S v S S V.
13 14 34 + 71 g, = — 14 _ 34 + 2 ) (31)
1+X1+X2 X1+X2 X9

1+X1 1+X1+X2 X1+X2 Xl,

81 =

Importantly, we think of s and v as parameters at this stage. We will emphasize the dependence
of g; on these parameters by writing g;(x;s, v). The fixed complex parameters we want to solve
for are denoted by (s*, v*) € U. Here is how to code this up in Julia:
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Figure 5: Illustration of the monodromy method.

using HomotopyContinuation # load the package

n=2; 1=3; @ar v[1:n] s[1:1] x[1:n] # declare variables and parameters
f=[1+x[1]; 1+ x[1] + x[2]; x[1] + x[2]]

loglL = - sum([s[i]l*log(£[i]) for i = 1:1]) + sum([v[jl*log(x[jl) for j = 1:n])
g = differentiate(logL, x)

g_sys = System(g, parameters = [s; v]) # system of equations with parameters
s_star = [1;1;1]; v_star = [1;1] # choice of target parameters

A I Y N O N

Here we chose s* = (1,1,1) and v* = (1, 1), like in Example 1.7. The strategy for solving
g10x;8%, v*) = go(x; 8%, v*) = 0 consists of two steps:

1. Solve g,(x;3,¥) = g4(x;§, ¥) = 0 for a different set of parameters (5, ¥) € U.

2. Deform the start parameters (§, ¥) continuously into the target parameters (s*, v*) and,
along the way, keep track of the solutions to g;(x;s, v) = g,(x;s,v) =0.

Both these steps require numerically tracking solution paths as we vary the parameters. This
can be phrased as numerically solving an ordinary differential equation called the Davidenko
equation. For details, we refer to the standard textbook [58].

Step 1 is done using the monodromy method [25]. We explain how this works in a nut-
shell, using Figure 5 as an illustration. In that cartoon, the solutions for a fixed point (s, v)
are represented by the points on the blue surface lying directly above it. This surface rep-
resents the incidence space {(x,s,v) € X x C*" : g;(x;s,v) = go(x;s,v) = 0}. Choose
a random point ¥ € X, and let (§,%) be any solution to the linear system of equations
g1(X;s,v) = go(X;s,v) = 0. Clearly, X is a point lying above (§, ). This is called the seed
solution. Now walk a loop in (s, v)-space while keeping track of the seed solution ¥ along the
way. When we arrive back at ($, #), there is a good chance we picked up a new solution ¥,
to the system g;(x;$, ¥) = g,(x;$, ») = 0. Now repeat this procedure to populate the solution
set. In practice, this technique is extremely effective. In Julia, all this happens via

R1 = monodromy_solve(g_sys) 1
start_pars = parameters(R1); start_sols = solutions(R1) 2

The variable start_pars stands for start parameters. It contains £ +n = 5 complex numbers,
the first £ = 3 of which give §, and the last n = 2 give ». If all went well, the variable
start_sols contains all solutions to g;(x;$, ) = g,(x; 8§, ¥) = 0. Hence, step 1 is completed.
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By Theorem 2.1, the number of solutions in start_solutions equals (—1)"- y(X). This
gives a way of computing y (X), which has been applied in some challenging cases [2,59]. In
our example, the number of solutions is 2. Here is a way to verify that y(X) = 2. The real
part Xy of the very affine variety X is the complement of an arrangement of five lines in R2.
These lines are given by {x; = 0}, {x, =0}, {1+ x; =0}, {1 +x; +x, =0} and {x; +x, = 0}.
By [60, Theorem 1.2.1], the signed Euler characteristic of X is the number of bounded cells of
Xg- In our case, the bounded cells are two triangles.

In step 2, we use our start solutions as initial conditions for path tracking from (§, ¥) to
(s*,v*). That is, we use the solutions start_sols for parameters start_pars to compute
the solutions solutions (R2) for the target parameters [s_star; v_star]:

R2 = solve(g_sys, start_sols; start_parameters = start_pars, 1
target_parameters = [s_star;v_star]) 2
solutions(R2) 3

The last line prints an accurate numerical approximation of the two critical points:

(‘/5_1, 1), (ﬂ 1). (32)

2 2

2.2 Dual volumes in field theory limits

We switch back to the integral (27). The field theory limit of Z(&) is limg_, oo Z(6). This has a
nice description in terms of our polytope P(s) = Zle Re(s;) - A(f;) from Theorem 1.6, and in
terms of the critical points Crit(log L) computed in the previous section. The statement uses
the toric Hessian determinant H_ ., of minus the log-likelihood function, see (30).

Theorem 2.2. Let Re(s;) > 0 fori =1,...,{ and suppose that A(f;)+---+ A(f;) has dimension
n. If f1,..., f; satisfy Assumption 1 and v € int(P(s)), then we have

lim Z(5) = Vol(P(s)—¥)*) = D>  H_joq ()" (33)
o=e0 xeCrit(logL)

Proof. We prove the first equality. The second equality uses [8, Section 7.1, Claim 4]. See
also [59, Theorem 13]. For any fixed 6 € R,, we have v/ € int(P(s/5)), and a vertex v of
P(s) gives a vertex (v — v)/& of P(s/6) — v/&. We can use (23) to obtain the estimate

4 4
D] [ o) < 6 2(8) < D] [ein 0 Vol(B). (34

v i=1 v o i=1
The sums are over vertices of P(s). The factor 6" in the middle comes from
Z(6) = 6"-1(s/6,v/6), with Z(s, v) as in (13). Using the scaling property of the volume
Vol(B(,—,)/5) = 6" - Vol(B,_,), we can cancel 6" from (34). Taking the limit 6 — oo gives

lim 7(5) = ZVol(Bv_v) = Vol((P(s) — »)°),

as desired. For the last equality, see (17) and Figure 3. O

Example 2.3. Let us verify the formula (33) for the integral representation (24) of the beta
function. The Newton polytope P($) is a segment given by (25). The dual polytope (P(5)— v)°
is given by (ﬁ, %). Its volume Vol((P(5) — v)°) is %} + s_% = m Checking that this equals
our field theory limit can be done in one line of Mathematica code:
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Limit [1/8*Integrate[y~(v/& - 1)/(1 + y)~(s/8), {y, 0, Infinity}], & -> Infinity] 1

Finally, we compute the sum of H_,,,; (y) evaluated at the critical points of log L. We solve

S

4 ogL(y) = 2 - —0
dy 8" Ty 1y T

The unique solution is y = ¢=. The toric Hessian determinant of —log L is

d d d Sy ) Sy
H_ =—y—|y—IloglL =—-y—|v— = . 35
log2(¥) Yy (ydy og (y)) Yy (v T+y Tty (35)
The value at y = ¢ is @ We have now confirmed (33). o

Example 2.4. Consider the integral Z(5) from (12) with o’ = %. The Newton polytope
P(s) = P(s13,514,524) Of f1(x1,X2) = 14 xq, folx1,X2) = 1+ X1 + X3, f3(x1,X3) = X1 + X
is two dimensional for positive s. When s13 = 514 = 594 = 1, it is as in Figure 1. We take
vy = v, = 1. The values of H_,,,;, at the two critical points (32) are

%(25+11«/§), (25-11v5).

N[

The sum of the reciprocals of these two numbers is 5. This is the area of (P(s)— v)° in the right
part of Figure 3, normalized by a factor 2! = 2 (recall our definition of Vol in the discussion
preceding Lemma 1.8). Let us illustrate the computation of the dual volume using the Julia
package OSCAR. j1 (v0.12.0) [54]. It calls polymake for polytope computations [29]. The
Newton polytope P = P(sy3,514,524) of Example 2.4 is computed as follows:

using Oscar #load the package 1
P1 = convex_hull([0 0;1 0]) #Newton polytope of fl 2
P2 = convex_hull([0 0;1 0;0 11) #Newton polytope of £2 3
P3 = convex_hull([1 0;0 1]) #Newton polytope of £3 4
P = P1+P2+P3 #Minkowski sum 5

The dual polytope (P(s) — v)° and its volume are computed by the commands polarize
and volume respectively. The vertices of the dual polytope (P — v)° are (1, 1), (1,0), (0,—1),
(—1,—1), (0,1) as in Figure 3. The normalized volume is 5, as expected.

DP = polarize(P+[-1,-1]) #dual polytope of P-v 1
println(vertices(DP)) #print the vertices 2
factorial (2)*volume (DP) #normalized volume - output: 5 3
The reader is encouraged to repeat this example for the Feynman integral (7). o

We point out that the field theory limit o’ — 0 of the string amplitude (9) is the scattering
amplitude for a physical model called bi-adjoint scalar ¢ theory. The expression in terms of
critical points was first discovered in [18]. The critical point equations (28) are called the
scattering equations in this context. For a connection to algebraic statistics, see [59].

As a final remark on field theory limits, note that the coordinates of the individual critical
points in Crit(log L) are algebraic functions of s, v. They are usually not rational functions, like
in Example 2.3. For instance, eliminating x, from (31) gives a quadratic equation in x, result-
ing in the square roots in (32) via the quadratic formula. However, the sum over Crit(log L)
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in Theorem 2.2 is a rational function in s and v by Galois theory. This is called the canonical
function of P(s). On the domain Re(s;) > 0, v € int(P(s)), it evaluates to Vol((P(s) — v)°).
When s with positive real part is fixed and P(s) is viewed as a polytope in n-dimensional v-
space R", the canonical function defines a meromorphic top form on R". That form is called
the canonical form of P(s) in the theory of positive geometries [6].

2.3 Saddle point approximation in high energy limits

While the field theory limit lims_,o, Z(6) is obtained by summing over the complex points
Crit(log L), the high energy limit lims_,o+ Z(&) is governed by a single, positive critical point.

Theorem 2.5. Lets; € R, for i =1,...,{ and suppose that A(f;)+ -+ A(f;) has dimension
n. If f1,..., fy satisfy Assumption 1 and v € int(P(s)), then Crit(log L) "R’} consists of one point
{a}. Moreover, the following formula holds:

tim (25 )7 1@ 4265) = (H_ogu(@) (36)

6—0*

We used the following conventions in (36). As above, for a positive real number r, we take
the branch of the logarithm for which logr € R. For the square root, we set (—r)% = elira,
Notice that, rather than requiring Re(s;) > 0, here we only allow real values for s;. The reader
can check that, using the values s;5 = s;4 = s34 — v—1 = 1 in the example of Section 2.1
instead, there are no positive critical points.

To prove Theorem 2.5, we use two lemmas. The first is on the concavity of log L.

Lemma 2.6. Let fq,...,f, satisfy Assumption 1 and let si,...,s, € R,. The function
log L(e™,...,e*n) with L(x) = f*x" is strictly concave in z € R". The toric Hessian matrix

0 0
(xja—xj (xka—XklogL(x)))j’k ) (37)

of log L is negative definite for any x € RZ.

Proof. Substituting x; = exp(z;), the toric Hessian matrix (37) is the usual Hessian matrix

of —Zle s;log fi(e*,...,e*). Each summand is strictly concave for z € R" by [17, Theorem
1.13], so the toric Hessian is indeed a negative definite matrix. O

To state the next lemma, we introduce a version of the algebraic moment map u¢: X — C".
This name comes from toric geometry, see Fulton’s book [28, Section 4.2]. Our moment map
is slightly different from the one used by Fulton. It is given by

{

{
pe(x) = (xlzsifi(x)—l 2y, xn;sifi(x)—l j—)ﬁ(x)) . (38)

i=1 0

This map is closely related to our critical points. From (28), it is clear that x € Crit(logL) if
and only if uc(x) = v. The crucial properties of uc are summarized in the following Lemma.

Lemma 2.7. Lets; € R, fori=1,...,¢ and suppose that A(f;) +---+ A(f,) has dimension n.
If f1,..., fy satisfy Assumption 1, then uc(R}) C int(P(s)). Moreover, the restriction

p = (ucdrr = (W1, ---, 4y) : RE — int(P(s)), (39)

. . . . . (O \" . .. . .
of uc to R is a diffeomorphism, and the Jacobian matrix (a—x;f)j g 8 positive definite.
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Proof. This theorem follows from [28, Section 4.2] if £ = 1. The statement for £ > 1 has
appeared in [8, Claim 4]. For the readers’ convenience, we provide a concise proof. Let
A; = supp(f;) C Z" be the set of exponents appearing in f;(x) = >, A, ci ox“. We construct

the Cayley configuration A C Z!*" of A,,...,A,. This is given by
A={(e,a): a€A;,i=1,...,4} C ztn (40)

where e; is the i-th standard basis vector of Z‘. Consider the Laurent polynomial
f=sinifi+t - +seyfe €RUY1, - Yo xih ., x ] We define the map

of of af 8f)

0 R S int(pos(A)), (v, Y= X s

Here, pos(A) is the positive hull seen in (15). The reader who is unfamiliar with moment
maps should check that the image of (i indeed lies in the interior of the cone pos(A). By the
statement labeled (A,,) in [28, page 83], (i is a diffeomorphism.

We consider the polytope P(s) consisting of all points in pos(A) whose first ¢ coordinates
are (sq,...,;). The preimage of P(s) under (i is given by

X, = {0 eRI™ : yi 1) = =y fi) = 1}.

In fact, gm : X, — int(P(s)) is a diffeomorphism. We now relate this to the moment map
w in (39). To identify the domains of u and (i, we introduce the map x : R} — X, with
k(x)=(f1(x)7L, ..., fi(x)" L, xq,...,x,). For the co-domains, note that ¢ : int(P(s)) — int(P(s))
with «(v) = (sq,...,5, V) is an isomorphism. We obtain a diagram of diffeomorphisms

%, L int(B(s))

R —~ int(P(s))

The Jacobian matrix of u is positive definite on R’ if and only if the toric Jacobian matrix

{

J Uy d ( d ) d ( d )
A I PN . D A A L v A L
(XJ axj )]‘,k ( Xj axj Xk 3x; ogL(x) i Zsl X;j an X dx; 08 f; .

i=1
is positive definite on R}. The positivity follows from Lemma 2.6. O

Note that Lemma 2.7 implies that, under our assumptions, Crit(log L) NR” = u~t(») con-
sists of a single point {a}. This is the first claim in Theorem 2.5. While Theorem 2.5 uses the
fiber u=!(»), Theorem 2.2 sums over the fiber uEl(v) of the complexified map yc.

Proof of Theorem 2.5. We have established that Crit(log L) "R’} = {a} is a singleton (Lemma
2.7). Let U be a small open neighborhood of the positive critical point a. The idea of the proof
is to decompose Z(&) into two parts:

§ 2 L(a) 3 ZL(5) = 6 2L(a)"? ( f

RI\U

L(x)%d?x +f

U

L(x)%d%) .

We will show that the integral over R} \ U does not contribute to the limit 56 — 0%, and
the integral over U gives rise to a Gaussian integral. By Lemma 2.6, log L attains its unique
global maximum at x = a and log L(e*, ..., e*) is a concave function of (24,...,2,) € R" (see
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Figure 6). There exists a positive number ¢ such that the inequality log L(x) —log L(a) < —¢
is true for R} \ U. We obtain the following inequality for 0 < 6 < 1:

L(a)_% f L(x)% =% f exp (5_1(logL(x) —logL(a) + s)) dx 41
RI\U X R2\U X

. d
<es f exp (log L(x)—1logL(a) + ¢) @, (42)
RU\U X

Here, we used the fact that log L(x) —log L(a) + ¢ is negative for any x € R \ U, and the
final integral in (42) is bounded because of Theorem 1.6. The inequality (42) shows that the
integral over R \ U converges to zero as § — 0*.

Let P be an orthogonal matrix which diagonalizes the Hessian matrix of log L:

2
pT.(aliL(a)) .P =1D.
j.k

Here D is an n x n diagonal matrix, with negative diagonal entries. We perform a linear change
of coordinates y = PT(x —a). The Taylor expansion of log L(x)—log L(a) around y = 0 looks
like %( yI'Dy +r(y)). Plugging this into our integral gives

_1 1dx _ y'Dy +r(y) dy
L(a) fUL(x) Pl JPT(U_a) exp( 55 ) TGy

The last denominator is the product of the entries of Py + a. Without loss of generality, we
may assume that PT (U —a) is a product of small intervals (—e, €)". Replacing y; with y;/+v5,
the last integral becomes

NIz

o

f exp(lyTDy+ r(\/gy)) dy .
(—e/VB.e/ VBN 2 o  JTI(V&Py+a);

The function r(v'5y)/& is bounded for 0 < § < 1 and y € (—e/+/5,e/+/8)" and it converges
to 0 when 6 tends to 0. Therefore, Lebesgue’s dominance convergence theorem proves

n d d
lim 5_7L(a)_%f L(x)%—x = f e3y' Dy 4
5—0t U X RR al .. .an

This leaves us with a Gaussian integral. To finish the proof, recall that

., 21
f ez dg = \| —, for A<0,
oo —A

and use the fact that H_jog;(a) = (a; -+~ a,)* - [ [;(—Ds). O

Example 2.8. Let us verify the formula (36) for the integral representation (24) of the beta
function. The integral (24) is expressed by Gamma functions as in (2):

(= ¥)_ TEE)
1o -5(1527) - EID)

5’6
The function L(a)_%, where a is the unique critical point % from (2.3), is given by

()=

Stirling’s formula I'(x) ~ V2me X x*"3 (x — +o00) shows that the left-hand side of (36) is

given by 4/ m We have seen in Example 2.3 that this equals H_j,q L(a)_%. o
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L(xy, z2)

x

Figure 6: The likelihood function of Example 2.4 attains its maximum at
(x1,x,) ~ (0.618,1).

3 Twisted (co)homology

In this section, we abandon the concrete integration contour R}, and we drop Assumption 1.
. + +

We fix f = (f1,...,f;) € (C[xll,...,xnl]e, s =(sy,...,50) €Cland v = (vy,...,v,) € C.

The perspective we take is that the Euler integral (1) is the result of a pairing between the

integration contour I' and the differential n-form de. More generally, an n-form ¢ gives

r,¢) = ff‘sxvqb- (43)
r

This works nicely when T is a twisted n-cycle and ¢ is a twisted n-cocycle. We will introduce
these concepts, and see that the pairing (43) is a perfect pairing of finite dimensional C-vector
spaces. In particular, the integral (43) always evaluates to a (finite) complex number.

This story is reminiscent of the classical duality between singular homology and de Rham
cohomology, where one pairs an integration contour A on a complex manifold X with a differ-
ential form ¢ by evaluating f A ¢ [34, Chapter 0]. In our setting, X is the very affine variety
seen in (29). The material in this section is like that standard theory, but with a twist. For
instance, recall from the beginning of Section 1 that our integrand f *°x” is multi-valued. To
make sense of the integral (43), we need to specify a branch. We will see that this information
is carried by our twisted cycle I'. Also, a central role in de Rham’s cohomology theory is played
by Stokes’ theorem, which says that for an (n — 1)-form v,

f dy = | . (44)
A dA

In our setting, the twisted boundary operator J,, takes the choice of branch into account, and
the twisted differential V ,, replaces the ordinary differential d to accommodate our integrals:

Jf‘sx”vww = f=x"y. (45)
T

a,T

The meaning of the index «w will become clear soon. For now, it simply indicates the twist.
The theory of twisted (co)homology goes back to the seminal work of Deligne and

Grothendieck [23]. It has been investigated in the context of Euler integrals and hyperge-

ometric functions by several authors, among which we mention Aomoto, Gelfand, Iwasaki,
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AO,O(S) Al,o(_g)
0 [e,1—¢] 1

Ao,n(&') Al,n(_b‘)

Figure 7: Five simplices in C\ {0, 1}.

Kapranov, Kita, Matsumoto and Zelevinsky. See [5,31] and references therein. The relevance
of this theory in particle physics was first realized by Mastrolia and Mizera [46].

The section is organized as follows. We start by discussing twisted chains and cycles,
leading to a twisted version of the usual chain complex of X. Next, we switch to the dual
complex, called the twisted de Rham complex of X. We discuss properties of the (co)homology
of these complexes, ultimately leading to the perfect pairing in (43).

3.1 Twisted chains

Throughout the section, X is the very affine variety from (29). A singular k-simplex A in X is
a continuous (not necessarily injective) map from the standard k-simplex to X. The C-vector
space generated by all singular k-simplices is the space of singular k-chains, denoted by Ci(X):

axX)= P c-a. (46)

AcCX, k-simplex

Example 3.1. Examples of 1-simplices X = C \ {0, 1} are illustrated in Figure 7. Here ¢ € R
lies in (0,1/2). There are 5 simplices in total. Four of them are semicircles, parameterized by

Agple) = {t—a+e-exp(vV—=1(0+tm)}, te[0,1].

Here, a is 0 or 1 and 6 is 0 or m. The remaining simplex is the line segment [¢,1 — ],
parameterized by t — (1—t)e+t(1—e). These parameterizations fix the orientations visualized
by the arrows in Figure 7. o

We need to modify this standard construction to account for multi-valuedness of f *x”.
The branches of f x” generate the space of sections of a line bundle £_,, on X called a local
system. On an open subset U C X, these sections are

L_,(U)={r:U—C : 7isholomorphic and dt —dlog(f *x”) 7 = 0}. 47

One checks that each branch 7 of f ~x” indeed satisfies the equation d7 —dlog(f ~*x”) Tt = 0.
The one-form dlog(f —*x"”) is of crucial importance in this section, so we introduce the notation
w = dlog(f x”). We have w = g1dx; +--- + g,dx,, where g; are the rational functions in
(28). The symbol L_,, stresses the term —w in the operator applied to 7 in (47).

Picking a (linear combination of) branch(es) of f x” on a singular k-simplex A means
picking a section T of £_, on a sufficiently small open subset U > A. We formalize this
intuition by considering the direct limit

L_o(8) = lim £L_,(U). (48)
UDA

Here the open sets U containing A are ordered by inclusion, and when U C U’, the map
L_,(U")— L£_,(U) is given by restriction. A reader who is unfamiliar with direct limits can
simply think of elements in £_,,(A) as branches of f ~x”, restricted to A.
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Example 3.2. We continue Example 3.1. On each of the five simplices we define a section of
L_,,, where w = (—s(1—x)"1+vx~1) dx is the logarithmic differential of f ~x” = (1—x)"*x".
Here s and v are fixed complex numbers. Notice that f ~*x” is the integrand of the beta function
in (2). At x = ¢, both (1 —x) and x are positive. Let { = exp(—slog(1 —¢) + vloge) € C,
where we evaluate the positive branch of the logarithm. The conditions

dTop—wTop =0, and Too(e)=7, (49)

uniquely define 7o € £_,,(A¢(¢)). Constraints like 7 o(¢) = { are called initial conditions.
On our other simplices, we choose 7,9 € L_,(A,¢(€)), T_ € L_,([¢,1—¢]), with

To,n(—€) =Too(—€), T_(e)=7To0(e), T1,(1—e)=7_(1—¢), 7T10(1+e)=1,(1+¢).

To compute these boundary values, one can make use of the parameterizations in Example
3.1. For instance, T o(e exp(v—1tm) is given by (1 — e exp(v—1mt))“e” exp(v—1vtn), for
t €[0,1]. At t = 1, this gives 7 o(—¢€) = (1 + &) °&” exp( v—1mv). A similar computation for
To,» Shows that 7 (g) = exp(v—1v2m){. In particular, To0(€) # 7o (€), for non-integer ».

We remark that having nontrivial sections of £_,, is the reason why we split up the circle
So(e) = {t — gexp(v—1t2m)},t € [0,1] into two semicircles Ag(¢) and Ay ,(¢). Indeed,
because of the nontrivial monodromy around x = 0, there are no nonzero holomorphic solu-
tions of dT — w7t =0 on Sy(e): L_,(Sy(e))=0. o

This gives us all ingredients to define the space of twisted k-chains on X, with twist w:

GX,—w)= P a8l (). (50)

AcCX, k-simplex

Comparing (50) with (46) motivates why this construction is sometimes called the space of
k-chains with coefficients in L_,,. In words, C;(X,—w) consists of finite C-linear combinations
of elements of the form A ® 7, where 7 : A — C is an element of £_ ,(A). We say that A is
loaded with the branch 7. We note that C;(X,—w) is non-zero for any k > 0.

Let us now clarify the meaning of (43) for a twisted k-chain I' € C.(X, —w).

Definition 3.3. Let T = Zp d, A, ® T, € Ci(X,—w) be a twisted k-chain on X, with d,, € C.
Let ¢ = g(x)dx be a holomorphic k-form on X. We define

(T, ) :ff—Squs =def
r p A

The integrals on the right are the familiar integrals of single valued k-forms on k-simplices.

foxTg = dej (). (51)
Tp p

p® Ap

We now explain how to take boundaries in this twisted setting. A k-simplex A on X has
boundary dA = dAg+ -+ A, € C_1(X). That is, if A is given by the parameterization
¢ : A — X with A the standard k-simplex in R", then d A; is the (k — 1)-simplex in X coming
from the restriction of ¢ to the i-th boundary component of A. LetI' = A® 7 € C(X,—w)
be a k-simplex A on X, loaded with 7. Observe that there is a natural restriction map
pan i L_,(A)—= L_,(A") whenever A’ C A. The twisted boundary 0,,(T) of T is

0u(T) = 080 ®Ppan,(T)+ -+ A ®pasa,(T).

Extending this C-linearly gives the twisted boundary operator
J,: CGX,—w)— CG_1(X,—w). (52)

Morally, this boundary operator simply keeps track of the branch of the twisted chain.
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Example 3.4. Consider again the five simplices illustrated in Figure 7, loaded with the
branches specified in Example 3.2. The twisted boundaries are

0,(L0,0(e)®To0) = {—€}®Too(—€) —{e} ® T((€),

0,(Lg () ® 7)) = {e} ® To () —{—£} ® T n(—¢),
I,([e,1—¢e]l®Tt)={1—¢}®@71_(1—¢)—{e}®@1_(¢), (53)
Ou(D12(6)® 71 ) = {1+e} @1 (1+e)—{l—e} @7y ,(1—¢),
Ou(D10(8)®T10) = {1—€}®T10(1—6)—{1+e}®T15(1+¢).

The orientation of the boundary components of a 1-simplex is like in standard singular ho-
mology: End point minus starting point. The restrictions of our sections to these boundary
points are simply given by their value at the point. It is instructive to reduce the number of
parameters in (53) by using our definitions and findings from Example 3.2. For instance, we
have 7 (—¢) = Tg(—¢), T_(€) = Tg0(€), To () = exp(v—1v27) T 4 (¢), and so on. o

Notice that, for a twisted k-chain A ® 7, we have J,0,,(A ® 7) = 0. This follows from
the fact that the boundary of a boundary is empty, i.e., 99 A = 0, and the fact that J,, simply
restricts T to dA. We suggest that the reader checks this carefully for a two-dimensional
simplex in X = C\ {0, 1} from our running example. In homological algebra, J,,,, = 0 is the
key property of a boundary operator in a chain complex.

Definition 3.5. Let X be the very affine variety from (29). Let w = dlog(fx"), and let
Ci(X,—w) be the space (50) of twisted k-chains on X. The twisted chain complex is

(Cu(X,=),8,) ¢ -+ — Cu(X,—0) 25 Cry (X, —0) 22 - 2 (X, —w) — 0. (54)

The homology of this complex is obtained by considering all twisted chains whose twisted
boundary is zero, modulo those that are twisted boundaries themselves.

Definition 3.6. The k-th homology vector space of (C,(X,—w), d,,) is the quotient space

(T € Cu(X,~w) : 8,(T) = 0}
8a)ck+1(Xva _Cl)) '

H(X,—w) = (55)

Elements of H; (X, —w) are called twisted k-cycles (or sometimes loaded k-cycles). We will
primarily be interested in the n-th homology space H,,(X,—w), because these are the cycles on
which we can integrate n-forms. While it is easy to construct cycles in the usual (non-twisted)
singular homology, this is a bit more complicated in our twisted setting. The running example
of this section illustrates a standard construction [5, Section 3.2.4].

Example 3.7. None of the five twisted chains in Example 3.4 are twisted cycles, since they
have non-zero twisted boundaries. However, we can use the expressions (53) to find a linear
combination of these chains whose twisted boundary is zero. For ease of notation, let us write
Too=20,0(e)®7,9€C(X,~w),and I_=[¢g,1—¢]® 7_ € C;(X,—w). Consider

Ioo0+Ton I +Tp

= +T.—
exp(2nv—1v)—1 exp(—2mv—1s)—1

€ (X, —w). (56)

Note that (56) only makes sense when v and s are non-integer. This genericity assumption will
appear in our theorems below. One checks that J,,(I') = 0 by expanding it using (53), and
applying identities like at the end of Example 3.4. The class [I'] € H;(X,—w) of T is non-zero.
We will show this in Example 3.22. Hence, T is not a boundary of a 2-chain. o
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3.2 Twisted cochains

While chains tell us where to integrate, co-chains tell us what to integrate. This is to be taken
with a grain of salt in our twisted setting. We have seen above that twisted chains also carry
some information about the integrand: They specify a branch of f x”. In (43), the multival-
ued function f °x" is multiplied with an n-form ¢ = g dx, where g is a single-valued function
on X. This section explains which n-forms ¢ we consider. It constructs a(n algebraic) twisted
de Rham complex, dual to the twisted chain complex in Definition 3.5.

The vector spaces QX(X) of the twisted de Rham complex are rather easy to describe. They
are the regular k-forms on X, which have coefficients in the coordinate ring of X:

A ={ D, Gead AoAady tg € Cf R (57)
1<j; <-<je<n aczt
bez

Notice that w = dlog(f x”) € Q!(X). We will integrate regular n-forms ¢ € Q*(X). In
particular, setting ¢ = de € Q"(X) in (51) gives our integral (1). In analogy with the usual
de Rham complex, we want to regard regular k-forms ¢ modulo those that integrate to zero
in (51) on a twisted cycle T' = A ® 7. A first step towards formalizing this is the following
important observation.

Lemma 3.8. For any 1) € Q*"1(X) and any twisted k-chain T' € C(X,—w), we have

Jf‘sx”(d+w/\)1/; = f d(f=x"y) = X", (58)
r r 9,(T)

Proof. The first equality is checked by expanding d(f ~x”¢) = d(f ~x") ¢ + f*x”dy. The
second identity is Stokes’ theorem (44). More precisely, if I' = A ® 7 is a simplex loaded with
T, the integral is fA d(t(x)y) = faA 7(x)y, which agrees with (58) via Definition 3.3. O

Equation (58) will be our twisted version of Stokes’ theorem (45), where the twisted dif-
ferential V , is given by d + wA. That is, for any 0 < k < n we define

vV, QFX) - QFY(X), with V (p)=dp+wA¢. (59)

A regular k-form ¢ is closed if its twisted differential is zero, i.e., V(¢ ) = 0. In particular, all
n-forms are closed, since Q""!(X) = 0. A regular k-form ¢ is called exact if it is the twisted
differential of some (k — 1)-form: ¢ =V, (1)). Here is a consequence of Lemma 3.8.

Lemma 3.9. Let T € C,.(X,—w) be a twisted cycle and let ¢ € QX(X) be a closed k-form, i.e.,
2,(T)=0and V,(¢) = 0. If T is a twisted boundary or ¢ is exact, i.e., T = 3,,(T") for some
I’ € Cri1(X,—w) or ¢ =V, (3) for some ) € Q71(X), we have frf_sx"qb =0.

Every exact k-form is closed. Indeed, using ddy) = dw = w A w = 0, we find that
V, Vo =ddy +doAp—wAdp +wAdy +oAwAy =0, forany 2 € QF1(X).

Here dw = 0 because w = dlog(f ~x”). The property V,V, = 0 means that V, de-
fines a flat connection on X. Lemma 3.9 says that an exact k-form ¢ satisfies (I',¢) = 0,
for any I' € Hi(X,—w). It is therefore natural to regard k-forms modulo the exact k-forms
V,,(Q1(X)). This amounts to considering the cohomology of the following cochain com-
plex.
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Definition 3.10. Let X be the very affine variety from (29). Let w = dlog(f *x"”), and let
QF(X) be the space (57) of regular k-forms. The (algebraic) twisted de Rham complex is

(Q°(X),V,,): 0— Q0X) ~% Ql(x) 2% ... 2% 9n(X) — 0. (60)

This complex is also called the twisted cochain complex, to emphasize its duality with (54)
(see below). As said above, since exact forms integrate to zero, we pass to cohomology.

Definition 3.11. The k-th twisted cohomology vector space of (60) is the quotient space

_ {p eQX): V,(¢p)=0} _ closed k-forms

H*X, w = :
( ) vV, Qk1(X) exact k-forms

We regard ¢ in (43) as a twisted cocycle, i.e., an element of the n-th twisted cohomology

n
HY(X,0) = -2 &) (61)
v, 1(X)

The twisted de Rham complex in Definition 3.10 is called algebraic because we work with
the regular k-forms Q%(X) in the sense of algebraic geometry. One can build an analogous
complex using holomorphic k-forms, for which the coefficients g; _ ; in (57) can be any holo-
morphic functions on X. By the Grothendieck-Deligne comparison theorem [23, Corollaire
6.3], the cohomology of this holomorphic twisted de Rham complex is isomorphic to that of
(60). Since our cocycles ¢ will be regarded as elements in this cohomology, it suffices to work
with the algebraic complex (60). This is also the preferred setting for doing computations,
because the regular k-forms (57) have a very concrete description.

Here is an example of how to compute relations in twisted cohomology.

Example 3.12. Consider again the Euler beta integral (2). The twisted differential is

S

Vw:d+( +3)dx/\. 62)
1 X

—X

Applying this to 1 € Q°(X), we obtain the following equality in H!(X, w):

[1%;] - [_Tvd?x} '

More generally, we shall derive in Section 4 that for a, b € Z, we have the relation

xPdx] [ (A =8)_a() dx
[(1—@117] - [(1+v—s)b_a x ] (63)

Here, for a complex number y and an integer a, we used the following notation:

y(r+1)---(y+a—1) (a>0),
(r)a:=11 (a=0), °
- 'r—-2"'(y+a)?t (a<0).

While Q}(X) and V_(Q°(X)) are infinite-dimensional C-vector spaces, Example 3.12
claims that the quotient H!(X, w) is one-dimensional. Indeed, each regular 1-form can be
written as a constant multiple of [dyx]. This holds, at least, when s, v,s — v are non-integer. We
will now proceed towards the underlying theorem (Theorem 3.14). First, we state a vanishing
result for twisted cohomology.
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Theorem 3.13 (Vanishing theorem). Let X be the very affine variety from (29). There exists a
dense open subset U C C*" such that, for each (s, v) € U, we have

H*X,w)=0, forall k#n, with w=dlog(f*x"). (64)

A description of the open subset U ¢ C**" follows from the proof in [3, Theorem A.1]. In
our running example, one can take U = {(s, v) € C**" : s, v,s — v ¢ Z}.

One of the consequences of this vanishing theorem is a geometric description of the di-
mension of H"(X, w). By [5, Theorem 2.2], the topological Euler characteristic y(X) of the
very affine variety X is given by the alternating sum of cohomology dimensions:

n
2(0) = > (1) dime HY (X, ). (65)
k=0
Combined with (64), this immediately gives us the following result.

Theorem 3.14. Let X be the very affine variety from (29). Fix (s, v) € U, where U c C™" is as
in Theorem 3.13, and let w = dlog(f ~*x"”). We have dimgz H™(X, w) = | ¥ (X)|.

The Euler characteristic y(X) also appeared in Theorem 2.1: It is the number of critical
points in Crit(log L) (up to a sign). Hence, for generic (s, v), we can compute the dimension
of H"(X, w) using the homotopy continuation techniques explained in Section 2.1.

Example 3.15. In the case of our running example, X = C*\{0, 1} is topologically the Riemann
sphere S? with three points removed. Using the inclusion-exclusion principle and y(S2) = 2,
% (point) = 1, we get y(X) = —1. Hence dimc H'(X, w) = 1. This confirms what we saw in
Example 3.12. A basis for H'(X, w) is [ 4], o

Example 3.16. Consider m-point string amplitudes, for which X = M, ,,,. The projection map
Mg m — Mo m—1 is obtained by dropping one of the marked points. The fiber of this map at a
given configuration of m — 1 distinct points in P! is P! with these m — 1 points removed. The
product property of the Euler characteristic for fibrations gives the recursion

x(Mom) = x(S*— {m—1 points}) - y (Mg m_1)- (66)

By the same arguments as in Example 3.15, the first factor on the right-hand side is 3—m. The
endpoint of the recursion is m = 3, for which y (M, 3) = y(point) = 1. We conclude

%Mo) =(=1)"3(m—3)!. (67)

We have seen this number for m = 5 in Section 2.1, where we explained that it also counts
bounded cells of hyperplane arrangements in R™ . Equation (67) implies that the dimension
of H m_S(MO,m, w) is (m — 3)!, under the genericity assumptions of Theorem 3.14. A basis
consists of (m — 3)! regular (m — 3)-forms. In the physics literature, it is common to use the
so-called Parke-Taylor basis, see, e.g., [50, Definition 3.2] and [16, Appendix A]. o

3.3 Back to Euler integrals

We have been using the shorthand notation (I',¢) for our integrals, see Definition 3.3.
Equipped with the tools from Sections 3.1 and 3.2, we can now formally introduce the pairing
(-,-) as a bilinear map on homology and cohomology. This was alluded to in (43).

Theorem 3.17. Let X be as in (29) and let w = dlog(f *x"). For any k, the C-bilinear map
<,)Hk(X,—C())XHk(X,C())—)(C, ([F],[(]&])*—)(F,(b):ff_sxv(ﬁ, (68)
r

is well-defined. Moreover, the induced maps Hy(X,—w) — H*(X, w)" and H*(X, w) — Hi(X,—w)"
(see below) are isomorphisms. In other words, the pairing (68) is perfect.
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Proof. Well-definedness follows from Lemma 3.9. The pairing is perfect by [5, Lemma 2.9(1) ],
using the Deligne-Grothendieck comparison theorem [23, Corollaire 6.3]. O

The pairing (68) is called the period pairing between twisted homology and cohomology.
In the theorem, VY = Hom¢(V, C) denotes the dual vector space of a C-vector space V. The
maps Hy(X,—w) = H*(X, )" and H*(X, w) — H.(X,—w)" are given by

[T]—({¢]—(T,¢)), and [¢]—([T]—(T,9)),

respectively. Notice that Theorem 3.17 makes no assumptions on s and v. We spell out three
important implications (Corollaries 3.18, 3.19 and 3.21).

Corollary 3.18. Let X, w be as above. For any k, dime Hi (X, —w) = dimc H¥(X, w).

Corollary 3.19. If (s, v) lies in the open subset U from Theorem 3.13, the vanishing theorem
extends to twisted homology: Hy(X,—w) =0 when k # n, and dim¢ H, (X, —w) = |y (X)|.

This means that, when (s, v) € U, we can find a set of y = | y(X)| basis elements [¢;],...,[¢, ]
for H'(X, w), and a set of y basis elements [h],...,[T, ] for H,(X,—w). In particular, for any

(a, b) € Z!*", there exist coefficients c e ;’b € C such that
g L]+ + e [¢, ], in H'(X,w) (69)
x| o 1 ¢y 4], in ,W).

Example 3.20. For the beta integral, we have seen in Example 3.12 that for ¢p; = [dx/x],

ab _ (1=5)_g(»)p
L A4 v=—9)py

Corollary 3.21. Let X, w be as above. A regular n-form ¢ € Q"(X) is zero in twisted cohomology,
ie, [¢]=0in H(X,w), if and only if

(T,p) = Jf_sx” =0, forall [T]eH,(X,—w).
r

Here it suffices to let [T'] run over a C-basis for H,(X,—w).

Corollary 3.21 says that relations in cohomology like (63) are equivalent to relations be-
tween Euler integrals which hold for any twisted cycle. That is, Equation (63) implies

xtb dx_ (1—5)_q(v)y x¥  dx
(1— )sta x (A+v=5)pq Jp QA=x)y x’

for any [I'] € H,(C\ {0, 1}, —w). More generally, the expansion (69) in terms of a basis gives

x Vb dx wb x”
_cab | X0 for all [I']€ H,(X,—w).
J;fs_,’_a x Cl Ffs ¢1 + fs ¢X’ ora [ ]E n( > C())

The integrals on the right-hand side are called a set of master integrals in physics, see [61].

Example 3.22. In Example 3.7, we promised to show that I" from (56) is nonzero in twisted
homology. For this, let us fix values of s, ¥ such that 0 < v < v—s + 1. These are precisely
the convergence conditions derived in Example 1.10. We will come back to this later. The
twisted cycle T' in (56) depends on ¢, but by the Cauchy-Goursat theorem, the value of the
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integral (T, d%) is independent of € € (0,1/2). According to the three terms in (56), we split
the integral up into three parts: (T, dyx) = Iy(e) +1_(e)+ I;(¢). The first summand is

27
— 1 ooV 10— v /=16
Ip(e) = e2“‘/—_1”—1J0 (1—ee ) Peve de.

Because of the assumption v > 0, we have lim, o+ Io(¢) = 0. Analogously, one shows
lim,_,¢+ I;(¢) = 0. Finally, by (2), we have

1—¢ M
<F,d—x> = lim I_(¢) = lim f X dx = B(v,1—s).
X €

g0+ £—0+ (1—x) x

Since the result is nonzero, Corollary 3.21 implies [T'] # O. o

Our final goal in this section is to connect the Euler integrals (', ¢) obtained from the
pairing in Theorem 3.17 with the Euler-Mellin integrals from Section 1. For that, we first need
to reinterpret (I, ¢) as a function of s, v. We write w = w(s, v) to emphasize the dependence
on these parameters. On the cohomology side, the natural thing to do is to fix ¢ € Q"(X),
and regard it as an element in the varying cohomology vector space H"(X, w(s, v)). On the
homology side, we need to take into account the fact that the line bundle £_, ,) depends on
s,v. Let (s, v) = A ® (s, v) be the singular n-simplex A loaded with 7(s, v) € L_ ,)(A).
To see how 7 varies with s, v, note that it is a C-linear combination of the branches of

exp(—s;log f1 —---—s,log fy + v;logx; +---+ v, logx,),

restricted to A. Such a branch is fixed after fixing the branches of the logarithms log f;,10g x;,
which are independent of s and v. Our integral is the following function of s, v:

(s, v)— f7x"¢ = f (s, M)(x)p = (AR 1(s,v),9). (70)
ART(s,v) A

Taking derivatives of (70) in s, v can be done under the integration sign [42, Chapter XVII,
Theorem 8.2]. This implies the following Proposition.

Proposition 3.23. The function (s, v) — (A ® 1(s, v), ¢) from (70) is holomorphic.

It is straightforward to extend this to the case where I'(s, v) = > . dy(s,v) - A, ® T,(s, ),
where the coefficients d,(s, v) are meromorphic functions. Similar to Definition 3.3, we set

(T(s, ), 6) = D dy(5,7) J (5, M(x) ¢ (71)
p Ap

By Proposition 3.23, this is meromorphic in s, v. Notice that we can also view this as the sum
ZP(AP ® 7,(s,v),d,(s, v)$), allowing meromorphic coefficients in cohomology. This will be
useful in Section 4.1. It turns out we have seen (71) before.

Theorem* 3.24. Let fi,...,f, satisfy Assumption 1, and suppose that the Minkowski sum
A(f1) + -+ A(f,) has dimension n. Let X be as in (29). There exist finite sets of meromor-
phic functions d,(s, v), singular n-chains A, on X and sections T, (s, v) € L_s ,)(A,) with the
following property. For I'(s,v) = Zp dy(s, ) - A, ® T,(s, v), the function (s, v) — (I'(s, v), dTX)
form (71) is the meromorphic continuation (26) from Theorem 1.11.

This statement is labeled Theorem* 3.24 (with an asterisk) because, to the best of our
knowledge, there exists no rigorous proof in the literature. Yet, it is widely accepted and used.
Our sketch of proof below makes it more than a conjecture. Providing full details is among
the proposed problems in Section 5. This requires tools beyond our present scope.
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Sketch of proof of Theorem* 3.24. Consider the algebraic moment map in (39) with s; = 1. By
Lemma 2.7, u : R} — int(P) is a diffeomorphism, with P = Zle A(f;). This gives

dx
l_[ p1(x);”

where J,,-1 is the Jacobian determinant of u~!, and the last denominator is the product of
the entries of u~!. Like in Example 3.22, for values of s, v where the integral on the right
converges, we replace P by a twisted cycle I'(P), called the regularization of P, such that

J foyey Y f £ ) ()"

—S,,V y -1 —s, —1 y dx dx
J f)y F(P)f(.u ()7 u(x)"y, 11—[ 0, <F(P) l—[ 1 )]>

The integral on the right side is the pairing of a holomorphic n-form with the twisted cy-
cle T(P). Here we need to use the analytic version of twisted (co)homology. The mani-
foldis X = {x € C"* : fi(u 1(x))-- fr(u DU (x); - -u1(x), # 0}, and the twist is
@& = dlog(f (1 1(x))*u~'(x)"). The construction of the regularization I'(P) is that in [5, Sec-
tions 3.2.4 and 3.2.5]. For this, when P is not smooth, one needs to replace the moment map
u by that of a different toric variety, obtained by blowing up the toric variety of P in its singular
locus. The cycle I'(s, v) in the Theorem* is the pullback u*(T'(P)) of I'(P) under u. O

Theorem* 3.24 replaces integrating over R by integrating over I'(s, v). The twisted cycle
I'(s, v) is called the regularization of R”} [5, Sections 3.2.4 and 3.2.5]. Here is an example.

Example 3.25. We have seen two integral formulas for B(v,1—s) in Example 1.10:

V dy
J(l x)s_ J(1 x)slx(1 ) f (1+y)s—- (72)

The coordinate transformation is u : R, — (0,1), with x = u(y) = y(1 + y)~!. This is the
moment map from Lemma 2.7 up to scaling by §. Its complexification u¢ is an isomorphism

X, = C\{0,—1} £5 C\{0,1} = X

Let w, = dlog((1 —x)*x") € Q}(X) be the regular one-form corresponding to the middle
integral of (72). We define w, to be the pullback of w, along uc. That is, explicitly,

w, = p*(w,) = dlog((1—uc(y)' " uc(y)”) = dlog((1+y)~y").

The cocycle dx /(x(1—x)) pulls back to dy/y under u. A twisted chainT=A®7t€C;(X,,—w,)
is naturally pulled back to a cycle u*(T') € C; (X, —w, ) via

piT) = p ' (A)®(Tow).

As usual, this definition for simplices is extended linearly to C;(X,,—w, ). With this notation
in place, it is easy to check that for any I € C;(X,., —w, ), we have

dx dX _ yv d_y . d_y
< x(l X) (1 x)¥ x _fu*(r)(1+Y)S <.u (), Y >

By Example 3.22, if we pick T' as in (56) (with s replaced by s — 1), the left integral is a
meromorphic function in (s, ) which agrees with B(v,1—s) if 0 < v < v—s+ 1. Hence, the
regularization of R, is u*(T'). It depends on §, v as explained above. o
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4 Differential and difference equations

It is common practice to describe a function F via the differential or difference equations it
satisfies. More precisely, one attempts to find differential operators P such that P e F = 0, or
difference /shift operators S such that Se F = 0. Here P o F reads as P applied to F, and similarly
for S e F. In this section, F is an Euler integral (1), seen as a pairing between a twisted n-
cycle [T'] and the twisted n-cocycle [dx/x], see Section 3. Such an integral satisfies difference
equations when seen as a meromorphic function of s and v, as in (71).

Example 4.1. We have seen in Example 3.22 that the beta function B(v, 1 —s) is given by

x¥  dx
(1—x)y x’ 73)

I(s,v) = B(v,1—s) = f
r

where T is the twisted 1-cycle from (56). This agrees with the integral over (0, 1) in (2) when
Re(s) > 0 and 0 < Re(v) < Re(v) —Re(s) + 1. The shift operator in s, denoted o, acts by

o,0Z(s,v) =Z(s+1,7).
Similarly, the action of o, is o, ® Z(s, v) = Z(s, v+ 1). We claim that the shift operators
Si=1-0,(1—0,), and S, =v+so,0, (74)

annihilate 7, i.e., S; #Z =0 and S, e Z = 0. Here coefficients that are rational functions in s, v
simply act by multiplication. The identity S; @ Z = 0 is easy to verify:

v L y? — x?
os(l—av)OIzos-(J al d—x—f XX d—x)— A=x)-x? d—x
T T

(1—x)» x (1—x)y x ) r (T=x)* x

The rightmost integral equals Z =1 e Z. To see that S, ¢ Z = 0, we apply Lemma 3.9:

x” Y s x”
SZOI = L(l—x)s (;4‘ 1_x)dX = Lmvw(l) = 0.

Here V,, is as in (62). We reiterate that, in order to view Z as a meromorphic function of
s, v, it is important to keep in mind that w = w(s, ¥) varies. Hence, so does the local system
L_,, = L_ s and the twisted cycle I' = T'(s, ). This was explained in Section 3.3. o

The goal of Section 4.1 is to derive operators like (74) for general Euler integrals. These
operators appeared in [8, Section 3.1], [3, Section 3] and [47]. Shift operators for Feynman
integrals were studied in [10]. Section 4.2 discusses differential operators. For that, we must
view our Euler integrals as functions of a new set of parameters: The coefficients of f;.

Example 4.2. Fix two generic complex numbers s, v € C. We modify the beta integral (2) by
introducing complex valued parameters z;, 2, for the coefficients of the denominator f:

x” dx
I(zq, = _—
(21,22) Jr(zl +25Xx) X

The dependence on z = (z;,2,) is subtle. For instance, the very affine variety X from (29)
depends on z and, necessarily, so does I'. In this example, one can think about Z(z;,2,) as a
function on a small neighborhood of (2;,2,) = (1,—1), which corresponds to our original beta
integral. In that neighborhood, one can modify I' by keeping the 1-simplices in Example 3.1
fixed, and varying the sections in Example 3.2 with z;,2,. For instance, the initial condition
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To,0(€;21,22) = {(21,25) from (49) is given by {(z1,2;,) = exp(—slog(z; + 2z, €) + vloge), and
for the first log we use the analytic continuation of the positive branch near 1 —e.

The differential operator J, acts by partial derivation in z;, for i = 1, 2, and rational func-
tions in 2 act by multiplication. Here are two annihilating operators for Z(z;,25):

Py =20, +2,0,,+s, and P, =32,30, +. (75)
The derivatives can be taken under the integration sign. We verify P; ¢ Z = 0:

—sz;-x”  dx —s2ox - x”  dx
(zlazl+22822)01(z) = | —— T T o = —s-I(z).
1w(zl + 29 X) X l,(zl + 25 X) X

To see that P, e Z(z) = 0, we again need Lemma 3.9. We compute

S$Z9

x? v
0=Pyel(z) = | —————V 1 ith =|—————|dx.
0 1(2) Jr(zl+z2x)s oo, with o) = (F- = ae o

The differential operators (75) form an A-hypergeometric system or GKZ system of linear par-
tial differential equations. Such systems were introduced by Gelfand, Kapranov and Zelevinsky
to study A-hypergeometric functions [30,31]. We will introduce these systems and recall their
relation to Euler integrals in Section 4.2. For a recent survey, see [56].

4.1 Difference equations

We start with difference/shift operators in (s, v). In analogy with Example 4.1, we call these
operators o, fori =1,...,¢ and oy, for j=1,...,n. They act on the integral Z = (T, ¢) from
(71) as follows. We view (71) as the sum of pairings

I(s,v) = Y, d,(s, v)-J Tp(5, M) b = D (A, 87,(s,), dps, 7))
p Ap p

That is, the cocycle now depends meromorphically on s, v. We set

o5, @L(s,v) = L(s +e;,v) = Z (A, 7T,(s+e;,v),dpy(s+e,v)P) (76)
P

= 280,60, dls+enfT), D)

Oy, ¢ L5, 7) = Ils, vte)) = imp ®Ty(s, v+ep), dyls, v+e)) ) (78)
p

= Z<AP®TP(S’ v), dy(s+e;, V) x;¢). (79)
p

Here e; is the j-th standard basis vector. The reader should check the passages from (76) to
(77) and (78) to (79) carefully. The expressions (77) and (79) show that the action of the
shift operators can be viewed as an action on cohomology H"(X, w(s, v)). For instance,

o, o[p(, M =[fT oG +e, M), 0, 0[d(s, ] = [x;0(s,v+e)].  (80)

In [47], this action is defined on a cohomology vector space with coefficients in C(s, v). We
will also use the inverses as__l, cr;_l of these shift operators. Their action is straightforward to
i J

define. The variables s; and »; act on Z(s, v) by multiplication: s; ® Z(s, v) = s;Z(s, ), and
v; @ I(s, v) = v;Z(s, ). Notice that the operators s; and o, do not commute:

05,59 L(s,v) = (5; + 1)Z(s +e;, v) # s;Z(s +e;,v) = 5;0, ¢ L(s, 7).

Such commutator relations naturally lead to the following definition.
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Definition 4.3. The ring of difference operators R = C(s, v){0; oo Gfll, o

S¢

il) is the
C(s, v)-vector space with basis o 0 , where (a, b) € Z'*". Le., 1t consists of finite sums
aj ., ag bl b, _ a b
ga’b(s, v)crSl ool o) = ga’b(s, v)crS o,.
(a,b)ezt+n (a,b)ezt+n

The product is subject to the following relations. For any rational function g(s, v) € C(s, v),
[O-:l.ng(s) V)] = (g('s:l:ein V)_g(s, V))O-sia and [O-::;:jlzg(sz V)] =(g(5,v:l:ej)—g(s, V))O'vj-
Here [A, B] = AB — BA denotes the commutator.

The ring R acts on meromorphic functions in s, v as explained above. The annihilator
Anng(Z) of a meromorphic function Z(s, v) consists of all shift operators annihilating Z:

Anng(Z(s,v)) = {S€R : SeZI(s,v)=0}. (81)

Clearly, if S1,S, € Anng(Z), then S; + S, € Anng(Z) as well. Also, if S; € Anng(Z), then
S,S; € Anng(Z) for any S, € R. In other words, Anng(Z) is a left ideal of R.

To describe the annihilator of our integral, we introduce the notation f;(c,) € R for the
difference operator obtained by replacing x; — Ty, in f;(x). This is well-defined, since all Ty,
commute. For instance, for f(x)=1—x from Example 4.1, we write f(c,)=1—0,,.

Proposition 4.4. Let J C R be the left ideal generated by the following £ + n operators:
1-ogfi(o,), fori=1,...,¢, (82)

14
Zsl Gsla Lo,), forj=1,...,n. (83)

i=1
For any cycle T, the annihilator of the Euler integral Zy(s, v) = (T, dx) contains J.

Proof. We need to show that the operators (82) and (83) annihilate Zp(s,v). Let
filx) =23, ¢ciqx* wherec;, €Cfori=1,2,...,(. Hence, using (79), we find

fi(0) 0 T(s, v) = <r, S i xdf> ~(rsw). (84)

a

Together with (77) we find o, f;(c,) ® Ir(s, v) = (T, dyx) = Zr(s, v), which shows that (82)
annihilates Z(s, v). Notice that, for this, we do not use the fact that I is a cycle. To show that
the operators in (83) annihilate Z(s, v) as well, we compute

d 8 ; v, —1
Ji (0,)eIp(s,v) = fi dx , and o)'v;eTy(s,v) = (T, i dx )
a ax] X Vj xj X

Xj
We combine these identities to get

y.—1 4 g—fj(x) dx
(O‘ V—Z %5 3y (GV))'IF(S’V)=<F’ Jx~ _;si fi(x) x /[

J

To show that this is zero for any cycle I', we need to show that the n-form on the right is exact
(Lemma 3.9). That is, we need to find v such that it equals V ,(2)). The solution is

¢ i
vi—1 9x; dx L 9
— . — =V _1]
o 2w | x = e\ Y )

J

where dx; is the (n —1)-form dx; A--- Adxj_y Adxjyq A+ Adx,. 0O
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Example 4.5. The operators S; and 0;182 from (74) are (82) and (83) forn = ¢ = 1 and
f =1—x. We can use these operators to obtain the relation (63). Observe that

s*(1—o,+0,0,)—(v+so,0,) =s—so,—veJ.

Since J annihilates Zy = (I,dx/x) for all T (Proposition 4.4), this means
o, e[dx/x] = (s— v)s~! e[dx/x]. Applying 08_1 from the left (necessarily, because J is a
left ideal), we get

o ! (s—v) = (H—_v)o_l =1modJ, ie, o ! .[d_x] = (i).[d_x] .
s s s—1 s s X 1+v—s X
Similarly since o (1 — o + 0,0,) € J, we derive that
dx Y dx
) amnn]2]- (2 )[2]
e [x:| ( )[ ] 1+v—s. X

Now, we use these identities to write afoZO[dx/x] =[x?/(1—x)?-dx/x]in terms of [dx/x]:

d — v d a50b— d
O';IO'Z'[?X] = O'gO'I; 1(1+v—s).|:7x:| = O'SO'Z 2(211£5)(1+1})—s).|:_x:| =

X

Here the second equality uses the commutation rules. Suppose b,a € Z. are positive. After
repeating this step b times, we begin expanding o'

bo[9X] 2 ga Wb JJIXT_ Janr (s .
olo, [X]_O's(1+v—s)b [X]_O's (V—S)(1+V—s)b1(5) [ ]
= o072 )y s— v+1 d_X
= 0O, (v—s—l)(V—s)(l-}—v_s)b_z( s+1 [ X ]

T Q +(vvzbs)b_a ((—s)(—s—l)-l--(—s—a+ 1)) X ] '

The rational function we obtain is precisely that of (63). Notice that the numerator factors

(s—w), (s—v+1),...cancel with the denominators (v—s), (v—s —1), ..., and the minus
signs are absorbed in the denominator factors s,s + 1, .... The reader should check that if a, b
satisfy different sign conditions, we arrive at the same formula. o

Example 4.5 illustrates the concept of contiguity relations for the Euler beta integral. In gen-
eral, the action of shift operators can be captured by contiguity matrices. Let [¢1],...,[¢,]be
a basis for the twisted cohomology H" (X, w(s, v)) (for generics, v). There are y = (—1)"- y(X)
such basis elements by Corollary 3.19. We assume the [ ¢, ] have coefficients that are rational
functions in s, v. There are y X y-matrices Cj, Cy, such that

(F)qbl) (F:¢l> <r:¢l> (F, ¢1>

O ® = Csi : 5 Uvj b = Cvj :

r,$,) r,$,) r,$,) r,$,)

Here o, and o, act entry-wise on vectors, and the contiguity matrices C;,, Cy, have entries
in C(s, v). For more on these matrices and how to compute them, see [47, Section 5].

Remark 4.6. In the context of Feynman integrals, special choices of contiguity relations are
known as dimension-shift identities, because they relate Feynman integrals evaluated in differ-
ent space-time dimensions. We refer to [61, Section 6.2] for more details.
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Remark 4.7. Shift relations (80) give a practical way of enlarging the Nilsson-Passare domain

of convergence of Euler integrals in (s, v), as explained in Section 1.2. For instance, the shift
o0 ~

operator 0;1 v —S§0; annihilates the beta integral fo y¥/(1+y)ydy/y. Hence

r—1 d d
(V‘”'J AR A R G
g, 1+Y¥ ¥ g, 1+YFHy

v

(85)

This is an equality of meromorphic functions after replacing R, with its regularizer from The-
orem* 3.24. Suppose § € R, . The convergence region from Theorem 1.6 for the left hand side
is Re(v) € (1,5 + 1), while that of the right hand side is Re(v) € (0,5 + 1). Hence, (85) is used
to evaluate the meromorphic continuation from Theorem 1.11 for Re(v) € (0, 1).

4.2 Differential equations

As illustrated in Example 4.2, Euler integrals are annihilated by differential operators in the
coefficients of f;. These are new parameters denoted by z; ,, i.e.,

fi= D max®, i=1,..,0. (86)

aEA;

Here A; = supp(f;) € Z" is the support of f;, in the sense of Definition 1.1. We fix complex
parameters s = (s1,...,5,) € C' and v = (v4,...,7,) € C". The variety X defined in (29) is
also dependent on z. For this reason, we write X, instead of X. The Euler integral (1), seen as
a function of the coefficients z = (z; ,); o, defines a holomorphic function on an open subset
U of coefficient space C4 = C* x --- x C%. To define this function, we need to specify how
the twisted integration cycle I varies with z. For a fixed set of coefficients z* = (zi*, i € A4,
let [T(2*)] € H,(X,; —w(2*)) be a twisted cycle. The open set U is a sufficiently small neigh-
borhood U of z*. The choice [T'(2*)] gives rise to a family of cycles [T'(z)] € H,(X,;—w(z))
defined for z € U. For this, we fix the singular n-simplices, and vary the sections of £_,, in
the only sensible way. That is, I'(z*) = Zp d, A, ®7,(2%), where 7,(2") € L_,(,+) is a branch
of f(x;z*)x” which depends holomorphically on %, and

() = Y d, A, ®7,(2) € H'(X,,—o(2). (87)
p

Here d, € C are constants. This was illustrated for the beta integral in Example 4.2. It is
crucial that, with this construction, the twisted boundary 3,,(,)(I'(2)) is zero for all z € U.
Proposition 4.8. Let U > z* and [I'(2)] € H,(X,; —w) be as above. The function
—s vdx
Ir:U—C, z+— flx;2)*x"—€C, (88)
I(z) X
is holomorphic on U.

Proof. Since 7(z) is holomorphic in g, it suffices to observe that for z € U,

Io(z) = Y .d, J T(z)(x)d%.
p Ap

The theorem follows from the definition of a holomorphic function and differentiation under
the integral sign [42, Chapter XVII, Theorem 8.2]. O
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Our goal is to derive a system of differential equations satisfied by Z-(z). This is an example
of a class of such systems, called GKZ systems (after Gelfand, Kapranov and Zelevinsky) or A-
hypergeometric systems. We introduce these in general, and then specialize to our integrals.
The proof of the main theorem in this section (Theorem 4.12) uses the theory of D-modules.
Here the ring D is the Weyl algebra, which plays an analogous role as that of the ring R of
difference operators (see Section 4.1). To state Theorem 4.12, it is unnecessary to introduce
D-modules. We refer the interested reader to [22] for a nice introduction.

Let d be a positive integer and let A ¢ Z¢ be a finite subset. To each a € A, we associate

a complex variable z, and a partial derivative operator d, = aiza' For a function f(z) of

2 = (24)qea, its partial derivative %(Z) with respect to z, is denoted by J,f (z). The toric
ideal I, c C[0,, a € A] is an ideal generated by all binomials

[ To—] ]2,
acA

acA

where u = (uy)gen v = (Vg )gea € N are such that A- (u—v) = 0. That is,
Zuaa=2vaa. (89)
acA a€A

Of course, there are infinitely many integer vectors u—v satisfying A-(u—v), but finitely many
suffice to generate the ideal I,. Fix a vector € C¢. The GKZ system H,(f) associated to A
and f is the following system of partial differential equations in f(z):

HoB): D Za8uof(2)a—f(z)p =0, and P(3)ef(z) =0, for P(3)€l,. (90)

acA

Note that the first equation of (90) is an identity of vectors in C¢, and it is enough to check
that P(2)f = O for a finite set of generators of I,. On an open subset U € C#, we define the
space of solutions Soly, 3)(U) of Hy(f) as the complex vector space

Soly,py(U) = {f : U — C holomorphic: f satisfies (90) }.

Our Euler integral (88) satisfies the GKZ system specified by the following parameters. Set
d = £ + n. The Cayley configuration AC Z2 of A,,...,A, is

A={(e;,a) :a€A,i=1,...,0}cz%. (91)
We have seen this in (40). The vector 3 is —(s, v) € cd.
Proposition 4.9. For A, 5 as above, and Ir(z) as in (88), we have Ir(z) € Soly,p)(U).

Before proving Proposition 4.9, we encourage the reader to check that (75) is the GKZ
system for the beta integral. In that example, the toric ideal I, is 0. Notice that Proposition
4.9 is independent of the choice of cycle I'(z).

Proof of Proposition 4.9. By the definition of the Cayley configuration (91), the constraint (89)

..........

(ZGAi (XeAi

4 4
u; = Z Ujg = Z Vig(i=1,...,£), and Z Z Uj g = Z Z Vigl- (92)
AEA; AEA;

i=1 a€A; i=1 a€A;
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By our construction of I'(z) in (87), the integration contours A, C X are independent of z,
and we may apply the operators J, ,) to Zr(z) by differentiating under the integration sign.
The sections 7,(z) : A, — C differentiate to the corresponding branches of

-1

%e ) o f° = _sl.fl_sl ...fi_si ..fe—sexa. 93)

The operators generating I, are 1—[1 1 aea, (e . ]_[l [ aen, (e . We calculate

[TIT et ezt = [TETems—n [ oo B ey s

i=1 a€A; i=1 j=0 I'(z)

Doing the same for l_[f:1 I1 aen, 8(2’,“0‘) and applying (92) we see that I, annihilates Z;(z).
It remains to verify that the other operators in the GKZ system annihilate Z-(z) as well:

> 280 0 Ir(z)a—Tr(2)B = 0. 94)

acA

The first £-entries come from the homogeneity relation
_Sifi_Si = =5 (Z Zi,aX ) - Z Zi aa(e ,a) f
a€A

Forany j =1,...,n, the (£ + j)-th entry of (94) is derived by differentiating under the integral
sign and observing that the result is the pairing of I'(z) with the exact n-form

_dxg Aeeedxi_g Adxjyq - Adx ¢ B dx
w((_l)] ! xl,,,], ]...x - == Zsifi 1ZZi,axaaj+Vj ?
n

Xj—1Xj41 i—1 =y

Here, a; is the j-th entry of a. This generalizes what happened for P, in Example 4.2. O
Proposition 4.9 implies the following homogeneity property for the function Zp(z).

Lemma 4.10. Let A = {a;,...,ay} € Z%, B € C¢ and let U c CN be an open subset. If
f : U — C is holomorphic, then (A8 — ) e f(z) = 0 if and only if, for all z € U and for all
u € (C9)? such that (u®zy,...,u*zy) € U, we have

f(ualzlﬁ'--5uaNZN) = uﬁf(z) (95)

Proof. Suppose f(z) satisfies (95). We fix any 1 < i < d. Taking the derivative of (95)
with respect to u; and substituting u = (1,...,1), we obtain the i-th entry of the identity
(A8 — ) e f(z) = 0. For the other direction, suppose f (z) is annihilated by A8 — 3. To prove
(95), it is enough to prove it for u(i) = u; - ¢; with u; € C*, and e; the standard basis vector.
For any z € U, the funct1ons $1 ;= f(w(i)®zq,...,u(i)™zy) and ¢, : u; — u(i)P f () are
both annihilated by u; - a — B;. We also have ¢(1) = ¢,(1). Unique solvability of the initial
value problem of an O.D. E. implies ¢; = ¢, so (95) holds for u = u(i). O

Often, in applications, one is interested in differential equations satisfied by Z.(z) after
specializing the parameters z. This is the case for Feynman integrals, in which the coefficients
z; o depend linearly on the Mandelstam invariants. For the case of Example 0.2, we now show
how the equations in these new variables can be derived from the GKZ system.
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Example 4.11. We revisit the Euler integral (7) of Example 0.1. The differential equations
satisfied by this integral as a function of t{, t,, t5 are the running example of [39]. In this case,
they can be derived in an easy way from the GKZ differential equations for

T(z) = xlle;zxgs dx;dx,dxs
r r (21 X7 + 25 X5 + 23 X3 + 24 X5X3 + 25 X1 X3 + 26 X1X2)5  X1X5X3 ’
Here { =1,n =3, # =—(s, v, ¥, ¥3) and A consists of the columns of
111111
1 00 0 1 1
01 0 1 01
0 01110

We denote these columns by aj,...,as € Z*, and set 6, = Jq, for brevity. The toric ideal I, is
generated by P, = 8,0, — 3,0, and P, = 8,0; — 8;0,. These operators can be found using any
computer algebra software. For instance, in Macaulay?2 [33], the commands are

needsPackage "(Juasidegrees" 1
A = matrix{t,1,1,1,1,1},{1,0,0,0,1,1},{0,1,0,1,0,1},{0,0,1,1,1,0} 2
D = QQ[d_1..d_6] 3
T = toricIdeal(A,D) 4

The remaining operators constituting the GKZ system are
S L Okts, O+ 050+ v, O+ O,4+06+ vy,  O3+0,+05+vy, (96)

where 6, = 2, ,. Up to replacing ]R3 with T, the integral Z; in (7) is Zr(1,1,1,—t;,—t,, —t3).
Notice that here one could take T to be the regularization of R3 %, see Theorem* 3.24. To
turn our operators in z, .. ., 2 into differential operators in t{, t,, t3, we use the homogeneity
condition from Lemma 4.10:

Tr(u®zy,...,u%zg) = uf Ir(z).
We adopted the usual notation uf = u?u;vl u;vzuZ%. Foru = (1,21 ,Zy ,23 = 1) this reads

Z Z
Ir (1 1,1, —, = —6) = 2,'2,2,°Ir(2). 97)
2223 2123 2123

We differentiate (97) with respect to 2;, and afterwards we substitute
z = (1,—t) = (1,1,1,—ty,—ty,—t3). Using (I5Zr)(1,—t) = —0,,(Zr(1,—t)) and similarly
for 9¢Zr, we get

(8111")(]]. —t)=—(v1 +t28 +t3 ).Ir(:ﬂ. )
(2Zr)(1, f)z—(Vz‘Hlatl + t30; )'IFUl t),
(@)1, —t)=—(vs + t10;, +t20; ) o Zr(1,—t).

We now eliminate ,Zr, d,Zr, 37y in terms of 0, , 9;,, 9;,. E.g., the first equation of (90) is
133 .IF(Z) = (Zlal +--- +Z636 +5) .IF(Z) =0
This is equivalent to the following relation for Z(1,—t) = Z(1,1,1,—t;,—t,, —t3):

P3 .Ir(ﬂ.,_t) = 0, P3 = tlatl + tzatz + t33t3 + " + Vs + V3 —S. (98)
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Likewise, we obtain a relation

(840, Ir)(1,—t) = —3,, (B Zr)(1,—t) = 3, o (v + t28,, + t35,,) @ (1L, —1) (99)
=—3t10(v2+v3—s+t18tl)OIF(]1,—t). (100)

Here, we used (98) when passing from (99) to (100). Repeating this for the monomials in 131,
P,, we find that Z(1,1,1,—t;,—t,,—t5) is annihilated by the following operators:

Pl = tlatzl - t33t23 + (1 —S+ vy, + Vg)atl —(1 —Ss+ v+ v2)3t3 ,

Pz = tzaé—t?,aé +(1—S+ " + Vg)atz—(].—S'i‘ " + Vz)atg,

P3 = tlatl + tzatz + t33t3 + 1 + V9 + V3 —S.
These operators agree with the ones in [39, Equation (2.6)] after setting s = D/2. o

The local solutions of Ha(3) at a point z* € C* are given by the direct limit

Soly, (), = Lim Soly, (5)(U).
z*elU
Elements of Soly,g) .+ are represented by holomorphic solutions of H,(3), defined on a suffi-
ciently small open neighborhood U of z*. Theorem 4.12 describes it in terms of integrals. For
a facet Q of the polyhedral cone pos(A), we write r, for the primitive ray generator of the dual
ray {y € (R?)V : y-q> 0 for all ¢ € Q}. A complex vector § € C"** is said to be non-resonant
if rq - 3 ¢ Z for any facet Q of pos(A). The following is [31, Theorem 2.10]:

Theorem 4.12. Let f = —(s,v) € C'*" be non-resonant. For any z* € C4, the map
H, (X, —w(2")) — Soly,(p) .+ given by [T(z*)] — Zr(2) is a vector space isomorphism.

Remark 4.13. Theorem 4.12 implies that, for generic s, ¥ (in the sense of the Vanishing The-
orem 3.13), the dimension of the local solution space Soly, () .« equals the signed Euler char-
acteristic of X,.. For z* outside an algebraic hypersurface {E, = 0} ¢ C4, this number equals
the normalized volume of the convex hull of A [1, Theorem 5.15]. The polynomial E,4 is the
principal A-determinant, as introduced by Gelfand, Kapranov and Zelevinsky [32, Chapter 6].

While the function Z; is an integral over I'(z) against a particular cohomology class [dTX],
the pairing (I'(z), ¢) is well-defined for any twisted cocycle [¢ ] € H'(X,, w). Let [¢1],...,[¢,]
be a basis for the twisted cohomology H"(X,, w) for z € U. Again, by Corollary 3.19, there
are y = (—1)"- y(X,.) basis elements. We assume the [ ¢; ] have coefficients that are rational
functions in z. There exist y x y-matrices P, (a € A) such that

(T(=), ¢1) (T(=), ¢1)
aa i =P,
(T(2), ) (T(z), )
Here d, acts entry-wise on vectors. These expressions form the so-called Pfaffian system. The

Pfaffian system can be derived from a system of differential operators, like a GKZ system. The
general procedure is explained in [20, Section 3].

(101)

Remark 4.14. Pfaffian systems lead to one of the most efficient ways of evaluating Feynman
integrals [37]. In practice, (101) can be solved by providing boundary conditions (I'(z*), ¢;)
fori =1,...,y at some z = z* and using path-ordered exponentiation of the matrices C, to
evaluate the Pfaffian system at other values of z. See [38] for a pedagogical introduction.
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5 Open problems

The previous sections provide an overview of the basics of Euler integrals. While this is a
classical topic, the theory is currently still very much in development. We conclude with a list
of open research problems, hoping that the reader will join this effort.

1.

Evaluating integrals numerically. When the integral (13) converges, it can be evalu-
ated numerically using sector decomposition and Monte Carlo integration, see Remark 1.9.
When the real part of the exponents is large, it becomes increasingly important to con-
centrate the Monte Carlo samples in the close neighborhood of the critical point a from
Section 2.3. This could lead to effective numerical algorithms for evaluating convergent
Euler integrals, with applications in Bayesian statistics [13]. Likewise, in physics appli-
cations one often has to analytically continue in the parameters (s, ) before numerical
evaluation, which can be achieved using the results of Sections 3.3 and 4.1.

. Generic parameters. Theorems 2.1 and 3.13 make genericity assumptions on the expo-

nents s, v. In Theorem 3.13 that means outside a closed algebraic subvariety, in Theorem
3.13 it means outside a countable union of hyperplanes. The former can be seen as a limit
of the latter, by driving the parameter 6 from Section 2 to zero [47]. It is interesting to
describe these hyperplanes explicitly, and investigate this problem in more detail.

Non-generic parameters. In physics applications, one often encounters Euler integrals
with special coefficients and parameters. In particular, these are not generic in the sense of
Theorems 2.1 and 3.13. It would be interesting to develop the analogous theory applicable
to such cases, perhaps along the lines of [19,49].

Regularized integration cycles. As mentioned in Section 3, a rigorous proof of Theorem*
3.24 for general Euler integrals is currently still missing.

. Nice bases of cohomology. There are several reasons for which it is favorable to use basis

element for cohomology which are represented by dlog forms [57]. These are regular n-
forms obtained as dlog of a rational function. Another notion of a nice basis is related
to so-called canonical differentials equations for Feynman integrals [37]. In both cases, it
would be interesting to find criteria for such bases to exist.

. Beyond Euler integrals. While our framework deals with Euler integral defined by (1),

there are other types of integrals that resemble it. The list includes exponential integrals
[27,45], matrix hypergeometric integrals [35], and integrals over M, ,, [26,62]. Theorems
stated in this article mostly remain unsolved for these integrals.

Intersection pairing. The intersection pairing is a canonically defined operation on a
twisted cohomology, which can be used to reduce twisted cocycles to a basis [21,48,51].
Efficient evaluation of intersection pairing remains an important computational challenge.

x -Stratification. In Section 4.2, the very affine variety X, depends on the coefficients z of
the Laurent polynomials. We propose to study the loci in coefficient space on which the
Euler characteristic y(X,) is constant. E.g., for which z € (C*)* is | y(X,)| minimal?
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