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Quadratic relations between Bessel moments

Javier Fresan, Claude Sabbah and Jeng-Daw Yu

Motivated by the computation of some Feynman amplitudes, Broadhurst and Roberts recently conjectured
and checked numerically to high precision a set of remarkable quadratic relations between the Bessel
moments

/OO L)' Kot e (i, j=1,..., | (k=1)/2]),
0

where k > 1 is a fixed integer and /j and K, denote the modified Bessel functions. We interpret these
integrals and variants thereof as coefficients of the period pairing between middle de Rham cohomology
and twisted homology of symmetric powers of the Kloosterman connection. Building on the general
framework developed by Fresan, Sabbah and Yu (2020), this enables us to prove quadratic relations of the
form suggested by Broadhurst and Roberts, which conjecturally comprise all algebraic relations between
these numbers. We also make Deligne’s conjecture explicit, thus explaining many evaluations of critical
values of L-functions of symmetric power moments of Kloosterman sums in terms of determinants of
Bessel moments.
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1. Introduction

Let Ip(¢) and K(¢) denote the modified Bessel functions of order zero, which are solutions to the ordinary
differential equation ((19,)> — t*)u = 0. Since this equation has an irregular singularity at infinity, it does
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not come from geometry in the usual sense of encoding how periods vary in a family of algebraic varieties.
However, certain integrals of monomials in /o(¢) and Ko(¢) called Bessel moments are themselves periods,
as shown for example by the identity (see [Vanhove 2014, (8.11)])

14

/ I Ko(H) 1 dr = - ! dx
0(1) Ko == —.
0 20 Jazo (1 iy ) (L X0y V) = 1y

In a series of papers and conference talks Broadhurst and Roberts [Broadhurst 2016; 2017a; 2017b;
2018; Broadhurst and Roberts 2019; Roberts 2017] put forward a program to understand the motivic

origin of the Bessel moments
oo
/ Io(H) Ko(1)¢€ dt. (1.1
0

An important insight of theirs was to look at counterparts of these integrals over finite fields, pursuing the
analogy between the Bessel differential equation and the Kloosterman ¢-adic sheaf. Roughly speaking,
Ip(¢) and K(¢) correspond to the eigenvalues of Frobenius, and out of them one forms the k-th symmetric
power moments of Kloosterman sums. The generating series of these moments over finite extensions of
[, is a polynomial with integer coefficients. After removing some trivial factors and handling primes
of bad reduction, a global L-function Lg(s) is built with the reciprocals of these polynomials as local
factors. Back at the beginning, Broadhurst, partly in joint work with Mellit [Broadhurst and Mellit 2016]
and Roberts, Bloch, Kerr and Vanhove [Bloch et al. 2015], and Y. Zhou [2018a] proved or numerically
checked in many cases that the critical values of these L-functions agree up to rational factors and powers
of  with certain determinants of the Bessel moments (1.1).

For technical reasons, we shall make the change of variables z = r2/4 and consider the associated
rank-two vector bundle with connection on G,,, which is called the Kloosterman connection and denoted
by Kl,. Motives associated with symmetric powers of the Kloosterman connection were introduced
in [Fresan et al. 2022]. Namely, for each integer k > 1, we constructed a motive M over the rational
numbers, which is pure of weight k 4 1, has rank k' = [ (k — 1)/2] (resp. k' — 1) if k is not a multiple of 4
(resp. if k is a multiple of 4), and is endowed with a self-duality pairing

M @ M — Q(—k — 1) (1.2)

that is symplectic if k is even and orthogonal if k is odd. By design, the L-function of this motive
coincides with the above L-function L (s). The main result of that paper was the computation of the
Hodge numbers of My, which led to a proof that L, (s) extends meromorphically to the complex plane
and satisfies the expected functional equation.

In this paper, we investigate the period realizations of the motives My. By design, the de Rham
realization of My is isomorphic to the middle de Rham cohomology of the k-th symmetric power
SymF Kl,, which is defined as the image

Hig mia(Gm, Sym" Klp) = im[Hig (G, Sym* Kl;) > Hig (G, Sym* Kl,)]
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of compactly supported de Rham cohomology under the natural map to usual de Rham cohomology, and
comes with a perfect intersection pairing S,rcnid realizing (1.2). Extending a computation from [Fresan et al.
2022, Proposition 4.14], we exhibit a basis of middle de Rham cohomology in Section 3, which is natural
in that it is adapted to the Hodge filtration, and we present an explicit formula to compute the matrix of
S}{“id on this basis. If k is not a multiple of 4, the basis is simply given by the classes w; = [’ vé dz/z] for
1 <i <K/, where vy is a specific section of Kl,.

Besides, we shall prove that the dual of the Betti realization of My is isomorphic to the middle twisted
homology of Sym* Kl,, which is defined as the image

HM(Gy, Sym* Klp) = im[H (G, Sym* Klp) — H*4(G,,, Sym* K1)]

of rapid decay homology under the natural map to moderate growth homology. Elements of these
homology groups are represented by linear combinations of twisted chains ¢ ® e, where c is a path and e
is a horizontal section of Sym* Kl, that decays rapidly (resp. has moderate growth) on a neighborhood of
the support of c. These conditions ensure that de Rham (resp. compactly supported de Rham) cohomology
classes can be integrated along them, thus giving rise to a period pairing

PPt HM (G, Sym* Kl2) ® Hg i (G, Sym* Klo) — C.

This middle homology comes with a natural (D-structure and, likewise to middle de Rham cohomology, a
perfect intersection pairing B}(“id realizing the transpose of (1.2). By analyzing the asymptotic behaviors
of products of modified Bessel functions, we exhibit in Section 4 rapid decay homology classes «; for
0 < i <k’ whose images in middle homology are nonzero for i > 1.

Relying on the general results from the companion paper [Fresén et al. 2023], in particular the
compatibility of the Betti and de Rham intersection pairings with the period pairing, we prove the
following theorem. For simplicity, we only state it here when k is not a multiple of 4, postponing the full
statements to Proposition 4.6, Theorems 3.17, 4.7, and 5.3, and Corollary 5.7.

Theorem 1.3. Assume k is not a multiple of 4:

(1) With respect to the basis {w;}1<i<k’» the matrix of the de Rham intersection pairing Sf,{’rlid is a lower-
right triangular matrix with coefficients in Q) and (i, j) antidiagonal entries
k'
(—2)F % if k is odd,
(=D k=D
2K (j—i) (K'+1)!

(2) The middle homology classes {a;}1<i<k form a basis and the matrix of the Betti intersection pairing

if k is even.

Binid on this basis is given by

mid iei k=D — D! Broijp
By =1 ’ ) ' ,

where ‘B,, denotes the n-th Bernoulli number.
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(3) With respect to the bases {a;}1<i<k and {w}1<j<k’» the matrix of the period pairing P,r(nid consists of
the Bessel moments

oo
P;{nld — ((_1)/{-12/(4‘1-2] (ﬂl)l / Io(t)lKo(t)k_ltzj_l dt) .
0 1<i, j <k

(4) The following quadratic relations hold:
P;(I‘lid . (Sl’knid)—l . IPI’kI’lid — (—27‘[i)k+lB;<nid.

Quadratic relations of the shape PJ® - D}* - 'P® = BJ® were conjectured by Broadhurst and Roberts
[2018]. As we explain in Section 5.3, their matrices P}* and B}* coincide with ours up to different
normalizations, but we were unfortunately unable to prove that, again up to normalization, the inverse of
S}(nid satisfies the recursive formulas defining their matrix Dp*. Nevertheless, we checked numerically that
both matrices agree for k < 22, which is the limit for reasonable computation time with Maple.

Grothendieck’s period conjecture predicts that the transcendence degree of the field of periods of My
agrees with the dimension of its motivic Galois group. Since the Betti intersection pairing is motivic, this
is a subgroup of the general orthogonal group GOy if k is odd and of the general symplectic group GSp,
(resp. GSp;/_;) if k is even and not a multiple of 4 (resp. if k is a multiple of 4). Broadhurst and Roberts
conjecture that this inclusion is an equality, which would mean that for fixed k the quadratic relations
from Theorem 1.3 conjecturally exhaust all algebraic relations between the Bessel moments.

Finally, in Section 8 we make Deligne’s conjecture explicit for the critical values of L (s) by identifying
the periods that are expected to agree with them up to a rational factor with some determinants of Bessel
moments already considered by Broadhurst and Roberts. Prior to that, we identify in Section 7 the period
structure of the motive M with the period structure attached to the middle cohomology of Sym* K1, by
means of Theorem 1.3. For that purpose, the appendix develops the necessary tools in a general setting of
exponential mixed Hodge structures, complementing thereby the appendix of [Fresdn et al. 2022].

Notation 1.4. We refer the reader to [Fresan et al. 2023] for the general setting of de Rham cohomology
and twisted homology of vector bundles with connection, as well as the intersection forms and period
pairings on these spaces. Throughout this article, we use the following notation and conventions:

» Given an integer k > 1, we set
K'=[(k—1/2)] (.e.,k=2k"+1 forodd k and k =2(k’ + 1) for even k).

» Since the case where k is a multiple of 4 plays a special role throughout, we use the simplified common

notation

Hl’k,]]:{{l,...,k/} %f4fk,
(1. K\ {k/4} if4|k,

so that

, .
ALK = :k if 41k,

K'—1 if4|k.
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We will consider square matrices indexed by i, j € [1, k']] that, when k is a multiple of 4, are obtained
from a kK’ x k' matrix by deleting the row and column of index k /4.
o For integers m < 0, the factorial m! and double factorial m!! are given the value 1.

o For each integer n > 0, we denote by B,, the n-th Bernoulli number, i.e., the n-th coefficient of the
power series expansion

X > x"
e —1 Z B”H'
n=0
o The base torus is denoted by Gy, ;, and is regarded as included in the affine line with coordinate z. The

coordinate 1/z is denoted by w. We also consider the degree two morphism p; : Gy ; — G which, at
the ring level, is defined by z — 12 /4.

2. Pairings on the Kl, connection and its moments

In this section, we explain the algebraic duality pairing on Sym* Kl, that gives rise to the de Rham
intersection pairing. On the other hand, we endow the associated local system of flat sections Sym* KlzV
with a (D-structure and a topological duality pairing that will give rise to the Betti intersection pairing.

2.1. The Kl; connection. We first recall the definition of the Kl, connection, referring the reader to
[Fresén et al. 2022, Section 4.1] for more details. We denote by Gy, , (resp. Gp, ;) the torus Gy, over the
complex numbers with coordinate x (resp. z), and we define f : Gy X G, — Al as f(x, z) =x +z/x.

Let 77 : G x X G ; — G, denote the projection to the second factor and E/ the rank-one vector
bundle with connection (0g,, , xG,,., d+d f) on Gn x X G, ;. We define Kl, as the pushforward (in the
sense of Z-modules) #'n, E I this is a free 0g,,-module of finite rank endowed with a connection
having a regular singularity at the origin and an irregular one at infinity. Since the varieties we work
with are all affine, it will be convenient to identify coherent sheaves with their global sections. To the
sheaf 7' E7 is then associated the module H' 7 E/ of global sections. Fixing the generator dx/x of
relative differentials and denoting by 0, the partial derivative with respect to the variable x, we then have

Kl = H' 7, E/ = coker[Clx, x ™!, z, 77 '] 2200 e, xL, 2, 271,

It follows that K1, is the free C[z, z~']-module generated by the class vy of dx/x and the class v; of dx.
The connection V on Kl, satisfies

0z
ZVy.(vo, v1) = (vo, v1) - <1 0) ,
so that vg is a solution to the differential equation ((zd,)> —2)v=0.
Let j : Gy, <> P! denote the inclusion. We write j; for the adjoint by duality of the pushforward j.,
and similarly for 7. The same argument as in [Malgrange 1991, Appendix 2, Proposition (1.7) page 217]
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shows that the natural map (j x Id)+E/ — (j x Id), E/ is an isomorphism. Projecting to Gy, ., we
deduce that
H' m:E/ - H' n Ef Q2.1)

is an isomorphism as well. Let us make this explicit. We set x’ = 1/x. By an argument similar to that
of [Fresan et al. 2023, Corollary 3.5], we can represent an element of H! 77; E/ as a pair (fﬁ\ ,ndx/x) =
(¥, —n dx’/x"), where

e neClx,x7 1, z,z71],
« ¥ = o, ¥c), with
Yo € Clz, z IxNlx™"1 and P € Clz, 2~ IxNx"71,
are such that the following holds:
(X0 + (x — 2/ Yo =tgn, (B + (2x' = 1/x) o = —t. (2.2)

Here, (5 : Clx, x 1z, 2711 < Clz, z7"1[x][x '] denotes the natural inclusion, and similarly for (.
On these representatives, the natural morphism (2.1) is given by (fﬁ\ ,ndx/x) — ndx/x. Checking that
(2.1) is an isomorphism amounts to checking that, for any 5 as above, there exists a unique 1’#\ such

that the (2.2) hold. Setting Yo = 3_,=, Yo (Dx" and Yoo = Yo Yoo (@x™, g0 = 3, no.nx",
L& =Y, NoonXx™, we determine Vo ,(z) and Yo »(z) inductively by

Vo1 =27 kYo +Y0u-1=100)s  Woon+1 = MWoon + 2Woon—1 + Mooy (2.3)
thus showing explicitly that (2.1) is an isomorphism.

Example 2.4. The element of H' i E ! corresponding to v (resp. vy) is (¢, dx/x) (resp. (17/\ ,dx)), where
the elements ¢ and 1}\ determined by (2.3) satisfy (note that n = 1 resp. n =x = 1/x’)

®0,<0 =0, Yo.<1 =0,
wo1=—2"", Yoo,<0 =0,
Yoo, <0 = 0, WO0,0 =1,
Yoo,1 = 1, VYoo,1 =0.

2.2. Algebraic duality on Kl, and its moments. Set
D ={0, 00} = P!\ Gy.
Starting from the tautological pairing E/ ® E~/ — (g, , xG,.. d), we deduce a natural pairing
(-, ) H'mE ' @H' ny E-f - W2 106, x6,,, —2> Clz*™'],

where the isomorphism resp stands for the residue along D as in [Fresan et al. 2023, Section 3.c] (see also
the proof of Lemma 2.5 below). Let ¢ : Gy x X Gy ; = G x X Gy, ; denote the involution (x, z) — (—x, z).
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Then (t E~/ = E/, and this defines a canonical isomorphism . : H' 7 Ef = H' 7, E~/ since mot =.
Let us set

(vy » v7) ="(vo, v1) = (dx/x, —dx),
that we consider as a basis of H! 7, E~/. Then the matrix of zVj, on H!' 7, E~7 is equal to ((1) 8) and
the above isomorphism reads w(vo, v1) = (v, , v;).
Lemma 2.5. The induced pairing

(-, g :H' 7wy BT @H w B — Clz™]
defined by (-, - )aig = ((2.1)71-, - satisfies

(v0, vo)alg = (v1, V1)aig =0,  (vo, V1)alg = —(V1, Vo)alg = 1.
In other words, we get a skew-symmetric perfect pairing on Klj,:

(s Dag : Kbz, V) ® (Klp, V) — (0,,, d), (2.6)
which amounts to a canonical isomorphism A : Kl — KI; with the dual connection endowed with the
dual basis (v, v}), by setting

Kl, 28 K13
(vo, v1) > (—vy, vp).

Proof. We compute with the notation of Example 2.4. We find, on the one hand,

—~ _ ~d
(v0, vo)ag = ((®, v0), vy ) =TESD §07x = 0,0 — Po0,0 =0,
(1, V1ag = (P, v1), v]) = —resp ¥ dx = —Yo 1 + Yoo,1 =0,

and, on the other hand,
(vo, V1)alg = ((@, v0), vy ) = —resp P dx = —@o,_1 + Poo,1 = 1,

- - ~d
(V1. vo)atg = (¥ v1). v5) =resp = = Yo,0 — Va0 = 1. O

For each k > 1, let &; be the symmetric group acting on the tensor power Kl?k by the natural
permutation action. Let Sym* K1, be the symmetric power regarded as the &-invariant part of Kl?k . We
consider the basis u = (u4,)o<q<k Of Symk Kl, given by

1
=— o (P @ vP),

k—
=M =g

a
1
eSSy

in which the connection reads

20Uy = (k —a)ugp1 +azuga—y (0<a<k)
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with the convention u; | = 0. The pairing (2.6) extends to Sym* Kl,, which is thus endowed with the
following (—1)*-symmetric pairing (compatible with the connection):

(—1)a%"” ifa+b=k,

otherwise.

(ua, ub)alg = (27)

2.3. The Q-structure of K12V and its moments.

The Q-structure for a fixed nonzero z. We start by considering the Q-structure on the fiber of the sheaf
of analytic flat sections KlzV at some z € Gy, ;. We consider the function f; : Gy, , — Al, defined as
f.(x) = x + z/x, where z is a fixed nonzero complex number, and E/ = (O, ,,»d+df;). Let P! be the
projective closure of Gy, , and let P! be the real oriented blow-up along D = {0, oo}, which is topologically
a closed annulus. We denote by J : Ghy < P! the inclusion of the open annulus into the closed one.
On P!, the de Rham complexes with rapid decay DR™(E /) and with moderate growth DR™(E /) have
cohomology in degree zero only (see [Fresdn et al. 2023, Theorem 2.30]), and the natural morphism
DRY(E/) — DR™9(E) is a quasiisomorphism. Indeed, the function e~/ on Gy, has moderate
growth near a point of the boundary dP! if and only if it has rapid decay there. Above x = 0, this amounts
toargx € argz + (—m/2, w/2) mod 2. Above x = 00, this amounts to argx € (—x /2, 7/2) mod 27.
We denote by ﬁgd the open set which is the union of G}, and these two boundary open intervals, so that

we have natural open inclusions

an a 1 b i
Gy = Py——P".

Then multiplication by e~/= yields an isomorphism of sheaves of C-vector spaces
b..a.Con > #"DRY(EF) = #°DR™YET). (2.8)

Definition 2.9. The Q-subsheaf #° DR (E/)q c #° DR™(E) is the image of b a;,+Qgw under
the above isomorphism.

The Betti Q-structure on H(liR(Gm’ «, ET) (see [Fresan et al. 2023, Section 2.d]) is defined by means of
(2.8) as

Hir G, v, E)g =H'(P', b.1a. .Qen ) = Hi Py, a Qe ).
We denote by (recall that z # 0 is fixed):

* cp the unit circle in Gy | starting at 1 and oriented counterclockwise.

* c; a smooth oriented path in G , starting in a direction argx contained in argz + (—7/2, 7/2)
mod 27 at x = 0, intersecting c; transversally only once, so that the local intersection number
(Kronecker index) (¢}, ¢;) is equal to one, and abutting to x = oo in a direction of arg x contained in
(=m/2, 7 /2) mod 27r. The precise choice of ¢} will be made later. We also consider the path ¢
obtained from ¢} by applying the involution ¢: x > —x.
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These paths define twisted cycles o] = —c! ® e /= and B =¢)® e~/ in rapid decay homology
Hrld(Gm,x, E'2) (see e.g., [Fresan et al. 2023, Section 2.d]). Similarly, we set

@) =—c;*@e" and (B) =-cy@e”,

which define twisted cycles in HrlCl Gmy, E —/2). As for the de Rham cohomology, the involution ¢ induces
an isomorphism Hrld(Gm,x, Ef) - H‘id(G:m’x, E~/%) sending a rapid decay chain s > a(s) ® e~/ to the
rapid decay chain s — —a(s) ® /7, and thus inducing the corresponding Betti intersection pairing

HY G, EF) @HY Gy, EF) = HY Gy, EF) @ HY Gy, E™) — Ho(Gpy, ©) =C

This pairing is easily computed and has matrix ((1)(1)), thus showing that (o}, B}) is a Q-basis of
Hi (Gm.x, EM)a.

For applying [Fresdn et al. 2023, Proposition 2.23], we use the topological duality pairing (-, - )ip
on Hrld(Gm, » E?), which preserves the Q-structure since it is induced by Poincaré—Verdier duality. The
following relation holds; see [loc. cit., (3.10)]:

(-, ')topzzﬂi('a ')alg-

We let ( P — ZLmvlv) denote the dual basis of (v;) with respect to (-, - )op.

Proposition 2.10. The Q-vector space HéR (Gum.x» Ef)q is the Q-span of

eo=|—1 e 7dx)-vo— | — e /*—)-v and
2mi o 2mi o X
1 1 dx
Y —fz dx 22 )
. (2ni/c§e ) UO+(2mf x) .

Proof. From [loc. cit., Proposition 2.23], we deduce that HéR(Gm,x, E fZ)@ is the Q@-span of

Prd mOd(,BZ , U(; top)vo_i_Prld,mod(IB; v, top)v1 and I:)rld,mod Otx v, top)v +Prd mod Otx v, toP)U], (2 11)

rd,mod

where P} Hrd((Gum wEMH® H1R(<Bm , Ef?) — C denotes the period pairing from [loc. cit., Sec-

tion 2.d]. We conclude with the identification

y 1 v 1 1
v ’mp:—v ——[dx] and v, 1P — =——vo=—-—[dx/x].

0 27 27 27 27

For example, the integral 2%“ f03 e~ /= dx is identified with the period

Prd mod (ﬂz , (\)/ tOp). l:'
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The Q-structure on K12V . We first recall some basic properties of the modified Bessel functions of order

o= fon(-H0+ D)

Ko = 5 /Ooo exp(~5(v+7)) S Cargrl <72

ZE10

2.12)

which are annihilated by the modified Bessel operator (19,)2 — 2. The function Io(7) is entire and satisfies
Io(t) = Ip(—1t). The function K(¢) extends analytically to a multivalued function on C* satisfying the
rule Ko(e™'t) = Ko(t) — wilo(t).

We have the following estimates as + — 0 in any bounded ramified sector, by taking the real determi-
nation of log(¢/2) when ¢t € R.g

Io(t) =14+ 0@,  Ko(t) = —(y +log(t/2)) + 0(* log1),
where y = 0.5772 ... is the Euler constant. As a consequence, in such sectors,

Io(t) Ko()* ™" = (=D (y +1og(t/2))* 7 + 0 (t* log" 7 1). (2.13)
On the other hand, we have the asymptotic expansions at infinity (see [Watson 1944, Section 7.23])

2 (2n=1NH% 1

Io(t)fve’m; R larg 1| < /2
- 2
Ko(t) ~ e~ /»Z( 1)"((2”23,11') ) o large] <3772 (2.14)
(n =D 1
Io(1) Ko (1) ~ Z Z BT

n=

The latter is the unique formal solution in 1/¢ of the second symmetric power (t9,)3 — 4t%(1d,) — 41% of
the modified Bessel operator up to a scalar. Let us also note that these asymptotic expansions can be
differentiated termwise. The Wronskian is given by Io(¢) K (1) — I[(t) Ko(t) = —1/1.

We now assume that z varies in C \ R¢o and we choose a square root ¢/2 of z satisfying Re(z) > 0,
that is, arg? € (—m /2, 7/2) mod 27. Due to formulas (2.11), since the integration paths can be made
to vary in a locally constant way, we conclude that e, e; are sections of K12V on this domain, and their
coefficients on the basis vy, v; are holomorphic there. We will express them in terms of the modified
Bessel functions. We set x = (¢/2)y. On the one hand, we have

| _pdx 1 ( ( 1>)dy 1 ( ( 1)>dy
1 SEN _t N = 1)
2mi Jo O X T 2w fme TP\ 2 YIS T am [ ez ) = b
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On the other hand, we now regard y as varying in R.o and set ¢} = (1/2)R.¢, so that, for x € ¢}, both
arg(z/x) and arg(x) belong to (—mr /2, w/2) mod 2. Then, similarly,

1 —f dx 1 ( t( 1>)dy 1
= 22— —= —) )= = —Ky®).
2mi Cfe X 2mi R>Oexp 2 y+y y i o(®)

By flatness of eq, €1, we obtain therefore
1
eo = (t/2)1)(t)vo — Ip(r)v; and e = ;(—(I/Z)K{)(I)vo + Ko(t)vy). (2.15)

The pairing (-, - )op = 27i( -, - )aig being flat, it induces a nondegenerate pairing on the constant sheaf
K13 |c\re, and we have there

(e0r e1)op = 2i((1/DI(0) - - Ko(0) = To(t) - (/2 - K§(0)) = 1T Ko(t) — To( K1) =1,

according to the Wronskian relation. The other pairings are deduced from this one by skew-symmetry.
We also obtain

vo= 2Ko(t)ey+2mily(t)er), wvi II(K(/)(I)e()—{-?TiI(/)(l)e]). (2.16)

In order to cross the cut z € R_(, we note that the coefficients of e, regarded as functions of z € C, are
entire, while those of e are multivalued holomorphic, and the monodromy operator 7 defined by analytic
continuation along the path 6 — e’z (6 € [0, 27ri]) acts on e; as T'(e;) = e; + eo. This shows that the
Q-structure of K3 |c\r <o €xtends to a Q-structure of K1Y, which will be denoted by (K1 )q. Moreover,

(-2 op t (K ® (K)o — @
is a nondegenerate skew-symmetric pairing, and the multivalued flat sections ep and e satisfy (e, e1)wp=1.
The Q-structure on Sym* Kl,. We naturally endow Sym* K1, with the pairing
(- op = Q) (-, - Jag

and the (D-structure (Symk Klz)g = Symk((KlzV )a). The monomial sections

1
ey el =—=> o ®ef) (0<a<kh) (2.17)
|6k| oed
k
form a basis of multivalued flat sections of the subsheaf (Symk Klz)g of (Kl?k)gp and satisfy
1!
(—1)0% ifat+b=*k,

otherwise.

k— k—b b
(eg “ef. ey el hop =

(2.18)
Lemma 2.19. The coefficients of the flat sections eg_“ e{ on the meromorphic basis (up) of Sym* Kl,
have moderate growth at the origin. Moreover, they have moderate growth (resp. rapid decay) in a small
sector centered at infinity and containing R~ if and only if a < k/2 (resp. a < k/2).
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Proof. Since I(’)(t) (resp. K(/)(t)) has an asymptotic expansion similar to that of Iy(¢) (resp. Ko(¢)) at the
origin and at infinity in the specified domains, the first statement follows from (2.15) and the definition
(2.12) of Iy and Kj. Besides, the asymptotic expansion of Iy and K at infinity (2.14) implies the second
statement by calculating the power of e’ in the products of I and K. ]
3. de Rham pairing for Sym* Kl,
The main result of this section is the computation of the matrices of the de Rham pairings
Hlg (G, Sym* Kly) ® Hig (G, Sym* K1) = €

; @3.1)
H‘liR’mid(Gm’ Symk KIZ) ® H<11R,mid (G’m, SYmk Klz) Sm—ld> C

with respect to suitable bases, taking into account the self-duality pairing induced by (2.7). Since the latter
is (—1)k -symmetric, (3.1) is (—l)k“—symmetric. We first make clear the bases in which we compute the
matrices.

3.1. Bases of the de Rham cohomology. Let
e Symk Kl, — (Symk Kb); and (&: Symk Kl, — (Symk Kl))s

denote the formalization of Sym* K1, at zero and infinity respectively, and V the induced connection. We
can represent elements of H(ljR, (Gn, Symk Kl,) as pairs (i, n) as (see [Fresan et al. 2023, Corollary 3.5])

o 7 = (i, Moy) is a pair of formal germs in (Sym* Kl);® (Sym* Kly) &,

1 belongs to I'(Gp,, qu;m ® Symk Kl,),
such that, denoting by 77 = (151, t&n) the formal germ of 7 in
(25, 5® (Sym* Kbl © [21 5, ® (Sym* Klp)s ],

i and 7 are related by Vi = 7.
We can regard HéR,mid(Gm’ Symk Kl,) as the image of the natural morphism

HcllR,c(GIn’ Symk KIZ) - H(llR(Gm, Symk Klz)

sending a pair (m, n) to . Recall that H(liR’mid(Gm, Symk Kl,) has dimension k" if k is not a multiple
of 4, and k' — 1 otherwise; see [Fresan et al. 2022, Proposition 4.12]. According to [Fresén et al. 2023,
Remark 3.6], there exists a basis of HJIR, (G, Symk Kl,) consisting of

o pairs (m;, 0); where (m;); is a basis of ker V in (Sym* Kly)5 @ (Sym* Kl»)s, and

« aset of pairs (1, 1), of cardinality dim HéR’mid(Gm, Sym* Kl,), related as above such that (1;);
are linearly independent in HfiR (G, Sym* K1,).
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Furthermore, such a family (n;); is a basis of HéR’mid(Gm, Symk Kl).
We set (recall that ug = vlg)

w; = [z'updz/z] € Hig (Gm, Sym* Klp), 0<i <Kk (3.2)
It was proved in [Fresdn et al. 2022, Proposition 4.14] that
B ={w; |0<i <k}

is a basis of HéR(Gm, Sym* Kl,). This property also follows from the combination of Lemma 3.3,
Proposition 3.8, and Theorem 3.17 below (see Remark 3.22).

We first determine which linear combinations of elements of % belong to H(liR,mid(Gm’ Sym* Kl).
Foreachi =0, ..., k', we look for the existence of

i = (.0, Mi.00) € (Symf Kly)g @ (Sym* Klb) s
such that Vit; = (i5(w;), t& (@;))-

Lemma 3.3 (solutions at z =0). (1) The subspace ker vVc (Symk Klb)g has dimension one and a basis
is given by oo = ej.
(2) There exists m; o if and only if i > 1 and, in such case, there exists a unique m;  belonging to
ZCllz] - u.
In fact, for any j > 1, there exists a unique i j o € zCl[z]l - u with Vifi j o = 15(z/ ug dz/2).

Proof. Set (V,V) = (Symk Klp, V). We first claim that C[[z]] - u is equal to V5, (the O-th step of the
formal Kashiwara—Malgrange filtration at the origin, similar to that considered in the proof of [Fresdn
et al. 2023, Proposition 3.2]). Indeed, it is standard to show that there exists a formal (in fact convergent)
base change P(z) =1d+zP; + - - - such that the matrix of V in the basis ' = u - P (z) is constant and
equal to a lower standard Jordan block with eigenvalue 0. It follows that " is a C[[z]]-basis of Vj , and
the claim follows, as well as the first point of the lemma.

Let us consider the second point. Setting Va’_l = zVaO, we have recalled in [loc. cit.] that z9, : Va’_l —
V5.1 s bijective. The “if” part and its supplement follow. It remains to check that ¢5(uo dz/z) does not
belong to the image of V. It amounts to the same to replace ug with u, defined above, and since u, is the
primitive vector of the matrix of V., the assertion follows. (I

We now look for the solutions of 6131},00 =15(w;) fori =1, ..., k. For this purpose, we introduce
the constants y; ; as follows. Let us assume that 4 | k. Recall that we have set w = 1/z on Gp,. Write the
asymptotic expansion as

o0
2K (Io() Kot ~ wh* >y jag jw?, (3.4)
j=0
so that we can define yx ; by the residue

24 (Io(1) Ko(1)*?
witl! '

Vk,i = I€8y=0 3.5
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We have y;; =0ifi <k/4, yia=1,and y;; >0 foralli e k/4+N* e.g.,

k k(k 4+52) k(k* + 156k + 13184)
VItk/4 =550 Yh2HhA= T3 Vk3k/4 = 5193 ) (3.6)
For what follows, it will be convenient to set
Vei=0 (i €ek/4+7)if 4tk. 3.7

Proposition 3.8 (solutions at z = 00). Letus fixi € {1,...,k'}:
(1) For 41k, the equation /V\f}\i,‘,oo =15 (w;) has a unique solution.

(2) For4 |k andi # k/4, the equation
Vil o0 = t&(@; — Vi,i Wk /4)

has a solution (in fact a one-dimensional affine space of solutions) where yy ; is given by (3.5).

Moreover, the subspace kerV C (Symk Kl)s is generated by the formal expansion my s 00 of

2k i)* /2 (eger)F/2.
In fact, for any j > 1, there exists m j o, satisfying 611’5];00 =1z — v jZMugdz/z.

The second assertion of 3.8(2) is easy to check from the formal structure at infinity of Sym* Kl,; see
[Fresédn et al. 2022, Proposition 4.6(3)]. We set
mo = (mo,0, 0) (i-e., Mo,00 = 0) for all k,
mija = (0, Myja00) (e, Mga0=0) if4|k,

and (see Notation 1.4)

i k4
a)§={0 ifi=0andi =k/4, (3.9)

wj — Yrioka i i e [1, k7,
so that ; = w; if 4tk and 1 <i <k’,orif 4|k and 1 <i < k/4. Once we know that % is a basis
of HéR(Gm, Symk Kl,), using the convention (3.7) we derive the following from [Fresan et al. 2023,
Remark 3.6(4)]:

Corollary 3.10. The following set of k' + 1 elements

PP _ [{@Gno, 0), (my, w1), ..., (Mg, o) if 41k,
Bre = mi, w)o<isk =1, ~ ~ ~ o~
{(mo, 0), (M1, ), ..., (M4, 0), ..., (Mg, @) ifdlk,
is a basis ofHéR,C(Gm, Symk Kly).
Let us consider the subset % mig of the k' (resp. (k' — 1)) dimensional subspace H(ljR,mid (G, Symk Kl,)
of H(liR(Gm, Symk Klp) if 41k (resp. if 4| k):
{w; |i el kT if 44k,
Brmid=1, ,, . , .
{w; i e[[1,K'T} if4|k.

Corollary 3.11. The set % miq is a basis of Hig :4(Gm, Sym* Kl).
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Remark 3.12. Part of this result can also be proved as a consequence of [Fresan et al. 2022, Proposi-
tion 4.21(2) and Theorem 1.8]. However, the present proof does not rely on Hodge theory.

Proof of Proposition 3.8. Recall that ey, e; are defined by (2.15) and w; by (3.2). Let us set e; = wie;.
Then vy = 2(Kpeo + Ipe;) and

k kya pk—a
kN2 1Ky 4, dw
oi==) () A
a=0

We have to examine if there exist &; , in some extension of C((w)) such that
k
Wik = —w (2FICKE)  and Z( )g, 58 € (Sym Kly) s if 44k,
=0

and a similar property in the case 4 | k. Then one takes

k
-~ k—
mj oo = E ( >$taeo “ a.

a=0

We write y ,
ZkIgKg—a {ﬁ e 2020w k/a-i g a#k/2,

k/A—i (@n—1))3 NK2Z
w / I(Z;ﬁowwn> a—k/2,

with F, € 1 + /wQ[[/w]. When a # k/2 there exists a unique &; , with the expansion

wi

ﬁkua )
si o~ e—2(k—2a)/ﬁwk/4—l+l/2 . Gi 4 (313)

(k —2a) '
for some G; , € —1 4+ /wQ[/w]. Moreover, when expressed as a combination of monomlals vk bvlb ,
such &; aek “ e{ has no exponential factor and, if o denotes the action w4 > iw!/* so that C((w)) =
C((w'/*)°, one has o (&;, aek “ef) =& k- aegell‘ % When4|(k+2)anda = k/2, the exponents of w in
the expansion of 2w/~ 115‘ K(])‘ “ are in 2 + Z and one takes &; > satisfying

wk/4=i
Si,k/2 ~ (k/4——l) i

with G; € —1+wQ[w]]. Then the factor &; ;> (epe1)*/? has no exponential part in its expression in terms
of vy, v and is invariant under o. Finally, when 4 | k, kK > 8 and a = k/2, the residue

ok [k/2 g k/2

Vik,i = ICSy=0 -~ 0

9

wit!
vanishes if and only if i < k/4. Therefore, for i > k/4 there exists &; ;> € Q((w)) such that
wdy&ikp = —(w™ = yeiw (I K)M dw.

In this case, &; /z(eoél)k/ 2 has no exponential factor in combinations of vy, v; and is invariant under o.
The proof is complete. U
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Remark 3.14. In the case where 41k, the m; ~ are uniquely determined since there is no horizontal
formal section at z = co. When 4 | k, the /;  are unique up to adding a multiple of the formal horizontal
section 7y /4,00 defined in Proposition 3.8(2). To normalize the choice, we take the series &; /2 above to
have no constant term. This normalization then fixes the computations of periods below.

3.2. Computation of the de Rham pairing. We aim at computing the matrix S‘k’flid of the pairing
HgiR,mid(Gm’ Symk Kl) ® H(liR,mid(Gm7 Symk Kl,) - C

induced by the self-duality pairing (2.7), with respect to the basis % mia¢. By [Fresan et al. 2023,
Proposition 3.12], the matrix S}fid is equal to the sum of the matrices having (i, j) entries respectively:

e If4tkandi, j=1,...,k,
Iés;—0 (mi,07 Zjuo dZ/Z>alg and —resy—o <fn\i,oo’ w_‘/uo dw/U))alg-
A similar formula following Proposition 3.8(2) if 4 | k.

Fori e{l,...,k'} we set

k
n/ii,oo = Z Ma,i(w)uav /jva,i(w) = Z Ma,i,ﬁwz'

a=0 >—00

We can already note that, according to Lemma 3.3, (m; , 2 ug dz/z)aig has no residue (and a similar
assertion if 4 | k) so Skmid is determined by the residues at infinity. It follows from (2.7) that, if 41k,
we have

Spid = (=D iy, ij=1,...k. (3.15)

If 4| k, S is the (k' — 1) x (k' — 1)-matrix given by the formula

Smid ()l {“"”"f' Hiorj <K/ e K. (3.16)

fing (Mk,i,j = Vi,jlk,ik/a) if i and j > k/4,
In other words, in the matrix given by (3.15) we delete the row i = k/4 and the column j = k/4 and we

add to it the matrix having entry (i, j) equal to (—l)kyk,juk,,',k/zt for i, j > k/4. According to [Fresdn
et al. 2023, Corollary 3.14] and (2.7), the matrix S is (—1)¥*!-symmetric.

Theorem 3.17. The matrix S}(nid is lower-right triangular (i.e., the entries (i, j) are zero if i + j < k') and
the antidiagonal entry on the i-th row is equal to
k'
(—2)F % ifk is odd,
(=D¥*1 k=D
2K (k'+1-=2i) (kK'+1)!

if k is even.
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Proof. We keep notation from the proof of Proposition 3.8. For odd k, the entries of Sk“[lid are

k kb grk—b
~ k\ (k 2° 1)K,
resw:()(mi,oo’ 6Uj)alg = Z ((l)(b) TeSy= O<$z aek ae‘f, Teg be’f dw>
alg

a,b=0

k— zkl([)’K(])‘*b k—b b
== Z( ) )resw O<$,ae0 “e‘f,weo_ eldw>

(s
Z( n(,, )reswzo(&a%d )
()

top

( D K—i—j
2" resy—o(w Fr—4Giqdw)
a=0

where Fi_y, —Giq € 1 + J/wQ[/w]. Clearly, the last residue vanishes if i + j <k'. If i + j =k' +1,
we find

(-1 )a
TeSy= O<m1009w] Z K — 2a .

We conclude the case where k is odd with the next lemma.

Lemma 3.18. Forany k > 1, we have

3 (—1)”() 2k(— 2)’<”]§” if k is odd,
k—2a 0 if k is even.

O<a<k
a#k/2

Proof. If k is even, replacing a with kK — a in the sum shows that the sum is equal to its opposite, and
hence vanishes. We thus assume that & is odd and set

k—2a

£k x
£ =3 (0) i

a=0

Then fi(x) = [ (x + 1/x)* dx/x. Besides, one has

log x log x
fe(x) :f (e + e Hkdr zzkf cosh*rdr (x =e¢')
0 0

. k—1 1
k[smhtcosh t k-l / skt —2 dt]
k t=log x k 0

(- )(ed)
=—(x——=)(x+- +4
k X X

By evaluating f} (i) inductively, one obtains the desired equality. U

—1
k Si—2(x).
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Assume 4 | (k +2), so that k/2 =k’ + 1 is odd. Then the entries of S}(nid are

resw:O(’?’li,oo’ wj)

1 alk 2K ITUK k 2k (IoKo) /2
=—2—k[ Z (=1 <a)resw:0(&awTd ) (k/z)resw:o(&,k/zvdw)}

a#k/2
k
1 Z (= )a() K j+1/2 2(k/2) K —i—j
:—T[Q#k/zmresw_ (U) —i= /Fk aGladU))—mreSw:()(w ! jFG,dU)) ,

where

. (@n—1)3 M2
F(w):(z%w') .

n=0

Again, the residue is zero if i + j < k’. On the other hand, if i + j = k" + 1, the first term in the above
expression is zero, according to the lemma above, and since F(0) =1 and G;(0) = —1, we have

resw:O(’%i,OOv wj) (k/2>[2k l(k/'i‘l 2l)]_1
The computation in the case where 4 | k is similar. U

Example 3.19 (k = 5). We have k' =2 and

Smld ( 0 8/15>
8/15 usp22

From the proof of the theorem above, one has

=D() dw
M522 = >5 ;ﬁmsw 0<F5 aGZawz)-

A direct computation yields

Z (— 1)a 256 2°.13

5_aG2’a ~ 15 + 7.5 w  mod w?Qw].

Therefore,
Sm‘d 0 8/15
8/15 24.13/33.5°

Example 3.20 (k = 6). We have ¥’ =2 and i = 1, 2. Due to skew-symmetry, the antidiagonal entries are
enough to determine Sg‘id. Theorem 3.17 gives

mid __ 0 _5/8
> (5/8 0 )

Corollary 3.21. The ordered basis Bk mia of HéR’mid(Gm, Symk Kl,) is adapted to the Hodge filtration.
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Proof. For odd k, [Fresan et al. 2022, Proposition 4.21(2) and Theorem 1.8(1)] imply the claim. For
even k, [loc. cit.] only gives compatibility for half of the basis %k mia. However, since the Poincaré pairing
respects the Hodge filtration, compatibility holds for the whole %y miq by the above theorem. |

Remark 3.22 (the matrix Si). The matrix of the pairing
Sk : Hig o (Gm, Sym* Klp) ® Hig (G, Sym* K1) — €

in the basis % . ® %y is obtained with similar residue formulas as for S}{“id, due to [Fresan et al. 2023,
Proposition 3.12]:

(1) If 44k,
kii,j

S, . — smid - if 1 <, j <K,
ki, j — 0 ifi=0and j=1,...,k.

On the other hand, we have Sg.0.0 = reszzo(eg, uodz/z)ag = 1. Last, for i > 1, we use the expressions
(2.15) and obtain

~ dz
Skii0 = reSw:0<mi,oo, uo—
z alg

k k—a-= dz
( )resw:() gi,aeo aezlz’ uo
a Z
alg

k t ey ‘4
( )resw:0<$,-,a |:—I(/)U0—10U1j| [——K600+K0v1] s u0—>
a 2 2 z alg

|
M~

(=]

a

=

a=0

= |l

d
(—1)" ( '; ) resu—o &g [l KE=.
=0 <

Q

Since

Ik—aKa 2"(k1—2a) wule)/z*iGi?“ a#k/2,
Sialy “Ko ~ 1 k/2-i G, —k/2
Fwja—n W i a=k/

with G; 4, G; € Q[/w], we conclude that Sy.; o = 0. In other words, S; takes the form
1 0
0 spd)

(= DN EADI2ZK k1 /K if k is odd,
(k= DI¥ /[ (K + DHF (' = DIN2] if 4] (k+2).

In particular, we get
det Sy = det S = {

(2) If 4| k, the matrix Sy is obtained from the matrix ((1) S;?id) by adding a row i = k/4 and a column
Jj = k/4 that we compute now. For the row i = k/4, we note that

{71k /4,005 VO alg = 2 (IgK)*/* = w*/* Z Vek/atrjw’,
j=0
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so that
S {0 if j <O,
kik/4k/44j = e
T —ppagary i =0,
For the column j = k/4, we compute as above that S0 x/4 =0 and, for i > 1 and # k/4,

Skiik/4 = T€8;—00 (M 00, Wk/4)alg-
In particular, by setting k” = [ (k — 1/4)] and recalling y x/4 = 1, we get

detS; = —det SP = —27F 1k — UK + DY) 2. (3.23)

4. Betti intersection pairing for Sym* Kl,

In this section, we exhibit natural bases of the rapid decay, the moderate growth, and the middle homology
spaces denoted respectively by

HY(Gp, Sym* K1), HPY(Gy, Sym* K1), and HP(G,, Sym* Kl,).

We then compute the Betti pairing By as introduced in [Fresan et al. 2023, Section 2.d]. Bear in mind
that the notation there keeps track of the degree of the homology spaces; as this degree is always equal
to 1 here, we omit it, but we remember the exponent k of the symmetric power. We keep the setting of
Section 2.3. While we used (-, - )¢ ON Symk K1, to compute the de Rham intersection matrix S, we will
use the topological pairing (-, - )top ON Sym* K12V to compute the Betti pairing By, which is thus defined
over ().

We consider the following C* chains on IP; diffeomorphic to their images:

Ry =10, o], oriented from O to 400,
co = unit circle, starting at 1 and oriented counterclockwise,

c+ =[1, 00], oriented from +1 to +o0.
According to Lemma 2.19, the |k/2] 4 1 twisted chains
Bi=Ri®ele\ ™, 0<j<Ik/2],

have moderate growth and define |k/2] + 1 elements of H‘lmd(Gm, Symk Kl), still denoted by B;.

Besides, the twisted chain op = cp ® eé is a twisted cycle with compact support, and hence has rapid
decay, since eg is invariant by monodromy. We obtain other twisted chains with compact support as
follows. For each integer n > 1, let us set

Cp(a) =

(_l)a—l (n

), 1<a<n.
na
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Lemma 4.1. Let n > 1 be an integer:

(1) The sequence (Cy(a)), is the unique solution to the linear relations

Y Cu@a=~ and Y Cy@a =0 if2<r<n
— n

a=1

(2) The sequence (Cy(a)), is the unique solution to the linear relations

Y Cu@a =(=1)"""n=D! and Y Cul@)a” =0 if2<r <n.

a=1
Proof. Direct simplification of Cramer’s rule in solving the systems of linear equations. |
Lemma 4.2. For integersn > 1 and r > 0, one has
n+r (_l)an ifr>1

Z Cn+r (a) Z b" = "

g 41yt e g

Proof. Replacing >, _, b" with Bernoulli’s formula

b=1 £=0

we can rewrite the left-hand side as

n+r n+r

Zc,m(a)Zb"— Z( 0 (”“)Bezcﬁ (@)™,

Then Lemma 4.1(1) gives the assertion for » > 1 and, for r = 0, we use Lemma 4.1(2) instead. ([l

Since T% = e; +aeq for all a > 1, it follows from Lemma 4.1(1) that, for each 1 <i < k, the twisted

chain with compact support
k—i+1
1 k—i+1
Y Cicini(@)cg®ey ey "

a=1

has boundary {1} ® eoek i Asa consequence, the following (k' + 1) twisted chains are twisted cycles,
whose classes are elements in Hrld (G, Sym Kly):

Ay =co R eg @.4)
_1Vk—ic_ . .
o = —%ﬂ}’)'ao Fep @bk YN @ci ®@el e T (1< < I,

The natural map

HY(Gy, Sym* K1) — HI"Y(Gyp, Sym* K1)
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is given on these twisted cycles by

0 ifi=0
I D (45)
Bi if 1 <i <k
by shrinking the circle ¢y and extending the half-line c .
Proposition 4.6. If 0 < j < |k/2], we have By (o, Bj) = —80,j and, if 1 <i <K/,
_i (k= D!k — ))! Bk—i—j+1
B B =(—1 k—i .
K. B)) = (=1) T T Sy

With a small abuse of notation, we also denote by By the matrix (By.; j)1<i, j,<x With

Bi;i,j = Bi(ai, B)).
Proof. For the first assertion, since the intersection index (cg, R4 ) is equal to —1, we have by (2.18)

—(ek, elei T yop =0 if j £0,
—(eb, e’f)top =—1 if j =0.

Br (o, Bj) = {
Let us compute By (i, B;) if 1 <i <k’ and 0 < j < |k/2]. Fix some 6, € (0, ) and let x, = exp(i6,).
To achieve the computation, we move the ray c by adding the scalar (x, — 1) and let the circle ¢ start

at x,. Then the component cj ® e(’) lell‘ 1 in the deformed «; meets f8; ; physically a times at the same

point 1 € CX with intersection index —1. At the b-th intersection (1 < b < a), the factor e’O lell‘ i+l
becomes e (el + beg)* i+ and (2.18) gives
. ‘ S Ck— 1IN kN,
(e 1 +beo)* L eef g = (=17 (7T (5) e
For j > 1, since By (ao, B;) = 0, we obtain, by adding these contributions and taking into account the

intersection indices,

Bk(“i’ﬂj)=(_1)j+l( H_l)( ) Z Cr— z+1(G)Zbk =i+t

The asserted equality follows by applying Lemma 4.2 with r > 1
If j =0, then By (c;, B;) writes

i . k—i+1
(= Dk —i)! e Br—iv1
. C b i+1 lk i
N S Z - ,+1<a)Z =D
after Lemma 4.2 with r = 0. |

Theorem 4.7. (1) The family (& )o<i <k’ is a basis of H(Gy,, Sym* Kly).
(2) The family (B;) with0< j <k’ (resp. with0< j <k'+1 and j #1) is a basis of Hrln()d(Gm, Symk Kl)
if 4tk (resp. if 4 | k).
(3) The family (B;) with 1 < j <k’ (resp. with2 < j < k') is a basis of Hm‘d(Gm, Sym* Kl,) if 4tk (resp.
if 41k).



Quadratic relations between Bessel moments 563
Notation 4.8. If 4 | k, we shift the indices of the bases o and § as follows:

1 ifi <k/4,
fori e [1,k'], o= Fitl 1 l <k/
o; ifi > k/4,

Bmld

and similarly for B’. We set (B ,)z jeln k1 with

mid _ Bk(aiaﬁj) if4}fk,
kii.j Bi(ej, B) if4]k.

In particular, Bmld By if 4tk. Theorem 4.7(3) implies that Bm‘cl is an invertible matrix.
Theorem 4.7 is a straightforward consequence of Propositions 4.6 and 4.9 below.

Proposition 4.9. (1) Let By denote the matrix of size k' having entries By (c;, B;) with

e 1<, k/if4J(k
.1<z<k’and2 <k/2if4|k.
Then
[T ()] if k is odd,
det By = { [k + DT, (] ir4l ke +2),
[k T ()] if 41k,

(2) If 4|k, let B, denote the matrix of size k' — 1 having entries Bi(a;, B;) with2 <i, j <k'. Then

kK 1
k k
F = | = k'?
det B] [4(k.) Uz(a)}
(Note that B = By if 4tk and B = By if 4| k).

Some determinants of Bernoulli numbers. We will make use of the following lemma:

Lemma 4.10. The following identities hold:

Biyi — 1) =D2p 4 1
qer( B __ (D @nt+ DV @.11)
G+ D) 1<ijen 2MFD[BUSI - 20+ DI
Biyi (=1 if niseven
et(il‘) - {2n<n+2>[3!!5n - n+DIN2 ’ (4.12)
(G+Jj+D! < j<n 0 ifnis odd.

Proof. We follow the principle in [Krattenthaler 2005, Section 5.4]. Recall that, for each n > 0, the
Lommel polynomials 4, , (x) satisfy

Join (@) =l v (@I (2) = 10412 Im1(2),

where J, () is the Bessel function of the first kind of order v. Let

1
Sa(x) = mhn,lﬂ(x) €Qx] (n=0).
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The following hold:

e fu(x) is monic of degree n with fy(x) =1, fi(x) = x, and { f,,(x)} satisfies the recursive relation

1
T2+ DH2n+3)

e {fu(x)} forms an orthogonal family with respect to the linear functional

Jnr1(x) = xfn(x) = by fu—1(x), by

nz

o0

L(f(x) = n; e

(f(/mzm) + f(=1/mm)).

For the above; see [Koelink and Van Assche 1995, Section 1]. We have the moments i, = L(x") of the
linear functional

>0, r=0

1 < 1 1 (—=1D)722+2B, .,
= -

2 r+2 - (—m)r+2 - (r+2)!

m=1

(in particular, wp = %). With these data and by applying [Krattenthaler 2005, Theorem 29], one readily

obtains
2n+1)! (=D if n is even
det(pi+jdosi.jsn-1= e — 5 "1 30 det(iyjr1)osi, j<n—1 =[ [3115!1.-. 2n+ D12 ’
(351 @nA-Dn] 0 if 7 is odd.
The asserted formulas follow immediately by a simple matrix manipulation. ([l

Remark 4.13. Let

Boatan-2 / Baatap
=555 - O = o -
Qa+2b—2)!) cupen (2a+20)! )\ <ap<n

By rearranging columns and rows, one has

( Bitj ) _ {®n/2 @ ®;/2 if n is even,
1<i, j<n

i+ ))! Ont12@ O,y ifnisodd,
e e
< .B,-JTjH ) N <®2/2 8”) if n is even,
(+j+DV 1< j<n singular if n is odd.
Therefore, (4.11) inductively implies the equalities
1 -1
det®, = det®), = D

© 223015 (4 — DI © 22 D3NSI L (4 4 D

and (4.12) is a consequence of (4.11). The evaluation of a variant of det ®,, is also considered in [Zhang
and Chen 2014, Corollary 2], although their formula does not seem to be correct. Both this approach and
that of [loc. cit.] use the orthogonal family of Lommel polynomials.
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Proof of Proposition 4.9. Let A, = (8,41 + j))1<i,j<n- For integers m, n withm > n > 0, let
DE, = diag(£1)"m!, (£1)" ' (m — DY, ..., (£]D)"n!).

(1) For k odd, we have
Biyj +
B = 0 k—l,k/+lAk’<—(l. ey lgi’jgk/Ak’Dk—l,k%l
and by (4.11), one obtains

k/

k! K +a)! 7’ Tk
det Bk = 2k/(k/+1)(k!)k’ l_[[(za—i- 1)”:| - |:k' li[]<a)}

a=1

-1

For 4 | (k +2), we have

I Biyjt n
B, =—D s A A | ————— Ay D ,
k k! k—1,k'+2 k ((l+J+1)' I<i <k k k—1,k'+2
and
g S (GRS 0l R PR 772w I
a= a=
by (4.12).

For 4 | k, we have

1 Biy
_ - j +
! 1<i, j<k'

@i+ !
and
K 2 & 1
k—D!(k—1D! k' +a)! k
det By = —— : = |k ( ) .
o Pk 2"("+1)(k!)’<(k’+1)!£[1 Q2a+ DIl Uz a
(2) We have
B’=lD_ Ay 1(&) Ap_1 D
k k! k—2,k'+2 (l+_]+1)' I<ij<ki—1 k—2,k'+2°
and

k'—1

L K +1+a)? Tk, otk
detB"_zk’z—l(k!)k’—l 1:11[ (2a+ 1! ] _[Z(k ) U}“ﬂ

-1

5. Quadratic relations between periods and Bessel moments

In this section, we express the period pairing between rapid decay homology and de Rham cohomology
of Sym* K1, in terms of Bessel moments and we obtain quadratic relations between them by specializing
to our setting the general results from [Fresan et al. 2023].
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5.1. Quadratic relations between periods. We use the topological pairing (-, - )p on Kl, which is
compatible with the Q-structure of K12v from Section 2.3. Recall that the induced pairing (-, - )iop ON
rd:mod (a5 defined in [Fresdn et al. 2023], where the

index 1 referred to the degree of rapid decay homology and moderate growth de Rham cohomology. Here

Sym* Kl is (—1)*-symmetric. The period pairing P,

rd, mod

we denote it by P, , in order to emphasize that we are dealing with the k-th symmetric power and since
there are no other nontrivial (co)homological degrees at play. Recall the de Rham cohomology classes w;
from (3.2) and the rapid decay cycles o; from (4.4). Since («;)o<i<k’ is a basis of Hrld(Gm, Symk Kl) by
Theorem 4.7(1) and (w;)o<i<k 1S a basis of HcllR (G, Symk Kl,) by [Fresan et al. 2022, Proposition 4.14],
we deduce from the perfectness of the pairing P;d’mOd (see [Fresan et al. 2023, Corollary 2.11]) that the

(k' + 1) x (k' + 1) period matrix (P'%m¢

ki, j )Oéi,jék’ defined by

Plrct;l;{rjl_od — Plr{d,mod (Oli, U)j)
is invertible. Thanks to the identity (2.16) relating vy to ep and the change of variables r = 2,/z, the first

row of this matrix reads

dz
P (g, ;) = / (€6, vohop! — = / @) Io(2V/z )sz =@r)* sy G
€0

<o
from which we immediately derive:

rd, mod

Proposition 5.2. The k' x k' period matrix Py = (P},

kg N<ij<k is invertible. O

The pure part of the pairing P rd.mod

arises from the pairing between middle homology and middle
de Rham cohomology. According to (4.5) and Theorem 4.7(3), the elements (c;);cf1,x map to a basis
of H’I“id(Gm, Symk Kl,) whenever 41k. If 4 | k, we instead consider the images of the shifted elements
(r})ieq1,k7» as introduced in Notation 4.8. Regarding HélR,mid(Gm’ Symk Kl,), Corollary 3.11 gives the
basis (w;)icq1,ky (resp. (@))ieq1,xy) if 44k (resp. if 4 | k), where w] is modified as in (3.9). With this

notation, the middle period matrix is defined as follows:
d,mod .
PG — (PId ) ey = {(Pzd mod(Oli, ;)i jeqxy  if 4k,
- i )i, R - , .
o (e ™, ) ijennaer if 41 k.

In particular, P4 = Py if 44k.

Recall the matrices S}c“id from Section 3.2 and B}(“id from Notation 4.8. In the current setting, the general
method to express middle quadratic relations explained in [Fresan et al. 2023, Section 3.f], namely (3.21)
therein yields the following result:

Theorem 5.3 (middle quadratic relations for Symk Klp). The middle periods of Symk Kl, satisfy the

following quadratic relations:
( 27T|)k+1 Bmld Pmld (Smld) 1 thld

In particular, the matrix P}(nid is invertible. U
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5.2. Bessel moments as periods. We consider the power moments of the modified Bessel functions Iy
and K defined by

o0

BMy (i, j) = (=1 7"2" (i)’ / Io(0) Ko()* 't/ dt,
0
where the indices i and j are subject to the constraints
0<i<kandj>0 orifkiseven, izgandogjgk/_l.

For this range of indices, it results from the asymptotic expansion at infinity (2.14) that the improper
integral BMg (i, j) converges. In what follows, such moments will occur only for odd ;.

Proposition 5.4. Forall 1 <i, j <k/, the following equality holds:

Pimt = BMy (i, 2j — 1).

Proof. In view of the definition (4.4) of the twisted cycles «;, we need to compute the integrals along cg
of (ef™! k a+l , UNVopz/ dz/z fora=1,...,k—i+1 and the integral along ¢ of (ef)ell‘*", v hopz! dz/z.
Let us ﬁrst remark that, for ¢ € (0, 1], we can replace co and c4 with the scalings c¢p . and c4 . by €

defined with the base point ¢ instead of 1, leading to a twisted cycle «; . equivalent to o; (1 <i <k’). We

will show
. a=1 k—a+1  k dz .
lim (eg € , 0>t0pzj =0, a=1,....k—i+1, (5.5
e—=0 Ja Z
, i k-i oy 42 Y <k
hn}) (ege] s vy )top2 7 =BM;(i,2j—1) forl1<i,j<k. (5.6)
£—

Cte
We first show that the limits (5.5) are zero. According to (2.18), we only need to compute the coefficient

of vo in eg “Hei’ !, which is equal to Iy _IK(])‘ ~4*1 yp to a constant (see (2.16)). It remains to check that

ami

/ L) ' Ko@) T14%=1dr — 0 when |t| =24/ and ¢ — 0.
argt=0

We can use the estimate (2.13) to compute the integral, and the assumption j > 1 implies that the absolute

value of the integral tends to zero with ¢.
For (5.6), recall that the coefficient of v0 in eg ’ell is equal to 2k (i) (]:) IéK(])‘_i, and thus (see (2.18))

(ehek ™ vE)op = (= (’l‘) 2 (i) ( )IOK" P (=R i) IR
The assertion (5.6) then follows from the relation z/ dz/z =27 2/+1¢2i=1 4y, O
Corollary 5.7. The matrix P}C“id satisfies, for i, j € [1, k',

BM; (i, 2j — 1) if 41k,
P = IBMy (i +1,2j — 1) — 5 ; BMe(i + 1K) if 4|k and i <k/4,
BM (i, 2j — 1) — yx.; BMi (i, k') ifd |k andi > k/4.
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Example 5.8. Consider the case k = 8. Taking the determinant of the quadratic relations from Theorem 5.3
and using the computation (3.23) and Proposition 4.9(2) yield

_52,18

(det P2 = (27i)!® det B! det SP¢ = —ig

On the other hand, by Corollary 5.7 and the equalities yg.1 =0 and y3 3 = % from (3.6), we explicitly have

mid _ {((T)? 2
s ‘( —<m>3>A< 22)’

/oo <Io(r>21<o(r)6r 21o(t)* Ko ()0 — Io(r>21<o(z)6r3) .
t.
0

with

Io()* Ko(1)°t 20o(t)* Ko(1)°r — Io(1)* Ko (1)1
One can check numerically that det A is positive, and hence det A = 57%/(2'! - 3). Using the linear
relations BMg (1, r) +BMg(3, r) = 0 from Corollary 6.12 below for r = 1, 5, this verifies the numerical
evaluation made in [Broadhurst and Roberts 2018, (2.5)].

5.3. Relation to the conjecture of Broadhurst and Roberts. Broadhurst and Roberts [2018, Section 5]
use different normalizations to state their conjectural quadratic relations. Instead of the above matrices
Bx and Py, they consider matrices that we shall denote by B}* and P}® (the notation By and Fl is used
in [loc. cit.], the index k being occupied by what is k’ here). To compare their matrices with ours, we

introduce auxiliary square matrices
Up = antidiag(1, ..., 1), Ry =antidiag(i, %, ...,{"), Te =diag(—4, (=42, ..., (=H")

of size k', where the antidiagonal entries are listed down from the top corner. By Propositions 4.6 and 5.4,

the matrices B}® and P} relate to ours as

k' i
UpBE*Up = g (770 B jicijar and UpPRt =

i prd,mod
r (=) 1P i< jews

kii,j

1
NI

whence the identities

k1D
B—__ "R, .B.-Ry and P®=—  'R..P.- Ty (5.9)
k — 2k+l k k k k — (_2ﬁ)k+1 k k k' .
Besides, Broadhurst and Roberts [2018, page 7] define matrices D} = (Dil}i’j)lgi, j<k with rational

coefficients and conjecture that, for all integers k > 1, the quadratic relation
PRR-DR-TPRR =BRR.

holds. In the direction of this conjecture, we obtain:

Corollary 5.10. If 41k, then the matrix Dy defined as

Dr = (—D)Fk!(Tp - SP9 - Tp) ™!
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satisfies

PE*. Dy - 'PPR = BR.

Proof. Under the assumption on k, we have P, = Pkmid and B, = Brknid. The statement then follows from

the quadratic relations of Theorem 5.3 and the equalities (5.9). (I
If 4|k, we set
B/BR _ i_(k_H)k! R/ Bmid R/ d P/BR _ 1 R/ Pmid -I—/
k 2k+1 k" Pk TR an kK — (_zﬁ)k_l,_l Kk ke

where we denote by R;, (resp. T, ) the matrix obtained from Ry (resp. Ty) by deleting the row and
the column of index k /4, that we consider as indexed by [1, k']>. We define the matrix D, indexed by
[1, k'T? so that it satisfies the relation (see (3.16))

D, = (—=DXk!(T}, - SPid. 7)1
Corollary 5.11. If 4 | k, then the matrix D, satisfies
P;{BR . D;( . IP;CBR — B;{BR.

Remark 5.12. Numerical computations show that, for all integers k < 22 that are not multiples of 4, the
equality Dy = D}® holds. On the other hand, for k =8, 12, 16, 20, the matrix D} coincides with the matrix
D2® obtained from D;® by deleting the row and the column of index k /4. These computations also seem
to suggest that k!(Srk’“id)*1 has integral coefficients. Is it true for all k?

6. The full period matrices

In Theorem 5.3, we emphasized quadratic relations for the middle periods to make the link with the
conjecture of Broadhurst and Roberts. However, quadratic relations hold between the rapid-decay versus
moderate periods

pibmod HY(Gyy, Sym* Klp) ® Hig (G, Sym* Klp) — C
and the moderate versus rapid-decay periods
Prot  HM (G, Sym* Kbb) ® Hlg (G, Sym* K1) — C.
Namely, it follows from [Fresan et al. 2023, Remark 2.15] that

(_2ni)k+led,mod — Pid’m()d . (Sk)—l . tP;(nod,rd’

where Bzd’m()d and Sy stand for the complete Betti and de Rham intersection pairings. In this section, we

consider the bases % ., % and («;);, (B;); as defined in Section 3.1 and Theorem 4.7, and we compute

the entries of the matrices of Pl and P}"*™® which do not appear in P,
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6.1. The complete period matrix P*™°3, In order to finish the computation of the complete period
matrix (Pf;H}Od)ogi, j<k» we are left, according to (5.1) and Proposition 5.4, with computing the terms
P;f_‘;“ol()d fori =1,...,k". In such a range, we consider regularized Bessel moments defined as follows,

according to the expansions (2.13) and (2.14).
Definition 6.1 (regularized Bessel moments). For all i such that 0 < i < &, the functions

> i it (=DF k—i+1
Gri(e) = Io()' Ko()" ™" — + ————(y +1log(e/2))
e t  k—i+1
are holomorphic on small sectors containing ¢ € R~ and have finite limit as ¢ — 07. The regularized

Bessel moments are defined as

BM,%(i, —1) = (=D 2H (i) lim Gy (e).
Proposition 6.2. We have

PIE™0d (4 wp) = BME(, —1),  for 1 <i <k’

Proof. We argue as for (5.5) and (5.6). If 1 <i <K/, let

d,mod (=D* (k= i)!
P;((O(,-, wp) = PZ me (Oli + ﬁao, wo |,

so that .
(=D (k=) prd.mod

P]r{d,mod :
k—i+2

(i, wo) = P (e, wp) — (g, o). (6.3)

On the one hand, by scaling the chains ¢ and ¢( by ¢ € R and letting ¢’ = 2,/¢, we find

dz k—i+1 dz
i k—i k ’ i—1 _k—i+1 _k

P;{(O{i, wo) = / <6631 Y vo)top_ + E Ck—i-i—l(a)/ <66 € o > Uo)top
Ct.e z a=1 Cg~5 <

= (=D 2¢ @iy’ / Io(zﬁ»"Ko(z\/E)""'%
k—i+1

. ) . . dz
FEDST Y @ [ hevE) T Keeyai S
a=1 Cg,s

—i i o i _idl

= (=D 12 (7)) f Io(t) Ko(0)* -
‘ k—i+1 dr
k=it Ikl i1 _ i—1 k—i+127
HEDTI T Y @ /Cg/% Io(e) ™ Ko(o) =15

—i i o i _idl

= (=D 12 (7)) f Io(t) Ko(0)* -
8. k—i+1 . ‘ dt
+ 2 @) Y Cieinal@) f Ly +log/2) 7+ 0@ og T ]

CO.e’

a=1
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Lemma 4.1 yields

k—i+1 i de
> Cieini(@ [ (v +log(e/2)) " —
a=1 CO,a’
| kot
s ; Crit1 @I (y +log(e'/2) + mia) 2 — (y +log(e'/2))* 2]
Ti i (D k=)
_ loa(e' /2))k—i+1 k—i42
iy TloeE/2) iz
Letting ¢ — 0, one obtains
. (=D "k —i)!
P, (cri, wp) = BMI(i, —1) + ﬁ(hl)"“-
On the other hand, Pzd’mOd (ag, wp) = (2mi)*+! as computed in (5.1), and (6.3) gives the desired formula.
Il
6.2. The complete period matrix Pknmd’rd. The period matrix PJ'**™ is defined by
» » 0<i,j <K if 44k,
P = PRy, (mj, ), 0<i<k/2, i#1 41k
0<j <K '

(see the notation of (3.9) for a)}) and is nondegenerate (argument similar to that for Pid’mOd). According

to [Fresan et al. 2023, Section 3.f], its middle part is equal to P,‘fid already computed:

mod,rd

o If 41k, we are left with computing Ppi; fori, jelo, k'landi or j =0.

mod,rd
ki, j

i=0,2,...,k/2,j=0,k/4,

i=0,k/2,j=1,...,k,j#k/4
Definition 6.4 (regularized Bessel moments, continued). If4 | k and k /4 < j <K', the function & — Hy j(¢)
defined by (see (3.5))

e If 4|k, we are left with computing P with

J

H, _ (" IO K2 (25— _Yei k24 ! Yeoj—n
k(&) = A (Io(t)Ko(1)) = 2k/2—2jt b 2k=2j+l Zl n(4e2)n
n=

is holomorphic near R with finite limit when ¢ — 0. We set
BM,®(k/2,2j — 1) = 2572 (zri)*/2 81_i)r(r)1+ Hy j(e).
Proposition 6.5. (1) If 41k, we have:

(a) Pirz?%rd =(=D*80,i=0,...,k.
(b) Plot =BM(0.2j — 1), j=1,....k.
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(2) If 4|k, we have:
(a) PE‘;%rd =08;0,i=0,...,k/2.
. —1 )
(b) PRy = —Q@u 22k (5) 8k, i =0, .. k/2

gy pmodrd _ BMy(k/2,2j—1) 1< j<k/4,
( ) kik/2,j — reg - . ,
BME(k/2.2j — 1) k/4<j<K.

Proof. For (a) and (a), we note that
PrO™ By, (o, 00) = (ehe) ™, efop = (—1)"8i 0.

Similarly, for (b) (see Proposition 3.8 and [Fresdn et al. 2023, Proposition 3.18]),

~ S ol ko
PIOGH (B (e, 0)) = —(ebek T, 2k (Tt 2(eger) ) iap = _2k(7r|)k/2(k/2> 8ik/2-

For the rest, since the coefficients of the cycle B; in terms of {u,}, have logarithmic growth at 0, and m j,0
is holomorphic and vanishes (Lemma 3.3), the contribution limz_)o(ef)elf_", M j.0)top(2) Of (Bi, M 0)iop iN
[Fresan et al. 2023, Proposition 3.18] in the period pairing is zero. Fori #k/2ori =k/2,1< j <k/4,
the coefficient (—1)*~ (ni)"f;‘j,i of (B, n’ij’oo)top (see (3.13)) is holomorphic near R. ¢ and vanishes at oo,
so the contribution of 771  is zero too. In this case, one therefore has

PRt (Bs, (), o) op) = f (ehe) ™", @ hop = BMi(i, 2j — 1) — yij BMi (i, k)
Ry

as in the proof of Proposition 5.4. This completes the cases (b), (c) and the first part of (d).
It remains to check the second part of (d), with k/4 < j < k'. Let

& = (—4milgKo)*z/ " dz and 1= (—4milgKo)*/?Z/*~" dz.
We have

)K/2

((eoen)" ", @ )iop = ((e0e1)/?, (@ +1€8;—00 (@ )0k /4) top = & + TES:—00 (§)1).

Note that 771 j  is defined so that d((ege1) /%, 11 j oo hiop = & +T1€S;200(£)n and ((epe1)/?, 7l j o0)1op has no
constant term in the fractional Laurent series expansion in 1/z. We then obtain

T
P (g (mj,w;))zrnrgo/ £ +res:—oo (8)1 — (o))", M c0)iop(T) = BME(k/2,2j = 1). OO
e 0

Example 6.6. Respectively for k = 3, 4, the complete quadratic relations lead to the equalities of the
regularized Bessel moments

o0

o0 0
lim Io(t)Ko(t)zd—’ +1(y +loge/2)’ = 3 f Ko(1)*t dr - / Io(H) Ko(1)t dt,
8*>O+ & t 2 0 0
o0 4
i 3dr 1 4_ T
Jim | do()Ko()* T = §(r +loge/2)t = 1o

&
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Remark 6.7 (determinant of P;). A formula for the determinant of the matrix Py in Proposition 5.2, which
implies in particular its nonvanishing, was conjectured by Broadhurst and Mellit [2016] and Broadhurst
[2016, Conjecture 4 and 7] and proved by Zhou [2018b]. Since detS; is computed in Remark 3.22
and the determinant of the Betti intersection matrix is computed in Proposition 4.9 in order to prove its
nonvanishing, the quadratic relations also lead to a computation of det Py up to sign.

Remark 6.8 (dimension of the linear span of Bessel moments). Zhou [2019b, Theorem 1.2], shows
that, for each i such that 1 < i < k' (resp. for i = 0), the Q-vector space E; spanned by the Bessel
moments BM (i, 2j — 1) for all j > 1 has dimension at most k¥’ (resp. at most k' + 1). From the point
of view of the present paper, the upper bound dimg E; < k’ when 1 <i < k' is a direct consequence
of the fact that the BMy (i, 2j — 1) result from pairing the fixed rapid decay cycle «; with the de Rham
cohomology classes w; = = [z/ugdz/z]. Provided j > 1 and k is not a multiple of 4, all these ; ; lie in
the middle de Rham cohomology HdR,mid(Gm’ Sym* Kl,), which has dimension &’. If k is a multiple
of 4, the periods P}(“id(ai, -) are generated by BMy(i,2j — 1) — y,j BMi (i, k) for j € [1, k], with
Yk.k/4 = 1. For each j > 1, the class (z/ — yk’jzk/‘t)uo dz/z lies in H(liR,mid(Gm’ Symk Kl,) and has period
BMi (i, 2j — 1) — yx,j BMi (i, k') when paired with «;. Therefore, dimg E; < k" holds. In the case i =0,

mod rd

the periods P (o, -) are generated by
1 and BM(0,2j — 1) — yi, BMp(0, k") (1< j<K).
Again, for each j > 1, there exists 71 such that the class
(i}, (& =y, ;2 Huo dz/2)
lies in Hig (G, Sym* Kl,) and has period

BM(0,2j — 1) — yk,j BMk(0, k")

when paired with «g. Hence, dimg E¢ < k' + 1, as this is the dimension of de Rham cohomology with
compact support.

6.3. Linear relations. When k is even, there is a unique nontrivial linear relation among the k' + 2
classes (Bj)o<j<k/2 in H‘I“Od(Gm, Symk Kl,). We determine explicitly the moderate 2-chain that yields
this relation.

Lemma 6.9. For two integers n,r with 0 <r < 2n,

min{nzzfl ’}( 1)( )(Zn )_ 0 fo<r<n-—1,
)7l nerem

i=0

Proof. We provide two approaches; the second one has been provided by Hao-Yun Yao of NTU.
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Let a, be the sum in the left hand side. Then the polynomial f(x) = Zf"zo arx” is the coefficient of
y" in the expansion of

n

g, ) =G=D"Y c+D* 7y =@+ D" -D"Y @+ D"y

r=0 j=0

Thus one obtains
fO=x+D"(x+D=D"=x"x+1"

and the assertion follows.

Alternatively, let S be the set of subsets of {1, 2, ..., 2n} consisting of r elements and define 7T =
{AeS|{1,2,...,n} C A}. Members of T are obtained by choosing (r —n) elements from {n+1, ..., 2n}
so that the cardlnahty |T| equals 0if0<r <nor ( " ) ifn<r<2n. Let S, ={A €S |c¢A}. One has
S=Tu(S1U---US,) and [S;, N---NS,,| = (2” ’) for 1 <cj < -+ < c¢; <2n. The inclusion-exclusion
principle then gives the formula. U

Proposition 6.10. Let P! be the real oriented blow-up of P! along {0, 00} as in Section 2.3, and consider

the simplicial 2-chain

Pl eRI0<x yx by <= B e =tan T expitan ! (/).

which covers P! once. If k is even, the singular chain

k/2
2
A= IO®Z( l)t(k/ )e ellc i
i=0
is of moderate growth, and the relation
L(k—2)/4] k)2
Z (2l+1>ﬁ21+1

i=0
holds in H"Y(Gy,, Sym* Klp).

Proof. It follows as direct consequences of the monodromy relation and Lemma 6.9, which also imply

that
k—2)/4
[(k—2)/4] k/2

oA = Z <2i+1):32i+1- O

i=0

If 4| (k+2), choosing the principal determination of w!/2 near R.(, we write, in a way similar to (3.4),
the asymptotic expansion

o
25 (Lo (1) Ko@) ~w > "y g,
n=0
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As in Definition 6.4, one checks that, for j € [(k +2)/4, k], the difference

Hy j(e) / R L i Vi o1z
i(e) = — = .
k,j 0 0 0 t 2k=2j+1¢ —~ (Zn + 1)(482)n

is holomorphic near R.. ¢ with finite limit as ¢ — 0. Set
BM, % (k/2,2j — 1) = =282+ (72 Him Hy ;(0).
o—0F

In this case, one has
0 if j =0,
PR (Besa, (j, ) = { BMe(k/2,2j — 1) if 1 < j < (k—2)/4,
BM,®(k/2,2j —1) if (k+2)/4<j<K

as in Proposition 6.5(2). To unify the situations, we introduce the compactly supported version of the
Bessel moments.

Definition 6.11. Assume & is even. We set
| =k/2,
BME(k/2,2j — 1) i )=k o
lk/4] +1<j <K,
BMi(i,2j — 1) — i, j BMi (i, k') if 4|k, 0<i <K,
BMy(i,2j —1) otherwise.

BME(i,2j — 1) =

Corollary 6.12 (sum rule identities). Assume k is even and set k" = | (k — 1/4)]. The linear relations

among Bessel moments

k2
C . . _
Z(2i+1)BMk(21+1,2J—1)_0 (6.13)
hold for all j such that
{1<j<2k” ifa|k+2),
1<j<2K"+1, j£k/4 ifd]k.

Remark 6.14. For j € [1, k"], these sum rule identities were proved by Zhou by analytic means; see
[Zhou 2019a, (1.3)] for 4| (k +2) and [loc. cit., (1.5)] for 4 | k, where the second argument of the Bessel
moments is also allowed to be even. Our proof, closer to the spirit of the Kontsevich—Zagier period
conjecture, produces the relation (6.13) simply from the Stokes formula.

7. Comparison of period structures

In [Fresan et al. 2022], we have introduced the Nori motives M defined over Q, whose definition we
recall in Section 7.1, and we have explained how the Hodge filtration of their Hodge realization can be
computed in terms of symmetric powers of the Kloosterman connection on Gy, and their irregular Hodge
filtration. We aim at making Deligne’s conjecture on critical values explicit for them in Section 8. In this
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section as a preparation, we focus on the comparisons of various (Q-structures. For that purpose, we only
retain from each Nori motive My,

e its period realization (over Spec Q, see Section A4), that is, the (Q-vector spaces (My)gr (de Rham
realization) and (My)p (Betti realization), together with the comparison isomorphism comp : C ®g
Mp)s >~ C®qg (Mg)dr, and

« the action F, on (My)p induced by geometric complex conjugation.

On the other hand, the computations of the previous sections lead us to define a (transposed) period

structure (over Spec Q) as follows:

e The de Rham (D-vector space H}iR,mid(Gm’ Sym* Kly)q is the Q-vector space generated by the family
P mia of Corollary 3.11.

e The (dual) Betti Q-vector space HIlnid(Gm, Sym* Kl,)g is the Q-vector space generated by the family
(B)) of twisted cycles of Theorem 4.7(3).

 The period pairing is the pairing P}C"id.
There is an obvious notion of morphism of period structures.

Theorem 7.1. The period structure (My)4r, (Mg)B, comp) of the motive My, is isomorphic to the trans-
pose of (Hlg 114(Gm, Sym* Kb)g, HI™ (G, Sym* Kly)g, PI9).

Furthermore, we will give an explicit description under this correspondence of the action F, on
HM(Gyy, Sym* Klp)g.

We proceed in two steps. Firstly in Section 7.1, in an analogous way to the method used in [Fresidn
et al. 2022], we realize the mixed Hodge structure corresponding to M; together with its associated period
structure as the exponential mixed Hodge structure and the associated period structure attached to a
function on a smooth variety equipped with the action of a finite group. We also analyze the automorphism
of the Betti fiber of this exponential mixed Hodge structure induced by the complex conjugation on
the variety underlying My. In particular, we avoid computing periods directly on the variety underlying
the motive My. The tools for this part are developed in the appendix in which the period realization of
exponential mixed Hodge structures is investigated, extending the focus on the de Rham realization in the
appendix of [loc. cit.]. Then in Section 7.2, we compare these objects to those of the previous sections by
making explicit differential forms of higher degree and higher dimensional twisted cycles that correspond
to the bases obtained for Sym* K1, there. The period matrix computed in Proposition 5.4 is thus a period
matrix for Mg, and the action of the conjugation is explicit since the Bessel moments we consider are
either real or purely imaginary.

7.1. The motives My. Lety = (y1, ..., yx) be the Cartesian coordinates of the torus G¥ defined over Q.
Upon G’I‘n, consider the action of G x w, where the symmetric group G; acts by permuting the variables
y and the group iy = {#1} acts as y; = £y;. Denote by g : GK — A! the regular function given by the
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Laurent polynomial

k
1
ks -y ) = Z()’i + f)
P Vi
and let 7y = (gx) be the associated closed subvariety of an. Then 7 is invariant under the action of
G x uo and hence the latter acts on various cohomology spaces, or on the (Nori) motives H*1'(#) and
H'C‘_] () of degree k — 1 of #p. Let sgn: S x uy — Q@ be the product of the sign character on & and
the trivial one on u;. We define the pure motive My of weight k + 1 over Q by taking the sgn-isotypic
part
My = gy [HE! () (= 1)) Sz,

where W indicates the weight filtration; see [Fresan et al. 2022, (3.1)]. The Betti realization (My)g and the
de Rham realization (My)gr of My are the (@-vector spaces of dimension |(k — 1/2)] — 847 (k) obtained
by replacing H. by the corresponding cohomology functors (with compact support).
Let 22 be the complex variety defined by the base change of % to C. It is shown in [loc. cit.] that the
base change
C® Mp)ar = grf’y [Hig () (= 1)]Sexr-sen

of the de Rham realization (My)q4r is identified with HdR,mid(Gm’ Symk Kl,) discussed in the previous
sections.

The pair (U, fk). We consider the torus Uy = Gy X G’I‘n over @ with its C-extension U, endowed with
« the action of &; permuting the coordinates on G’I‘n,
« the action of u; sending (¢, y) to (¢, y),
« the involution ¢ sending ¢ to ¢ and y; to —y; for each i,

« the antilinear involution conj on the analytic manifold U (C) induced by the conjugation of coordinates,
which commutes with all the above actions.

Let fi : Uy = Gm.: X GE — A denote the Laurent polynomial (z/2) - gx, where g; is defined above. Then
fk is left invariant by the action of &y, u, and conj, and satisfies ¢* fk — fk

Conjugation acts on Q27 (U) by changing a p-form w(¢, y) to w(i,y) 7). Therefore, conj*(d f;) = d fi
and conj* induces an involution on Hﬁ;lc(U , fk), Hg;{ ! U, fk) and H’é;lmid(U , ﬂ) which commutes with
the action induced by &y x @, and ¢*.

According to [Fresan et al. 2022, Theorem 3.8], the associated mixed Hodge structure (My)y is
identified with the exponential mixed Hodge structure anﬂ (U, fi)®*r2e0 n particular, they have
isomorphic period realizations; see the Appendix.

The de Rham realization (My)qr. The pair (U, fk), together with the action of & X ,, is the C-extension
of the pair (Up, fe) defined over Q. As explained in Section A4, the de Rham cohomologies Hﬁi{’]?(U o
?=9,c, mid) are also endowed with the Q-structure Hﬁf{ lf,(Uo fk) and therefore so are the sgn-isotypic

components H dR 7(U fr)BexH238n with the Q-structure H’flf{ lr,(UO, fro)Grxma-sgn,



578 Javier Fresan, Claude Sabbah and Jeng-Daw Yu

Lemma 7.2. The isomorphism gr,?jrl HgE,L () (—1)Skxp2-sgn ~ Hﬁi{ lmid(U, fi)SrxH2:58n of [Fresdn et al.

2022, Theorem 3.8] identifies the Q-vector spaces (My)qr and Hsglmid(Uo, fk)g" X H2.5en
Proof. We start from Example A.28, on noting that fx = tgr. We thus obtain isomorphisms (setting
Zo=A! x %)

k1 (o \Gpxpasan ~ k1l L ok 7 \Gixia,sen ~ ppkt ANV
Hig (Zo)7 28 ~ Hyp (A X G, /Q, fi) 7 2% = Hyp (Uo, fi)~r ™40,

where the second isomorphism is obtained as in the proof of [Fresén et al. 2022, Theorem 3.8]. After
extension of scalars from Q to C, these isomorphisms become the de Rham part of the isomorphisms
considered in the proof of [loc. cit.]. Since the left-hand sides are defined from Nori motives, the weight
filtration is defined on them. We note that (My)4r =~ Hg;{lc(Zo)Gk XH2.5e0 [ W Hﬁ;lc(Zo)G"XM’Sg“ because

this holds after extension of scalars. Furthermore, the composition
k+1 Spxpua,sgn ~, prk+1 7\ xua, k+1 F\Gixpta.s
Hyg o (Zo)™7 #2580 = Hyp (Uo, fi) 7™ — Hyg (U, fir) ™k

whose image is Hﬁf;lmid(Uo, fk)Gk X 12,581 by definition, has kernel equal to Wy Hﬁi{}c (Z)Br*H2:58" pecause

this holds after extension of scalars. This proves the lemma. (I

The Betti realization (My)g. We use the notation and apply the results of Section A3, more specifically
Formulas (A.19), (A.20) and (A.21), to the pair (U, fk). Since f~k is invariant under the action of & x 1,
on U, as well as under the action of complex conjugation conj : U(C) — U (C), the families of supports
@4 and P04 are also invariant under these actions. There is thus a natural action of &; X w, on
HAH (Ug(D), @) and HA! (Upoa(D), Q). We thus have

(Mp)p ~ HEHL (U, fi)Srxmsen

B, mi

= im[H]];J’rcl(U’ ﬁ)kauz,sgn N H,§+1(U, ﬁ)@kxuz,sgn]

~ im[H{ ™ (Ung(D), @S98 — HEH (Upnoa(D), Q) 1251, (7.3)
Lemma 7.4. Under the identification (1.3), the action of the conjugation on (My)p coincides with that on

H]]§+rr11id(U’ ﬁ{)@kxuz,sgn.

Proof. We start from the identification of Example A.31. Since the action of &; x s on Al x Gk
commutes with conj, we obtain an identification

o pyk+l 1 k7 \Grxua,
(M) =~ HBTmid(A, x G, fi)Tkrresen

compatible with conj*. Since the isomorphism (see [Fresén et al. 2022, Proof of Theorem 3.8])
HI]?;J,rnllid(Az] x GE,, fi)Or Hasen ~ HI];Tniid(U’ fio)Srxmasen
is clearly compatible with conj* the desired result follows. (I

The Betti realization is also given by (see (A.22))

(M) = im[H (U, fi) S H258 — HRR (U, fi) Sresen]
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and carries the involution F, = conj,. Indeed, the expression (A.24) makes explicit the interpretation of
the elements of Hr w1 (U, fk) in terms of twisted cycles. It is moreover clear that, in this expression, the
closed subspace d;q gU of U (C), upon which exp(— fk) is sufficiently small, is invariant under both the
action of &y x u, and the complex conjugation on U (C), which thus provides the action of &y x u, and
Fy on Hfgrl(U, fo).

Self-duality and period pairing. The involution ¢ yields the identifications
wHTN W, f) = HTWU - f), ?=2.c,

compatible with the action of &; x u;, and leads to the self-duality up to a Tate twist by Q(k + 1) of the
mixed Hodge structure (My)y =~ H]I‘IIJ{;(U , fk)G’fXM’Sg“.
The nondegenerate period pairing

Pl‘d,mOd . Hid—‘rl(U, fk)kauz,sgn Hk+1(U f )kauz ,8gn N (]:
is computed as follows. Given a twisted cycle
o € B (U, f) "> = Hipy (U, 80, @) 127%1,

we choose for each large enough R > 0 a representative ag € Hyy1 (U, d:q rU, Q) sgn-invariant under
G x wa. We also represent a de Rham class in the space Hﬁi{ YU, fi)®exm2sen by a top differential form
w on U which is sgn-invariant under Gy x w,. Then

Prd,mod(a’ [@]) = lim e_fkt*a),
R— 00 ar

7.2. Proof of Theorem 7.1. The goal of this section is to identify the period structure

k+1 NG ,S k+1 £\6 .S
(Hdl—{i_,mid(UO’ Ji) kxH2.580 HB—,Fmid(U’ Ji) kM50 comp)

as defined from Sections A2 and A3 with the transpose of
(Hig mia(Gm, Sym* Kb)g, H" (G, Sym* Kly)q, PP,
ending thereby the proof of Theorem 7.1, and to make explicit the action of F, on Hrlnid(Gam, Sym* Kl,)q.
Summary of the proof.
Step 1 We consider the family (w;)o< ;< in Hﬁi{ I(UO, ﬁ)e’fxm’sgn as defined in [Fresan et al. 2022,

proof of Proposition 4.21], which has been shown to form a (-basis of this space.

Step 2 We construct a family of rapid decay cycles (r;) in Hk W, fr)BrxH2580 guch that the matrix

(Prdmod (7. i)o<i, j<k s equal to (P )0< i, j<k obtained from Propositions 5.4 and 6.2. Since

ki, j
this matrix is nondegenerate and (w ;) is a basis of Hk+1 (U, f )Gexp2.sgn e conclude that (t;) is

a basis of H]r‘(;rl(U, f )Skxuz.sgn
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Step 3 According to Remark A.25, the period realization of H*+!(Up, f;)®**#25¢" is isomorphic to

@ (w)), Q- (1), PEE™osi jko),

hence to
Q- (@), Q- (), (PS}?}Od)ogi,]’gk’),
that is,
(Hlg (Gun, Sym* K1), HY(Gy, Sym* Klp)g, PL™9).

Step 4 Owing to the duality argument explained in [Fresdn et al. 2023, Lemma 2.27], the same property
holds for the period realization of ch<+1 (U, ﬁc)GkX“z’sg“ and

(HlR (G, Sym* KIb)g, HM (G, Sym* Kb)g, P{%™).
Step 5 That the same property holds true for the period realization of H¥t ! (Up, fi)S*#2:%¢" and
(HgR mia(Gum: Sym* Klo)g, H™ (G, Sym* Kl)q., PP™)
needs a supplementary argument when k£ = 0 mod 4.

Step 6 Lastly, that conjugation is compatible with these identifications amounts to checking whether the

entries of the period matrix are real or purely imaginary.

A basis of Hﬁ;{l (U, fk)GkX’“’sg“. Let us consider the class [@;] of

o d d
;=212 g A AL A
Vi Yk
in H4t! (Up, fr) and set
1 i _
wi=on Y sen()- ol € By WUo, fooreme, (1.5)
’ UEGkX,U,z

Through the isomorphism (see [Fresan et al. 2022, Proposition 2.13])
Hi (G Sym" Klo) = Higt (U, oS,

each class [z/ v’é dz/z] in the basis %y corresponds to the class w;; see [loc. cit., proof of Proposition 4.21].
As a consequence, (w;)o< <k’ forms a basis of Hﬁi{l (U, fk)GkX“z’sg“ satisfying t*w; = w;.

A family of rapid decay cycles. For each i such that 0 <i < k', we define rapid decay cycles &; as follows.

First, let &g be the bounded cycle
k

oy = HCP’

p=0
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Q 8021/4
80:1/2 80:1

Figure 1. The path s, — y,(so, 5,) for so fixed and r < p <k.

where ¢ is the circle |f| =1 and ¢, is the circle |y,| =1for p=1, ..., k, both oriented counterclockwise.
For the remaining unbounded cycles, we start with the chain

on U(C), where [1, +00) is relative to the variable ¢ and the open octant (R-0)*~ is relative to the
variables y, for p =i +1, ..., k. The orientation is the natural one on each half-line, and given by the
order of the variables for &;. Since Re(y, +1/y,) =2 —2 on ¢, and > 2 on R, by noting that k —i > i
for 1 <i < K/, one sees that e~ has rapid decay along &;. The rapid decay chain &; has boundary

i

da; = —{1} x (1_[ cp> x (R-0)* ",

p=1

and hence is not a cycle. To kill the boundary, we mimic the construction of the cycles «; from
(4.4) by introducing, for each r such that 1 < r < k’, the chain y, defined as the image of the map
[0, 17" x (0, D7+ — U(C) given by

t:€2niso’

yp = e¥misr I<p<r-—1,
(S(),...,Sk)l—) ezniSO'4Sp 0<Sp<1/47

yp = { 2045 1/4<s5,<3/4, r<p<k.

e ?50(1 +tan Z(4s, —3)) 3/4<s, <1,
(See Figure 1.) The chain §, decays rapidly for e~ with boundary

r—1
Cp> X (R>o)k_r.
1

r—1

k
07 = {1} x (I_[c,,) x [ TR0 —2¢,) — (1) x (

p:l p=r p=
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For each integer m > 1, there is a unique sequence (6,,(r))o<r<m—1 of rational numbers satisfying the
identity
m—1

D Onr)a’l@+b)"" —b"" ] =ab™"! (7.6)
r=0

in the polynomial ring Q[a, b]. Explicitly, the first two values are 6,,(0) = 1/m and 6,,(1) = —1/2 and
the recursion

m—r
(7} )ont =0 (1.7)
r=0
holds if 1 < £ < m. Set
é :m—l Qm(r)
" m-or+ 1

For each i such that 1 <i <K/, let

k
1 .
s > a(&;+§:<—2)’—l—19k_f+1(r—im),

GGGk_[+| r=i

& = —(=2)" "G _i1d0 +

where the symmetric group & acts by permuting the last j components. We compute the boundary of
the terms involving y,. Since the average over the group action makes the positions of circles and lines
from 9y, equidistributed in the last k — i + 1 components, for each fixed j such that 1 < j < k —i and any
o € Sj_i41, the coefficient in the boundary of the term o ({1} x ]_[;;]1_1 cp X ]_[l;:iﬂ. R.o), resulting
from p, fori <r <i+j—1,isequal to

itj—1 i1 )

i ~(k+1—r iy i k—i+1-—2¢
Y = (5 )T =2 e o,
r=i =0

1 ifj=1,
|0 ifl<j<k—i+1,

where the last equality follows from (7.7). One concludes that the ¢&; define rapid decay cycles.

Remark 7.8. In fact, 0,,(r) = (")B,/m if 0 < r <m, and §,, = —B,,/m for all m > 1. To see this,

plugging a = 1 into (7.6) and summing the resulting equations for » =1, ..., n, one obtains
m—1 l "—r n
—L - _ m—1
St (0 Yoy = 3
£=0 r=0 b=1

and hence by Bernoulli’s formula (4.3),

m—£

Xe:(m_r)em(r) - (_ni)g(’?)‘Bg, 0< e <m.

r=0
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Using (7.7) and the equalities 6,,(0) = Bo/m, 6,,(1) = B and By, | =0 for p > 1, we obtain the identity
for 6,,(r). Therefore,

1 1 S ymtl
N
m —r+1 m(m+1) r
:0 r=0
and the identity for 6,, follows from the recursive relation 7" (m:rl)B » =0 forall m > 1.

Lemma 7.9. For any positive integer m, the following identity holds in Q[a, b]:

m—1

O ~ b"
> IO byt ) = a4 (7.10)
m—r+1 m
r=0
Proof. Integrating equation (7.6) with respect to » from 0 to b yields the formula. ([

Proposition 7.11. The period pairing
Prd mod . Hr+1(U fk) ®Hk+1(U fk) > C

is given on the rapid decay cycles a; and the differential forms @; by

22mi)* 18 ifi =
promod(g, &) = 3 (= DM BMEG, —1)  if j=0and 1 <i <K,
(= DMBMi(G,2j = 1) if1<i, j <Kk,
Proof. It is clear that P™9(a, @;) = 2(2mi)**15 ;.

For the rest, as in the proof of Proposition 6.2, for ¢ € R, we let &;y . = 85[; and y, . = ¢y, be the
scalings of & and y,, which are homologous to & and y,, respectively. Consider the case j = 0. By
the limiting behavior (2.13) and Definition 6.1 of the regularized Bessel moments, we have the limiting
behaviors

—fi ~ ket i [ i k—i 4t

e Tkwy =2 (i) Ip(t)' Ko(t)" " —

5‘1{,5 & t
(_ 1)k—i+12k+1 (JTi)i

k—i+1

e~ k1, r—1 r—1 k—r+1 47
e Tty =2""" (i) Io(2)' ™~ Ko(t) -
Vre

|t|=¢

~eor (=D BMEEG —1) + (y + log(e/2)k+1,

(_l)k—r+12k+l (JTi)r_l
k—r+2
Substituting m =k —i 4+ 1, a = 2xi, and b = y +log /2 into the identity (7.10), one obtains

[@mi+y +log(e/2)) " — (v +log(e/2)) 1.

~e—0F

k
D T =iy | e iy

r=i Vre

» - . (_1)k—i2k+] (JTi)i
~emor —(= T QED TGy +

1 2 k—i-‘rl.
i1 v tloe/2)
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Letting ¢ — 0™ leads to P*™d(g;, @g) = (—1)*7 BM; (i, —1).
Finally, if 1 <i, j <K/, it is straightforward to verify that
lim [ e /@, =(—1)""BM(G,2j—1) and lim [ e f@; =0

+ - + [~
— / —
e—0 a, e=>0% Jp o

(similar to the proof of Proposition 5.4), and the remaining case follows. ]

Starting from the &;, we obtain the following cycles in HZ‘L] (U, fr)Srxmasen,

1 -1 k—i
0= a Z sgn(o) -o (@), T = (2—2' Z sen(o)-o (@) (1<i <K).

CoeBrxun oG X

For each i such that 1 <i <k, let I'; denote the image of 7; in Hinfcll(U , fk)ekxm’sg“.

Corollary 7.12. (1) The family (t;)o<i<k forms a basis ofoLr1 (U, fk)ekx’“’sg“.
(2) The period realizations

e of H(Gm, Sym* Kly) and of H{' (Up, fr) S+ #sem,
o as well as those of H' (G, Sym* Klp) and H*t (Uy, fi)GxxHa-sen,

are isomorphic.

(3) If k is not a multiple of 4, the family (I';)1<i<k’ forms a basis of My ). If k is a multiple of 4, the
Q-linear relation

[(k—2)/4] k)2 o
; <2l+1> 2i+1 =
i=

holds and (I';)a<i<k forms a basis of (My)g. In particular, the period realization of the motive My
is isomorphic to

(Hig g (Gm: Sym' KI2)g. H™ (G Sym* Ko, PJ™).
(4) The involution Fu, acts as Foo(I'i) = (=1)'T; for all i such that 1 <i <K'

Proof. For each i such that 0 <i < k’, equation (5.1), Propositions 5.4, 6.2 and 7.11 yield the equality of
periods P4mod(z; ;) = Pzd’m"d(oz,-, w;) for all j such that 0 < j <k’ (with w; defined by (7.5)), from
which (1) follows, as indicated in Step 2 of the summary. The proof of (2) has been explained in Step 3
and Step 4 of the summary.

In view of Theorem 4.7(3) and Proposition 6.10, to prove (3), it suffices to show that pPmid([; w )=
Pkmid(ﬂ,-, w;) for all i, j such that 1 < i, j < k’. Since I'; and B; are the images of the rapid decay
cycles t; and «; respectively and the pairing P,‘fid is induced by prd.mod " this amounts to P*4mod (7, w )=

Pzd,mod (@i, wj), which we just checked.
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Finally, the statement about F,, follows from the fact that the period pairing P*™°¢ is compatible with

complex conjugation in that (recall that *w; = w; and conj* w; = w;),

Prd’mOd(COnj* Tiv w}) e f

e frw; = / conj* (e few;) = Prdmod(z; 4.y forall i, j,
FooTi conj, T

along with the equality Prd-mod(g; w ;) = (—1)'P4mod(z; ;) if 1 < i, j <K/, since BM (i, 2j — 1) is

real for even i and purely imaginary for odd i. (I

8. L-functions of Kloosterman sums and Bessel moments

In this section, we make precise the statement of Deligne’s conjecture for the motive M. Being a
classical motive, My has an associated L-function L (M, s), which is identified in [Fresan et al. 2022,
Theorems 5.8 and 5.17] with the L-function L (s) of symmetric power moments of Kloosterman sums,
and its Betti realization (My)g carries a pure Hodge structure of weight £ + 1. The factor at infinity was
computed in [loc. cit., Corollary 5.30]:

m §— .
LOO(Mk,s)zn_””/zHF< 2’), 8.1)
j=1

where m = k' if k is not a multiple of 4 and m = k" — 1 otherwise. This also follows from Corollary 7.12(4):
indeed, according to [loc. cit., Theorem 1.8], the only nontrivial Hodge numbers of My, are

prd — 1 forp=2,...,k—1ifkisodd
1 for min{p, g} =2,...,2[(k—1/4)] if k is even.

The ordered basis % miq is adapted to the Hodge filtration by Corollary 3.21, and F acts as —1 on
HP P for k =3 mod 4, which is what we need for the conclusion.

By [loc. cit., Theorems 1.2 and 1.3], the L-function L (M, s) extends meromorphically to the complex
plane and the completed L-function

A(Mg, 5) = LMy, §) Loo (Mg, s)

satisfies a functional equation relating its values at s and k + 2 — s. The critical integers are the integral
values of s at which neither Lo, (Mg, s) nor Lo (Mg, k 4+ 2 — s) has a pole and the critical values are the
values of L(My, s) at critical integers.

Deligne’s conjecture [1979, Section 1] predicts that critical values agree, up to a rational factor, with
the determinants of certain minors of the period matrix, which are defined as follows. Let a be an integer,
and let My, (a)};r and My (a)y denote respectively the invariants and antiinvariants of F, acting on My (a)g.
As F exchanges the subspaces H?~%97% and H9~*?~% in the Hodge decomposition and acts as —1 on
HP~%P=4 the eigenspaces for F, have dimensions either Zp>q hP~%4~% or Zp% hP~%47% and there
exists unique steps F + My (a)gr of the Hodge filtration with dim F + My (a)gr = dim My (a)g. If nisa
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k rank critical integers n Cn
2—2a 1
3 l 2“
2a+3 b/ D3,0dd
2r +1 ]Tir(rJr])Dk’odd
4r+1 2r 242 2D Dy ven
2r+1 77D Dy even
4r+2  2r 2r+2 7D Dy oda
2r+3 777D Dy even
2r+2 nir(hLl)Dk,even
4r+3 2r+1 243 7D Dy o
2r+1 J'["(’“)D,/C’even
2r+2 JT"(’”)D,/(,odd
4r + 4 2r 2r+3 J'r"(“’”D,/c’even
2r+4 JT"(’“)D,’(,()dd
2r+5 n_’("l)DLeven

Table 1. Critical integers n and values of ¢, (r > 1).

critical integer, Deligne defines
cn = det(PM(o;, 1)) € C*/Q*

where o; runs through any basis of the Q-linear dual of My (k + 1 — n)];r and v; runs through any basis of
F* My (k + 1 — n)qr, see the paragraph before [Deligne 1979, Conjecture 1.8] taking the duality of pure
Hodge structures (My);; = (My)u(k+1) from [Fresdn et al. 2022, (3.4)] into account. He then conjectures
that L (Mg, n) is a rational multiple of c,.

Notation 8.2. For each k > 3, the determinants of Bessel moments Dy oqq and Dy even are defined by the
following formulas:

o0
Dk,Odd == det(/ Io(t)21—1Ko(t)k+l—21[2]—1 d[)
0

1<i,j<LG+1/4)] 8.3)

00
Dk even = det(/ [0([)21 Ko(t)k_2’[21_1 dt)
° 1<i, j<|k/4)

In other words, Dg odd, resp. Dk even, 1 Obtained by extracting from P,‘c‘m1 the entries that belong to odd,
resp. even, lines and to the first [ (k + 1/4)], resp. |k/4], columns. If k is a multiple of 4, we let D,/c’odcl
and D,

k,even

those indexed by i = j =k/4.

be the determinants of the same matrices except that we remove the last row and column, i.e.,

Theorem 8.4. For k =3 or k > 5, the critical integers n for L(Mg, s) and the corresponding values c,
are given by Table 1.
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Proof. The case k = 3 is exceptional in that there exist infinitely many critical integers, namely all even
integers < 2 and all odd integers > 3. For each k > 5, a straightforward computation using (8.1) yields the
list of critical integers. To compute ¢,, we first exhibit a basis of the Q-linear dual of M, (a)fgr by means
of Corollary 7.12. If k is not a multiple of 4, a basis is given by {(27i)™“T"»; }1<i<|x'/2) if a is even and
by {2mi) “I'yi—1h<i<|w+1/2)) if a is odd. If k is a multiple of 4, say k = 4r + 4, then the Q-linear dual
of Mk(a)g has basis {(27i)"“I"2; }1<i<r if a is even and {(27i) " I"2;11}1<i<r if @ is odd, which shows
that My (a);; always has dimension 7.

Let us treat the case k = 4r 4 3 in detail. For n = 2r 4 2, the eigenspace My (2r + Z)fg has dimension r,
and hence F™ My (2r +2)qr is spanned by {w ih<j<r- Therefore, ¢y, is the determinant of the matrix
with entries

00
(27Ti)_(2r+2)Prd’m0d(F2,', wj) ~0x n2(z—r—l)/ 10(1)21 Ko(t)k—21t2]—1 dl,
0

from which we get cor 0 =77 r +1)Dk,even. For n = 2r + 3, the eigenspace My (2r + 1)]"3Ir has dimension
r + 1, and hence F™ My (2r + 1)gr is spanned by {w ih<j<r+1. With respect to these bases, the matrix
defining c,,3 has entries

o0
(Zni)—(Zr-i-])Prd,mod(l"2i_l’ w}) ~ax nZ(l—r—l)/ IO(I)Zl—lKo(t)k-i-l—thZ]—] dt,
0

which gives ¢a,13 = 7" Dy oq4. The cases k = 4r + 1 and k = 4r + 2 are completely parallel.

For k = 4r + 4 and any critical value n, the eigenspace My (4r +5 — n)];r has dimension r, and hence
F* My (4r +5 — n)gr is spanned by {w;}1<j<r (note that r < k/4, so that we do not need to modify
the w). If n is odd, ¢, is the determinant of the matrix with entries

21y~ @r+5-mprd.mod w;) ~on p2itn—dr=5 foo Io()2 Ko(1)F 212~ dr,
0
thus yielding
21 =7 IDL s 3= TTIDL e and s =TT TUDL
If n is even, the matrix has entries
(Zﬂi)_(4r+5_n) Prd,mod(l—wziJrl’ wj)-

Thanks to the linear relation from Corollary 7.12(3), the determinant of this matrix agrees up to a rational
number with that of

o0
n21+n—4r—6/ IO(I)Zt—lKo(t)k-‘rl—ZttZ]—l dt,
0
which gives the remaining values

—r(r+3) n/ —r(r+1 ’
62r+2 =7 r(r )Dk,Odd and C2r+4 =TT ( )Dk,Odd' l:'
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Remark 8.5. Besides the case k = 3, in which L3(s) = L(x3, s —2) is a shifted Dirichlet L-function,
Deligne’s conjecture holds for k = 5, 6, 8. In all three cases, L;(s) is the L-function of a modular form
evaluated at s — 2 (see [Fresan et al. 2022, Table 1]) and the matrices in (8.3) have size one. The critical
values have been expressed in terms of Bessel moments in [Bloch et al. 2015; Zhou 2018a; 2019b],
thus confirming the conjecture. The first case where a true determinant is expected to occur is L7(5),
which is a critical value of the L-function of the symmetric square of a modular form. Other numerical
confirmations of Deligne’s conjecture for k < 24 appear in [Broadhurst and Roberts 2019].

Remark 8.6. Broadhurst and Roberts conjecture that, for £ > 12 a multiple of 4, the L-function L(Mg, s)
always vanishes at the central point s = %(k+2), even when the expected sign of the functional equation (see
[Fresan et al. 2022, below Theorem 1.3]) is positive. According to Beilinson’s conjecture, this vanishing
should be explained by the existence of certain nontrivial extension of My by Q(—k/2). It seems possible
to construct such an extension by considering the quotient of the cohomology with compact support of
Sym* K1, by its weight zero piece and to relate its nonsphttlng to the shape of the full period matrix Pmod d
from Section 6, Indeed, suppose 4 | k. The Nori motive Mk = (H'C‘ Y(Ho) ) W) Brxrasen(—1), where W
denotes the weight zero part, is an extension of My by a rank-one motive E of weight k. It has been
shown in the proof of [loc. cit., Theorem 5.17] (see especially the discussion of the terms (Eéék_z)gp’x and
ker(B8)%°X / W) that as a representation of Gal(Q »/Q)p), the £-adic étale realization of E is isomorphic to
Q¢ (—k/2) for all primes p > 3 and £ # p. Since the Frobenius elements of characteristic p > 3 are dense
in Gal(Q/Q), one obtains an isomorphism E ~ Q(—k/2). From the viewpoint of the period realization,
the nonsplitting of the extension M, amounts to the claim that the entries of the last row of the period
matrix Pmod d span a Q-space of dimension at least two in C by Proposition 6.5(2). Concretely, the latter
holds if and only if the moments BMy (k/2,2j — 1) and BM,®(k/2, k' +2), for 1 < j < k/4, are not all
mod,rd

in (2771)*/?Q (rational multlples of the entry P} k) +)- Such nonsplitting has been verified numerically
for the period matrix Py of Mk( k — 1) by Broadhurst and Roberts; see [Roberts 2017, Section 2].

Appendix: Period realization of an exponential mixed Hodge structure
by Claude Sabbah
This appendix can be regarded as a complement, with respect to period structures, to the appendix in
[Fresan et al. 2022]. We consider the abelian category Per of period structures, whose objects consist

of pairs (VC, Vg) consisting of a finite dimensional C-vector space V', a finite dimensional Q-vector
space Vp, together with an isomorphism

comp : C®q Vg = Ve

and whose morphisms are the natural ones. There is a natural forgetful functor Per : MHS — Per from
the category of @-mixed Hodge structures to that of period structures.
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Al. The fiber period realization of an exponential mixed Hodge structure. Let X be a complex smooth
quasiprojective variety and let N" be an object of the abelian category MHM(X) of Q@-mixed Hodge
modules on X. It consists of a triple ((N, F*N), (%q, W.%g), compy), where

e (N, F*N) is a holonomic Z2x-module endowed with a coherent filtration,

o (Fq, W, Zg) is a Q-perverse sheaf on X" endowed with an increasing filtration by (Q-perverse
subsheaves,

« and the comparison isomorphism compy is an isomorphism C ®q #g = "DR N, where P DR N is
the shifted de Rham complex DR N[dim X].

These data are subject to various compatibility relations that we do not make explicit here, referring to
[Saito 1990; 2017] for details. From the mixed Hodge module N" we only retain the triple Per(N") :=
(N, g, compy) by forgetting the Hodge and weight filtrations.

For example, let us consider the pure Hodge module *Q',, with underlying Zx-module equal to Ox
and underlying perverse sheaf PQy = (x[dim X]. The comparison isomorphism is induced by the
isomorphism Cx = .#° DR ¢y => DR 0.

Let Aé be the affine line with coordinate 6. The Q-linear neutral Tannakian category EMHS (exponential
mixed Hodge structures), as defined in [Kontsevich and Soibelman 2011, Section 4], is the full subcategory
of MHM(A;) consisting of objects N* whose underlying perverse sheaf has vanishing global cohomology,
with tensor structure given by the additive convolution x. Denoting by j : G, — A! the inclusion, one
defines a projector

IT: MHM(A") - EMHS,  N"—> N"#,,j"Q |

consisting in neglecting constant mixed Hodge modules on A!.
For an object N* in EMHS, its de Rham fiber is the C-vector space defined as

Hig(Ag, N @ E?) =Hapy , (N ® E),

where EY is the connection (Op1, d4-d0) and ay denote the structure morphism of AJ. This vector space
is endowed with a filtration, called the irregular Hodge filtration; see [Fresdn et al. 2022, Section A.3].

In order to define the Betti fiber functor, we consider the real oriented blowing-up o : P! > P! of P!

1

lg=Alny dmoaP! in the neighborhood of which e~¢ has moderate growth,

at oo and the open subset P
equivalently rapid decay, i.e., defined by Re(6) > 0. Let us denote the open inclusions A 2" < ﬁfullnod and

Pl < P! respectively by @ and B8. The Betti fiber of N" is defined as

mod

H(P', BiRa, Zg) = HA(PL . Re, Z).

mod>

Let us notice that these definitions can be extended to all objects N of MHM(Aé) and then the
corresponding vector spaces only depend on TT(N*) since HQR(AI, E?)=0forall r.

In order to define the comparison isomorphism, we first recall that the de Rham fiber H}lR Al NQE?)
can be computed as the hypercohomology of the moderate de Rham complex DR™(N ® E?) on P!,
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that is there exists a canonical functorial isomorphism (see e.g., [Fresan et al. 2023, Section 2.e])
Hiz (A}, N ® E?) ~ H'(P', " DR™4(N @ E?)). (A1)
Furthermore:
Lemma A.2. There exists a unique isomorphism

BiRa, DR™(N) ~ DR™4(N @ E?)

extending the identity on the analytic complex line A",

Proof. Indeed, let us recall (see [loc. cit.]) that DRmOd(N ® E?) has cohomology in degree zero only.

1

Then one can easily show that its .77 is zero on the complement of ﬁmod,

so that the natural morphism
BB~ DR™Y(N ® E?) - DR™Y(N ® E?)
is an isomorphism. One then shows in the same way that
B'DR™YN ® E?) = Raya ™' B~ DR™YN @ E?).
Uniqueness follows from the adjunction formulas [Kashiwara and Schapira 1990, (2.3.6) and (3.0.1)]. O
On the other hand, termwise multiplication by e~ induces an isomorphism
PDR*(N) = "DR*(N ® E?).
As a consequence, there exists a unique isomorphism
compg: : fiRaFc — "DR™Y(N @ E?)
extending e~? o compy 1. This morphism is thus functorial with respect to N™.
Definition A.3 (fiber period structure FPer(N")). Let N" = (N, Zg, compai.) be an object of EMHS:
(1) The fiber comparison isomorphism
comp : C® H (P!, B Ra.Fg) — Hlg (AL, N ® E?)
is the composition of HO(P!, compg:) with that given by (A.1).

(2) The fiber period structure FPer(N") of an exponential mixed Hodge structure N" is the following
object of the category Per:

FPer(N") = (Hlz (A}, N ® E?), HO(P', R, Z), comp).
In the following, we also regard FPer as a functor defined on MHM(Aé) by factorizing through EMHS
by I1. The following lemma is then obvious.

Lemma A.4. The assignment FPer defines an exact functor MHM(Aé) — Per factoring through I1, and

there is an isomorphism of functors to the category Per:

FPer(N") = (H*(P', BiRa.' DR™(N ® E?)), H*(P', piRa.Zq), H'(P', iR (e~ o compyim))).
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On the other hand, let i : {0} < A! be the closed embedding. The abelian category MHS = MHM({0})
of mixed Hodge structures is identified with a full subcategory of MHM(A!) and of EMHS via the
pushforward yig, of mixed Hodge modules and the composition IT o 4ig,, respectively.

Proposition A.5. There is a commutative diagram of functors:

[Moyio

MHS ——— EMHS

Perl ﬁ

Per

Proof. This follows from the tautological identification for a vector space V over either Q or C

H)(P! .. Ra,RipV)=V,

mod>

which commutes with change of base field. (I

A2. Computation of the fiber comparison isomorphism for a Gauss—Manin exponential mixed Hodge
structure. Let [ : X — Aé be a projective morphism from a smooth quasiprojective variety X to the
affine line Aé. We denote the pushforward functor D°(MHM(X)) — Db(MHM(Aé)) by u fi; see [Saito
1990, Theorem 4.3]. For each object N* of MHM(X) and each integer r, we consider the mixed Hodge
module 7"y f,, N" that we simply denote by y 7 N". We will compute its fiber period structure by means
of cohomology on a suitable real blow-up space.

For that purpose, consider a smooth projective compactification f : X — P! of X and f giving rise to
a commutative diagram

1|

A} —— P!

such that the pole divisor P = f~!(c0) is a strict normal crossing divisor in X. We denote by w :
X(P) — X the real-oriented blowing-up of X along the irreducible components of P. Then f lifts
as a real-analytic morphism f : X (P) — P!. In this section, we set X = X (P). We define the open
subset amodfi of X = ! (P) as consisting of points of @~ '(P) in the neighborhood of which e/
has moderate growth — equivalently, rapid decay — so that Omod X = f1 (8m0dﬁ1). The subset

ymod =XU amody = ];_] (@rlnod)
is open in X. We also denote by «, B the respective open inclusions

X< Xoog 2 X,



592 Appendix by Claude Sabbah

As in Section 2.1, we set E/ = (0x, d+d f) and, for a Zx-module N regarded as an &'x-module with
flat connection V, we set N ® E/ = (N, V+d f). To a mixed Hodge module N* on X we associate a
period structure in Per as follows. The vector spaces are (the perverse convention is used here)

"Hr(X, N® E/) :=H (X,"DRx(N ® E')),
"Hi (X, Fo ® E/) :=H (X, iRt Fq) = H(Xmoa, Ret»Fq0).

In order to make the comparison isomorphism explicit, we need the following proposition. We note
that termwise multiplication by the holomorphic function e~/ induces an isomorphism "DR{ N =
"DRY'(N ® E /Y. On the other hand, we endow X with the sheaf Jz%)i(“"d of holomorphic functions on X
having moderate growth along d X. Then any Zx-module M has a (shifted) moderate de Rham complex
pDR‘?)Z10d M on X; see e.g., [Fresan et al. 2023, Section 2.e]. We also denote by j : X — X the inclusion.

Proposition A.6. For a regular holonomic 2x-module N, the following two natural morphisms
BB~ "DRE j (N®E’) - "DRE™ jL (N ® E),
B~'"DRE™ j (N ® E/) > Raa ™' B7"DRE™ jL(NQ E”)
are quasiisomorphisms.

Sketch of proof. A similar result is proved in [Sabbah 1996] (proof of Theorem 5.1) but the definition of
the sheaf of functions with moderate growth used there is more restrictive than the one needed for our
purposes. Instead, one uses computations similar to those of [Hien 2007, Proposition 3.3] (see also [Hien
2009, Proposition 1]) together with [Mochizuki 2014, Corollary 4.7.3]. |

We conclude that there is a natural isomorphism
BiRe,’'DRY(N ® E/) => "DRE™ j (N ® E/) (A7)

in the derived category DP(Cy), which is functorial with respect to N. Moreover, by the arguments of
adjunction already used in the proof of Lemma A.2, this is the unique isomorphism extending the identity
on X.

Corollary A.8. For a mixed Hodge module N" € MHM(X) there exists a unique isomorphism
compy : fiRo.Fc — "DR}‘;"d j+(NQE')
which extends e~/ o compy : ¢ — "DRY(N ® E7). We have
compy =(A.7)o ,B,Roc*(e_f ocompy).
This morphism is functorial on MHM(X). O
In a way similar to (A.1), one shows that, for any r, there exists a canonical isomorphism
can, : H (X, DR j, (N ® E/)) ~H'(X,"DRg j (N ® E'))
=H'(X,’DRx(N ® E/)) =:"Hx (X, N ® E).



Quadratic relations between Bessel moments 5903

Definition A.9. Let N be an object of MHM(X). For each r (the perverse convention is used here), the
fiber period structure FPer" (N" ® E 7Y is defined as

FPer’ (N" @ Ef) = CHx (X, N ® ET), Hy (X, Zg ® ET), can, o’H’ (X, compy)).

Lemma A.10 (expression of FPer” (N* ® E/) on the real blow-up). For each r, there is an isomorphism

in Per:
FPer’ (N"®E/) =~ (H"(X, BiRa."DRY j (N®E')v), H (X, fiRa.Fq), H (X, BiRa. (e~ ocompy))).

Proof. The isomorphism is the identity on the middle term and the isomorphism on the left term is given
by can, o H' (X, (A.7)). O

We then deduce that the fiber period structure FPer" (N" ® E 7y is isomorphic to that attached to the
exponential mixed Hodge structure IT(y f] N"):

Proposition A.11. For each r, there is a functorial isomorphism of fiber period structures:
FPer(,, f” N") ~ FPer’ (N* ® E/).

Proof. By definition, the comparison isomorphism compy for y f*j N" is obtained by taking the j-th
perverse cohomology of the composed isomorphism

Rf.Fc —RLCOmPx o g PDR™ N =5 'DR™ £, N,

where the second morphism is the standard functorial isomorphism from Z-module theory. We also have
a commutative diagram:

RfDR™N — - ?DR™ f, N
Rf*e—fl le—s
Rf.’DR*™(N @ E/) —— "DR™((f.N) ® E?)

We now take the models of Lemmas A.4 and A.10 and the desired isomorphism is obtained (after applying
R F(ﬁl, -) and taking cohomology) from the canonical isomorphism of functors

R fio iRy > piRaRf:

from D°(Cy) to DP (Cp1), that we recall now. We consider the two commutative squares:

X%imod(L)i

I .

aAlee L poc P

mod

Since f is proper, we have a canonical isomorphism of functors R fy o i > Bi 0 R fmod . and on the other
hand we have Rfmod* o Ra, >~ Ray. o Rf*. |
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A3. Fiber period realization of a pair (U, f).

Application of the results of Section A2. Let U be a smooth complex quasiprojective variety of dimension d
andlet f : U — Aé be a regular function. Starting with the mixed Hodge module *Q};, we aim at giving
a formula for the fiber period structure of the exponential mixed Hodge structures associated with the
pushforward mixed Hodge modules ;, f*Q}, and y f{*Qy (r € Z). For that purpose, it is convenient to
choose a partial completion « : U < X of U as a smooth quasiprojective variety X so that H = X \ U is
a strict normal crossing divisor and that f extends as a projective morphism f : X — Aé. The result will
be independent of such a choice. The commutative diagram used in Section A2 is thus completed on the
left as follows:

v, x ¥

ol b

A, A} —— P!

We consider the objects N" of MHM(X) defined as N" = ,;«,*Q}; or N" = ;x°Q},. Correspondingly,
we write N ® E/ as Ef («xH) or E/ (\H) and we have .Zg = Rk,"Qp or Rk*?Qy. In this way, we are in
the setting of Section A2.
We denote respectively by H (U, f) and H] (U, f') the exponential mixed Hodge structure IT( f, _dp@‘z,)
and H(Hf,r_dP@}l‘]), and
Hia (WU, ) =im[H (U, f) - H (U, f)]. (A.12)

We denote respectively the associated de Rham fibers by Hyg (U, f) and Hyg (U, f), and the Betti fibers
by Hy (U, f) and Hg’C(U, f). We then have

Hijr(U, f) ~H (X, DR(E/ (xH))), Hj (U, f)~H (X,DR(E/(H))).

Keeping the notation of Section A2 for «, 8 (and emphasizing now the divisor P), we have by
Proposition A.11

HL(U, f) =H (X(P), BiRa.Ri,Qy), Hj (U, f) =H (X(P), fiRa RiaQy).

We set lNJmod(P) =X mod(P) \ @ ~'(H) and we denote by @ the family of closed subsets of ﬁmod(P)
whose closure in X is contained in the open subset X mod (P).

Proposition A.13. We have
Hy (U, f) > Hy(Unoa(P), Q) and Hp (U, f) 2 H(Umoa(P), @),
and the natural morphism Hy (U, f) — Hg (U, f) is induced by the inclusion of the families of supports.

Remark A.14. Setting U(P) = X(P)\ @ ~'(H) and denoting by dexp X (P), respectively dexpU (P), the
closed subset complement to X mod (P) in X (P), respectively to ﬁmod(P) inU (P), the spaces Hg (U, f)
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and Hy (U, f) also read in terms of relative cohomology
Hy(U, f) = H (U(P), 3expU(P), @), Hp (U, f) ~H (X(P), dexpX (P) U~ (H), D),

and the natural morphism between both is induced by the inclusion of pairs (ﬁ (P), aexpﬁ (P)) —
(X(P), 8expi(P)), so that HrB,mid(U’ f) is the corresponding image, according to (A.12).

Proof of Proposition A.13. In the proof, we simply set X = X(P). With the notation above, we consider
the commutative diagram

U ¢ - Nmod B i ﬁ L aexpi7
| T
X : gmocl ~ ) 8exp§

where the first line is obtained from the second one by deleting = ~! (H).
For the identification of Hg (U, f), we need the next lemma.

Lemma A.15. For x = % or x =, there is an isomorphism in Db(}?, )
Ric,uiRay«Qu >~ BiRa, Ri, Qy .
Proof. We can replace Ra, Rk, With Rk, Ray . Furthermore, a local computation shows that
Ray,Qu=0Qp =p;'Qs and (RBy o Ray).Qy = Qy.

We are thus reduced to finding an isomorphism RIZ*,BU!@ﬁmO = IB!R’Zi@ﬁm .- Letus first construct a
morphism. There is a natural morphism

R’z*ﬂU!@ﬁmod g Ri*RﬂU*@ﬁm(vd = Rﬂ*Rki@ﬁmod

and this morphism can be lifted as a morphism to giRic,Qg  if and only if its restriction by y is zero.
Clearly, y ~' Rk, By @ T,0q 1S ZETO ON aexpﬁ and we need to check that the same property holds true on
o '\(H)N Bexp)? . The question reduces to a local computation in the neighborhood of each point of
PN H in X. We thus work in an adapted coordinate neighborhood A¢ of such a point. We can write
Ad = Al x A7 with PN A? = P’ x A~ defined by the vanishing of the product of coordinates in

“and H N AY = A* x H" defined by the vanishing of the product of some coordinates in A?~¢. In this
model, the real blowing-up @ : A’ x At — A’ x A! is induced by the real blowing-up of A’ along

its coordinates hyperplanes. In restriction to this chart we have U = A® x (A9=¢\ H”) and
Xmod = (Ae)mod X Ad_e, ﬁmod = (Az)mod X (Ad_z \ H"), (A.16)
aexpi = aexp(Aé) X Ad_z» aexpﬁ = 3exp(AZ) X (Ad_lZ \ HH)- .

The assertion is then clear since the morphisms By and & act on disjoint sets of variables. With the same
local computation, one checks that the morphism thus obtained is an isomorphism. U
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We can now conclude the proof for Hy (U, f). From the previous lemma with » = * we deduce
H' (X, BiReRic,Qu) ~ H' (X, R fuRay,Qy) = H (U, puQy, ).
and the assertion is then clear. On the other hand, the distinguished triangle in Db(l7 , Q)
BuiBy'Qp — Qp — Ryuwyy'Qp =

gives the expression of Hy (U, f) in terms of relative cohomology as asserted in Remark A.14.
For Hy (U, f), the previous lemma with x = ! gives similarly

H' (X, fiRatiQp) =~ H' (X, (& 0 By )i Ray«Qu) = H(Unoa, Q). 0

Remark A.17. Let Z C U be a divisor on which f vanishes, let az denote the structure morphism, let
iz:Z — U denote the closed inclusion and jz:U \ Z < U the complementary open inclusion. We set
*QY = Ha}ﬂlgpec@[dim Z1], so that there is an isomorphism

uiy" QY = A i QY ~ QY
and an exact sequence
0— HiZ*p([;D]} — HjZ!Hj;P’@‘[{] - pQ?j — 0,
giving rise to an exact sequence in EMHS, see [Fresan et al. 2022, (A.21)],
> HTHZ) > HUWUNZ, f) = (U, f) = BU(Z) > -+

IfH (U\Z, f)=0 for each r, the exponential mixed Hodge structure H, (U, f) is isomorphic to the mixed
Hodge structure H;(Z) and, correspondingly, the fiber period structure FPer(H; (U, f)) is isomorphic
to Per(H[(Z)). We will make explicit this exact sequence for the Betti fibers. Since f X > Plisa
morphism, we have Z N P = @. We have a distinguished triangle

BiRaRiz, Q7 — BiRa, j71Qu\z — PBiRa,Qu RN
and since the closure of Z in X (P) does not intersect X (P), we find
BiRaRizQz = piRuRizQz and  PiRo.jz1Qu\z = Bz Qg (p)\z-
where B is the inclusion ﬁmod(P) \Z — X (P). The Betti exact sequence reduces then to
o> HTN(Z, Q) = H.(Unoa(P)\ Z, Q) = H.(Umoa(P), @) — HL(Z, Q) — --- . (A.18)

Computation with the total real blow-up. In order to use results of [Fresan et al. 2023], we consider the
real blowing-up 7 : X (D) — X of the irreducible components of D = P U H in X. There is a natural
morphism @ : X(D) — X(P), so that 7 = @ o & . In a local chart where formulas (A.16) hold, & is the

blowing-up map of the components of H” in A4~¢:

X(D) = Al x A4t 5 Al x A7t =X (P).
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We consider the open subsets ﬁmod(D) =UUu Bmodf(D) and ﬁrd(D) =Uu ard)?(D), where:

. Bmodf (D) is the open subset of 7~ YD) in the neighborhood of which e~/ has moderate growth
(it contains 7 ~1(D \ P)).

. ardi (D) is the open subset of 7~ Y(P) in the neighborhood of which e~/ has moderate growth,
equivalently, rapid decay.

In the local chart as above, these sets read
Unmod(D) = (A moa x AV, Upa(D) = (A moa x (A""C\ H”).

For the sake of simplicity, we denote by Qp . p) the sheaf on X (D) which is the extension by zero of
the constant sheaf on ﬁmod(D) with stalk @ (notation of [Kashiwara and Schapira 1990]), and similarly
with rd. From the previous identifications with now o« : X — Xmod(D) and 8 : imod(D) X (D), we
obtain

R®.Qg, p) = BiRwRIQu,  RD.Qg,(p) = Qfup)
(in fact @ : ﬁrd(D) — ﬁmod(P) is an isomorphism). Therefore,
Hy (U, ) = H.(Unoa(D), @) and Hp (U, f) > HL(Uw(D), Q). (A.19)

Let &4 (resp. Prmoq) denote the family of closed subsets F of U whose (compact) closure Fin X (D)
is contained in ﬁrd(D) (resp. ﬁmod(D)). A closed set F of U belongs to @4 (resp. Ppoq) if and only if
lexp(— f)||r tends to zero faster than any positive power of dist(x, x,) (resp. is bounded by some negative
power of dist(x, x,)) when x € F tends to some x, € D. Then the right-hand sides in (A.19) read

H,(Unoa(D), @) =Hp, (U, @), HL(Un(D), Q) =Hj, (U, Q), (A.20)
and, by considering the natural morphism induced by the inclusion of family of supports, we have
Hg g (U, f) =im[Hy (U, @) — Hy (U, Q)]. (A.21)

Rapid decay and moderate growth homology spaces for the pair (U, f). 1f 1 denotes the generator of
E/ = (0y,d+df), then exp(—f) - 1 is an analytic flat section of E/. The moderate growth and the
rapid decay homology spaces of the pair (U, f), as defined in [Fresan et al. 2023], are the homology of
the chain complexes consisting of singular chains in X (D) with boundary in X (D) twisted by the flat
section exp(— f) - 1, whose support is contained in ﬁmod(D) and ﬁrd(D), respectively. The flat section
being fixed, we get identifications with relative homology spaces

H™(U, f) = H, (Unoa(D), 8Umoa(D), @) and  HY(U, ) ~H, (Uw(D), dUw(D), Q). (A.22)

Notation A.23. For the sake of simplicity, we omit the flat section exp(— f) - 1 in the notation of such
twisted chains, that we simply call respectively rapid decay and moderate chains (we will not make use
of the latter).
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We have a more explicit expression of the rapid decay homology as follows. By suitably lifting to
X (D) the radial vector field of length one centered at oo € P! so that it remains tangent to 7~ (D \ P),
and by following its flow, we obtain for every large enough R > 0 a deformation retraction of the pair
(U,a(D), 9gUra(D)) to the pair (Ura(D), dU,a(D)), where the thickened boundary 9z Uyq(D) is defined
as Ua(D)N{|f] = R} N {Re(f) > 0}. Setting

da rU = U NdgU(D) =UN{|f| = RIN{Re(f) >0}, R>0,
by excision of 8ﬁrd(D), we obtain (for R > 0)
HY (U, f) ~H, (Uw(D), 3Us(D), Q) = H, (Usa(D), 3 Ura(D), Q) = H, (U, 8:a rU, Q).  (A.24)

Remark A.25 (period pairing and period realization). Working with the transposed period structures as
in [Fresan et al. 2023, Proposition 2.28], and considering rapid decay and moderate growth homology,
one can show that there exist isomorphisms of (the transposes of) period structures

FPer H' (U, f) = (Hig (U, f), HY(U, f), PEmd),
FPerHy(U, f) = (Hyg o(U, f), HI*U(U, f), PPM9),

FPer Hy,y (U, f) ~ (Hjg i (U. £). H'(U, f), P,

Ad. Period structures over the category of varieties and morphisms defined over Q. In this section,
we denote by Uy a variety defined over (2 and by U the variety defined over C after extension of scalars
from @ to C. When working over varieties and morphism defined over Q, that is, smooth separated
schemes of finite type over Q and separated morphisms (e.g., Up is A" or G, and f is a polynomial or
a Laurent polynomial with rational coefficients), we are led to consider period structures over Spec Q.
Such a period structure consists of a pair of finite-dimensional Q-vector spaces (Vp, V) together with a
comparison isomorphism comp : C ®q Vg ~ C®q Vo = V.

Q-structure on the de Rham cohomology. We fix a good compactification

j: o, )= (Xo, ),

that is, such that Dy = X¢ \ Uy is a divisor with strict normal crossings (i.e., such that the irreducible
components over @ are smooth and intersect transversally). We work with the corresponding category
of 2-modules and functors; see, e.g., [Laumon 1983, Sections 4 and 5]. The de Rham cohomology
Hijz (Uo, f) is defined in a standard way as the de Rham cohomology of the Zy,-module (07, d+d f),
and the de Rham cohomology with compact support Hyg .(Up, f) is the de Rham cohomology of the
I%,-module j;(Oy,, d+df), with j; = Do ji oD and D is the duality functor of Z-modules. We
denote by (U, f) the corresponding object obtained by extension of scalars from Q to C. We have:

Lemma A.26. Extension of scalars is compatible with taking de Rham cohomology, that is,

C ®@ HSR(UOs f) = HSR(Ua f)’ C ®@ HQR’C(UO’ f) = HSR,C(U7 f) D
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As an immediate consequence we obtain that the same result holds for the middle de Rham cohomology
H(riR,mid(UO’ .

Let us consider the setting of Remark A.17 and let us assume that the triple (U, f, Z) is defined over Q.
Let us set M = (0y,, d+d f). There is a natural exact sequence

0=RTz,M - M — jz,1j7 M = M(+Zo) - R'Tz,M — 0
which identifies the complex RI"z,M with (Oy,(xZ¢)/Oy,, d+d f)[—1]. We note that

(Ouy(xZ0) [ Oyy, d+d f) = (Oyy(xZo) [ O, )

Indeed, this amounts to showing that the exponential function exp(=£ f) is well-defined on Oy, (xZy)/ Oy,
and this follows from the nilpotency of multiplication by f on each local section of &y, (xZ¢)/0y,. The
long exact sequence in de Rham cohomology thus reads

-+ = Hgr 7,(Uo) — Hig (Uo, ) = Hygr(Uo \ Zo, ) — HSFZO(UO) —
Dually (in the sense of 75 -modules, and up to changing f to — f), we obtain the exact sequence
— Hp (Zo) = Hig (Uo\ Zo, f) = Hi (U, f) = Hig (Zo) — - -

Corollary A.27. Assume moreover that the Q-vector spaces Hyg (Uo \ Zo, f) and Hyg (Uo \ Zo, f) are
zero for all r. Then the Q-de Rham vector spaces Hyp (Uy, f) and Hj dR.Zo (Uyp), respectively HdR W, )
and Hyg (Zo), coincide. [l

Example A.28. We consider the setting of [Fresan et al. 2022, Example A.27] where the assumptions of
Corollary A.27 hold. We thus assume that Uy = Atl X Vp for some smooth quasiprojective variety Vy and
f =tg for some regular function g on V. We set %y = g_1 (0) and Zy = A,l x #p. Corollary A.27 gives
identifications of Q-vector spaces

dr.zo(Uo) = Hig (Uy, f) and  Hgg .(Zo) = Hgg (Vo f).

Action of complex conjugation. We denote by (UR, f®) (or simply UR, f®) the real-analytic space and
map associated with (U (C), f). Then the complex conjugation endows U® with a real analytic involution
conj which commutes with f R, Furthermore, one can find a compactification (X0, Do) defined over Q
(since resolution of singularities holds in characteristic zero) so that conj extends in a unique way as a
real analytic involution of (X®, D®). Similarly, X (D)[R< etc. belong to the semlanalytlc category and conj
can then be lifted in a unique way as a semianalytic involution conj of X (D)R that preserves X (D)R.
Lastly, since the moderate growth or rapid decay condition only involves Re(f®), the involution COH]
preserves the subsets ﬁmod(D)[R and Urd(D)R.

Corollary A.29. If (U, f) is obtained from (Uy, f) by extension of scalars, the Q-Betti fibers Hg (U, f)
and Hy (U, f) are naturally endowed with an involution conj*, which is compatible with the natural
morphism Hyg (U, f) — Hg(U, f).
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Proof. Indeed, conj* is induced by
conj” : H(Unmoa(D)®, @) = H.(Umoa(D)®, @) or  conj” : H.(Tra(D)®, @) — HL(Una(D)®, @). O

Corollary A.30. In the setting of Remark A.17, assume that (Uy, f, Zy) is defined over Q. Then Cgﬁj* is
compatible with the morphisms of the Betti exact sequence (A.18). In particular, if H,(U \ Z, ) =0 for
all r, then the involutions conj* on Hg (U, f) and Hg (ZR, Q) coincide. O

Example A.31. Let us keep the setting of Example A.28, that is, [Fresan et al. 2022, Example A.27]. It
is proved in [loc. cit.] that, for all » € Z, we have a diagram of mixed Hodge structures

HL(A! x V, f) —— HL72(Z)(—1)
l (A.32)
H (A x V, f) +——H, (Al x V)

where the vertical arrow is the natural one. Consider the case r = d, the dimension of A! x V. According
to [loc. cit., Proposition A.19], the upper line is mixed of weights < d and the lower line is mixed of
weights > d. Furthermore, denoting by anid (Al x V, f) the image of the vertical arrow, we have induced
isomorphisms of pure Hodge structure:

gy HUA! x V, f) —— (er) , HIT2(2))(—1)

|

HY (A x V. f) —— Wy R Al x V. f) —— Wy HL (A} x V)

We assume that Vj, g are defined over Q, making Uy, f also defined over @, as well as %, = g~ '(0)
and Zo = Al x 7, so that #® and Z® are preserved by conj. It follows from Corollary A.30 that the
isomorphisms of (exponential) mixed Hodge structures (A.32) induce isomorphisms of Betti fibers which
are compatible with conj*.

Furthermore, the weight filtration W, H,(Z R Q) is preserved by conj*, since it comes from a filtration
defined at the level of Nori motives; see [Huber and Miiller-Stach 2017, Theorem 10.2.5]. One can argue
that the weight filtration of Hy C(Atl x V, f) is also preserved by conj* by analyzing first the behavior of
conj* on R” fi"Qy . Nevertheless, it is enough for our purpose to check that conj* induces an action on
Hp mid (Al x V, f), a property that follows from interpreting the latter space as the image of the Betti

vertical arrow (A.32).

Acknowledgments

It is our pleasure to thank David Broadhurst and David Roberts for useful correspondence on the subject
of their conjecture.



Quadratic relations between Bessel moments 601

Added in proof

Recently, Y. Zhou also obtained [2021] the existence of quadratic relations as conjectured by Broadhurst
and Roberts, with a different interpretation of the matrix Dy however. The methods are completely
different from those of the present article and rely on the previous works of the author.
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