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ABSTRACT. This is an expository survey on the theory of Bernstein-Sato
polynomials with special emphasis in its recent developments and its importance
in commutative algebra.
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1. INTRODUCTION

The origin of the theory of D-modules can be found in the work of Bernstein
[Ber71, Ber72] where he gave a solution to a question posed by I. M. Gel’fand [Gel57]
at the 1954 edition of the International Congress of Mathematicians regarding the
analytic continuation of the complex zeta function. The solution is based on the
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existence of a polynomial in a single variable satisfying a certain functional equation.
This polynomial coincides with the b-function developed by Sato in the context of
prehomogeneous vector spaces and it is known as the Bernstein-Sato polynomial.

The theory of D-modules grew up immensely in the 1970’s and 1980’s and
fundamental results regarding Bernstein-Sato polynomials were obtained by Mal-
grange [Mal74b, Mal75, Mal83] and Kashiwara [Kas77, Kas83]. For instance, they
proved the rationality of the roots of the Bernstein-Sato polynomial and related
the roots to the eigenvalues of the monodromy of the Milnor fiber associated to the
singularity. Indeed this link is made through the concept of V-filtrations and the
Hilbert-Riemann correspondence.

The theory of D-modules burst into commutative algebra through the seminal
work of Lyubeznik [Lyu93] where he proved some finiteness properties of local
cohomology modules. Nowadays, the theory of D-modules is an essential tool used
in the area and has a prominent role. For example, the smallest integer root of the
Bernstein-Sato polynomial determines the structure of the localization [Wal05], and
thus, using the Cech complex, it is a key ingredient in the computation of local
cohomology modules [Oak97a, Oak97b, Oak97c, Oak18]. In addition, several results
regarding finiteness aspects of local cohomology were obtained via the existence of the
Bernstein-Sato polynomial and related techniques [NB13, AHN B17]. Finally, there
are several invariants that measure singularity that are related to the Bernstein-Sato
polynomial [ELSV04, MTWO05, BS05, BMS06b)].

In this expository paper we survey several features of the theory of Bernstein-Sato
polynomials relating to commutative algebra that have been developed over the last
fifteen years or so. For instance, we discuss a version of Bernstein-Sato polynomial
associated to ideals was introduced by Budur, Mustata, and Saito [BMS06b]. We
also present a version of the theory for rings of positive characteristic developed by
Mustata [Mus09] and furthered by Bitoun [Bit18] and Quinlan-Gallego [QG20b].
Finally, we treat a recent extension to certain singular rings [HM18, AHNB17,
ATJ*19]. In addition, we discuss relations between the roots of the Bernstein-Sato
polynomial and the poles of the complex zeta functions [Ber71, Ber72] and also the
relation with multiplier ideals and jumping numbers [ELSV04, BS05, BMS06b)].

In this survey we have extended a few results to greater generality than previously
in the literature. For instance, we prove the existence of Bernstein-Sato polynomials
of nonprincipal ideals for differentiably admissible algebras in Theorem 5.6. In
Proposition 8.2, we show that Walther’s proof [Wal05] about generation of the
localization as a D-module also holds for nonregular rings. In Theorem 8.6 we
observe conditions sufficient for the finiteness of the associated primes of local
cohomology in terms of the existence of the Bernstein-Sato polynomial; this covers
several cases where this finiteness result is known. We point out that these results
are likely expected by the experts and the proofs are along the lines of previous
results. They are in this survey to expand the literature on this subject.

We have attempted to collect as many examples as possible. In particular, Section
4 is devoted to discuss several examples for classical Bernstein-Sato polynomials. In
Section 5, we also provide several examples for nonprincipal ideals. In addition, we
tried to collect many examples in other sections. We also attempted to present this
material in an accessible way for people with no previous experience in the subject.
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The theory surrounding the Bernstein-Sato polynomial is vast, and only a portion
of it is discussed here. Our most blatant omission is the relation of the roots of
Bernstein-Sato polynomials with the eigenvalues of the monodromy of the Milnor
fiber [Mal74a]. Another crucial aspect of the theory that is not touched upon here
is mixed Hodge modules [Sai86]. We also do not discuss the different variants
of the Strong Monodromy conjecture which relate the poles of the p-adic Igusa
zeta function or the topological zeta function with the roots of the Bernstein-Sato
polynomial [Igu00, DL92, Nic10]. We also omitted computational aspects of this
subject [Oak97a, BL10]. We do not discuss in depth several recent results obtained
via representation theory [LRWW17, L6r20]. We hope the reader of this survey is
inspired to learn more and we enthusiastically recommend the surveys of Budur
[Bud05, Bud15b], Granger [Gral0], Saito [Sai09], and Walther [Wall5, EGSS02] for
further insight.

2. PRELIMINARIES

2.1. Differential operators.

Definition 2.1. Let K be a field of characteristic zero, and let A be either

e A=Klzy,...,24], a polynomial ring over K,
o A=K][zy,...,xq], a power series ring over K, or
o A=C{xy,...,24}, the ring of convergent power series in a neighborhood

of the origin over C.

The ring of differential operators D 4k is the K-subalgebra of Endk(A) generated

by A and 04, ...,04, where 0; is the derivation %.

In the polynomial ring case, Dk is the Weyl algebra. We refer the reader to
books on this subject [Cou95], [MR87, Chapter 15] for a basic introduction to this
ring and its modules. The Weyl algebra can be described in terms of generators
and relations as

K<$1,...,Id,(i‘)l,...,ad>
(aidij 7Ijaif($ij | ’L,] = :l,...,d)7
where d;; is the Kronecker delta. As D4k is a subalgebra of Endk(A), z; € Dk is
the operator of multiplication by ;. The ring D 4k has an order filtration:

7 _ al aq b1 bd

Di= @ Keat oo ..o
ai,...,ag€N
bit--+ba<i

Dy =

The associated graded ring of D 4k with respect to the order filtration is a polynomial
ring in 2d variables. Many good properties follow from this, for instance, the Weyl
algebra is left-Noetherian, is right-Noetherian, and has finite global dimension.

In the generality of Definition 2.1, the associated graded ring of D 4k with respect
to the order filtration is a polynomial ring over A.

Rings of differential operators are defined much more generally as follows.
Definition 2.2. Let K be a field, and R be a K-algebra.
o Dy = Homp(R, R) C Endk(R).
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e Inductively, we define Dy, as
{6 €Endg(R) | opu—pod e Dj{lé for all € Dy}
* Drik = Uien Dme-
We call Dg|k the ring of (K-linear) differential operators on R, and
Dk € Dy € DR S -
the order filtration on Dpgk.

We refer the interested reader to classic literature on this subject, e.g., [Gro67,
S16.8], [Bjo79], [Nak70], and [MR&7, Chapter 15]. We now present a few examples
of rings of differential operators.

(i) If A is a polynomial ring over a field K, then

) ai H%d
ik = @ A.al coo

az! agq!
ar1+-+aqg<i ! d

123

where is the K-linear operator given by

‘ b b i b b;i—a b
[ 1 d\ — ? 1 i i d
(1'1 "'x!)( >l’1 "'.Til ’”':E!.

ai! a;

4

7.

Here, we identify an element a € A with the operator of multiplication by a.
In particular, when K has characteristic zero, this definition agrees with Defini-
tion 2.1.

(ii) If R is essentially of finite type over K, and W C R is multiplicatively closed,
then D%/V—1R|K = W*ID%{'K. In particular, for R = K[z1,..., 24|y,

[5} ad
Lo o
ay! aq!

D= € Koy, xdy
a1+-+aq<i

(iii) If A is a polynomial ring over K, and R = A/a for some ideal a, then

. {0eDiyld(a)Cal
Dy = :

anq‘K

In general, rings of differential operators need not be left-Noetherian or right-
Noetherian, nor have finite global dimension [BGGT72].

We note that if R is an N-graded K-algebra, then Dpk admits a compatible
Z-grading via deg(d) = deg(d(f)) — deg(f) for all homogeneous f € R.

Remark 2.3. The ring R is tautologically a left Dpg-module. Every localization
of Ris a Dgjk-module as well. For § € Drk, and f € R, we define 6W:f inductively
as 6(0F = ¢ and U/ = §0=D:S o f — fogsU~1:f The action of Dgjx on W™IR
is then given by

foréeDﬁ%‘K,réR,fGW.
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Definition 2.4. Let a C R be an ideal and F' = f1,..., f¢r € R be a set of generators
for a. Let M be any R-module. The Cech complex of M with respect to F' is defined
by
C(F;M): 0= M— P My, @My, == Myyp, >0,
i ij
where the maps on every summand are localization maps up to a sign. The local
cohomology of M with support on a is defined by

H(M) = H'(C*(F; M)).
This module is independent of the set of generators of a.

. R
As a special case, H(lf)(R) = Ef

The Cech complex of any left D rik-module with respect to any sequence of
elements is a complex of Dprk-modules, and hence the local cohomology of any
Dpk-module with respect to any ideal is a left D pg-module.

2.2. Differentiably admissible K-algebras. In this subsection we introduce what
is called now differentiably admissible algebras. To the best of our knowledge, this is
the more general class of ring where the existence of the Bernstein-Sato polynomial
is known. We follow the extension done for Tate and Dwork-Monsky-Washnitzer
K-algebras by Mebkhout and Narvdez-Macarro [MNMO91], which was extended by
the third-named author to differentiably admissible algebras [NB13]. We assume
that K is a field of characteristic zero.

Definition 2.5. Let A be a Noetherian regular K-algebra of dimension d. We say
that A is differentiably admissible if

(i) dim(Aw) = d for every maximal ideal m C A,
(ii) A/m is an algebraic extension of K for every maximal ideal m C A, and
(iii) Der |k is a projective A-module of rank d such that the natural map

A ®4 DerA|K — DerAm‘K
is an isomorphism.
Example 2.6. The following are examples of differentiably admissible algebras:

(i) Polynomial rings over K.

(ii) Power series rings over K.

(iii) The ring of convergent power series in a neighborhood of the origin over C.

(iv) Tate and Dwork-Monsky-Washnitzer K-algebras [MNM91].

(v) The localization of a complete regular rings of mixed characteristic at the
uniformizer [NB13, Lyu00].

(vi) Localization of complete local domains of equal-characteristic zero at certain
elements [Put18].

We note that in the Examples 2.6(i)-(iv), we have that Der 4k is free, because
there exists x1,...,24 € R and 01,...,0q4 € Der 4k such that 9;(z;) = d; ; [Mat80,
Theorem 99].
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Theorem 2.7 ([NB13, Theorem 2.7]). Let A be a differentiably admissible K-algebra.
If there is an element f € A such that R = A/fA is a regular ring, then R is a
differentiably admissible K-algebra.

Remark 2.8 ([NB13, Proposition 2.10]). Let A be a differentiably admissible
K-algebra. Then,

(i) D%k = (Deryk +A)", and
(ii) Dak = A(Dergk)-

Theorem 2.9 ([NB13, Section 2]). Let A be a differentiably admissible K-algebra.
Then,

(i) Da is left and right Noetherian;
(ii) grDL|K(DA|K) is a regular ring of pure graded dimension 2d;

We recall that for Noetherian rings the left and right global dimension are
equal. In fact, this number is also equal to the weak global dimension [Rot09,
Theorem 8.27].

Definition 2.10 ([MNM91]). We say that D4k is a ring of differentiable type if

(i) Dajk is left and right Noetherian,
(ii) grDZ\K(DA“() is a regular ring of pure graded dimension 2d, and
(iii) gl.dim(Dyk) = d.

By Theorem 2.9, any differentiably admissible algebra is a ring of differentiable
type.

2.3. Log-resolutions. Let A = C|z1,...,x4] be the polynomial ring over the com-
plex numbers and set X = C?. A log-resolution of an ideal a C A is a proper
birational morphism 7 : X’ — X such that X’ is smooth, a- Ox: = Oxs (—Fy)
for some effective Cartier divisor F; and F,; 4+ E is a simple normal crossing di-
visor where E = Exc(m) = Y_._, E; denotes the exceptional divisor. We have a
decomposition Fy = Feye + Fopp into its exceptional and affine parts which we
denote

Fﬂ- = zr: NiEi + XS:N]/SJ
i=1 j=1

with N;, N J’ being nonnegative integers. For a principal ideal a = (f) we have that
F, = m* f is the total transform divisor and S; are the irreducible components of
the strict transform of f. In particular N ]' =1 for all j when f is reduced.

The relative canonical divisor

Kﬂ— = zr: szz
i=1

is the effective divisor with exceptional support defined by the Jacobian determinant
of the morphism 7.

There are many invariants of singularities that are defined using log-resolutions
but for now we only focus on multiplier ideals. We introduce the basics on these



BERNSTEIN-SATO POLYNOMIALS IN COMMUTATIVE ALGEBRA 7

invariants and we refer the interested reader to Lazarsfeld’s book [Laz04]. We also
want to point out that there is an analytical definition of these ideals that we
consider in Section 10.

Definition 2.11. The multiplier ideal associated to an ideal a C A and A € R>g is
defined as

J(c@‘) =m.O0x ([Kr —AF;])={g9€ A | ordg,(n"g) > |Xe; — ki] Vi}.

An important feature is that J(a*) does not depend on the log-resolution
7: X" — X. Moreover we have Rim,Ox: ([K, — A\F,]) = 0 for all i > 0.

From its definition we deduce that multiplier ideals satisfy the following properties:
Proposition 2.12. Let a,b C A be ideals, and X\, € R>q. Then,

(i) If a C b, then J(a*) C J(b).
(ii) If A < N, then J(a*) C J(a*).
(iii) There exists € > 0 such that J(a*) = J(a™), if N € [\, A\ + ).

Definition 2.13. We say that A is a jumping number of a if
T (0Y) # T (a*7)

for every € > 0.

Notice that jumping numbers have to be rational and we have a nested filtration
A A Ai
where the jumping numbers are the \; where we have a strict inclusion and A; = Ict(a)

is the so-called log-canonical threshold. Skoda’s theorem states that J(at) =
a-J(a*1) for all A > dim A.

Multiplier ideals can be generalized without much effort to the case where X
is a normal Q-Gorenstein variety over a field K of characteristic zero; one needs to
consider Q-divisors. Fix a log-resolution 7 : X’ — X and let Kx be a canonical
divisor on X which is Q-Cartier with index m large enough. Pick a canonical divisor
Kx/ in X’ such that m.Kx = Kx. Then, the relative canonical divisor is

1
Kﬂ = KX/ — 77‘-*(me)
m

and the multiplier ideal of an ideal a C Ox is J(a}) = m.Ox/ ([Kr — AFy]).

A version of multiplier ideals for normal varieties has been given by de Fernex and
Hacon [dFHO09]. In this generality we ensure the existence of canonical divisors that
are not necessarily Q-Cartier. Then we may find some effective boundary divisor A
such that Kx + A is Q-Cartier with index m large enough. Then we consider

1
K,=Kx — %ﬂ'*(m(KX +A))

and the multiplier ideal J(a*,A) = m,.Ox/ ([ K, — AF]) which depends on A. This
construction allowed de Fernex and Hacon to define the multiplier ideal 7 (a*)
associated to a and A as the unique maximal element of the set of multiplier ideals
J(a*, A) where A varies among all the effective divisors such that Kx + A is
Q-Cartier. A key point proved in [dFH09] is the existence of such a divisor A that
realizes the multiplier ideal as 7 (a*) = J(a*, A).
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2.4. Methods in prime characteristic. In this section we recall definitions and
results in prime characteristic that are used in Section 6. We focus on Cartier
operators, differential operators, and test ideals.

Let R be a ring of prime characteristic p. The Frobenius map F : R — R is
defined by r +— rP. We denote by FZR the R-module that is isomorphic to R as
an Abelian group with the sum and the scalar multiplication is given by the e-th
iteration of Frobenius. To distinguish the elements of FfR from R we write them
as F¢f. In particular, r - Ff = F¢(rP" f). Throughout this subsection we assume
that FER is a finitely generated R-module: that is, R is F'-finite.

Definition 2.14. Let R be an F-finite ring.

(i) An additive map ¢ : R — R is a p®-linear map if (rf) = r?"(f). Let F§ be
the set of all the p®-linear maps.
(i) An additive map ¢ : R — R is a p~¢-linear map if ¢(rP" f) = ré(f). Let C% be
the set of all the p~¢-linear maps.
(iii) An additive map 0 : R — R is a differential operator of level e if it is RP -linear.

Let Dg%e) be the set of all differential operator of level e.

Differential operators relate to the Frobenius map in the following important
way. This alternative characterization of the ring of differential operators is used in
Section 6.

Theorem 2.15 ([Smi87, Theorem 2.7], [Yek92, Theorem 1.4.9]). Let R be a finitely
generated algebra over a perfect field K. Then

Dri = |J DY’ = | Homp,e (R, R).
eeN eeN
In particular, any operator of degree < p is RP-linear.

Remark 2.16. Suppose that R is a reduced ring. Then, we may identify FfR =
RY/?". We have that

(i) F% =2 Hompg(R, FER),

(ii) C% 2 Homp(FER, R), and
(iii) D' =~ Homp(FCR, FCR).
Remark 2.17. Let A be a regular F-finite ring. Then,

Cq®aF5 = DY)

This can be reduced to the case of a complete regular local ring. In this case, one
can construct explicitly a free basis for F€A as A is a power series over an F-finite
field. Then, it follows that C4, 4, and Dﬁf) are free A-modules. From this it
follows that C4a = C4b if and only fo)a = fo)b for any two ideals a,b C A.

We now focus on test ideals. These ideals have been a fundamental tool to study
singularities in prime characteristic. They were first introduced by means of tight
closure developed by Hochster and Huneke [HH89, HH90, HH94a, HH94b]. Hara
and Yoshida [HY03] extended the theory to include test ideals of pairs. An approach
to test ideals by means of Cartier operators was given by Blickle, Mustata, and
Smith [BMS08, BMS09] in the case that A is a regular ring. Test ideals have also
been studied in singular rings via Cartier maps [Sch11l, BB11, Blil3].
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Definition 2.18. Let A be an F-finite regular ring. The test ideal associated to
an ideal a C A and A € Rx¢ is defined by

Ta(a?) = U CoalP Al
eeN

We note that the chain of ideals {C4I""*!} is increasing [BMS08], and so,
7a(a) = C5alP"A for e > 0.

We now summarize basic well-known properties of test ideals.

Proposition 2.19 ([BMS08]). Let A be an F-finite reqular ring, a,b C A ideals,
and A\, N € Rsq. Then,

(i) If a C b, then Ta(a?) C Ta(b?).
(i) If A < X, then Ta(a®) C Ta(a™).
(iii) There exists € > 0, such that Ta(a*) = 74(a™), if N € [\, A+ ¢).

In this way, to every ideal a C A is associated a family of test ideals 74(a*)
parameterized by real numbers A\ € R~(. Indeed, they form a nested chain of ideals.
The real numbers where the test ideals change are called F'-jumping numbers. To
be precise:

Definition 2.20. Let A be an F-finite regular ring and let a C A be an ideal. A
real number A is an F-jumping number of a if

Ta(at) # 7a(a79)

for every € > 0.

3. THE CLASSICAL THEORY FOR REGULAR ALGEBRAS IN CHARACTERISTIC ZERO

3.1. Definition of the Bernstein-Sato polynomial of an hypersurface. One
basic reason that the ring of differential operators is useful is that we can use its
action on the original ring to “undo” multiplication on A: we can bring nonunits
in A to units by applying a differential operator. The Bernstein-Sato functional
equation yields a strengthened version of this principle. Before we state the general
definition, we consider what is perhaps the most basic example.

Example 3.1. Consider the variable 2 € K[z]. Differentiation by z not only sends
x to 1, but, moreover, decreases powers of x:

(3.1) Op*™ = (s + 1)2* for all s € N.

In this equation, we were able to use one fixed differential operator to turn any
power of x into a constant times the next smaller power. Moreover, the constant we
obtain is a linear function of the exponent s.

The functional equation arises as a way to obtain a version for Equation 3.1 for
any element in a K-algebra.

Definition 3.2. Let K a field of characteristic zero and A be a regular K-algebra. A
Bernstein-Sato functional equation for an element f in A is an equation of the form

S(s)f5t =b(s)f* for all s €N,
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where 0(s) € D4k[s] is a polynomial differential operator, and b(s) € K[s] is a
polynomial. We say that such a functional equation is nonzero if b(s) is nonzero;
this implies that d(s) is nonzero as well. We may say that (d(s),b(s)) as above
determine a functional equation for f.

Theorem 3.3. Any nonzero element f € A satisfies a nonzero Bernstein-Sato
functional equation. That is, there exist 6(s) € D ak[s] and b(s) € K[s] \ {0} such
that

5(s) 5Tt =b(s)f* for all s eN.

We pause to make an observation. Fix f € A, and suppose that (d1(s), b1(s)) and
(02(s),b2(s)) determine two Bernstein-Sato functional equations for f:
8i(s)f5T = bi(s) f* forall seNfori=1,2.
Let ¢(s) € K[s] be a polynomial. Then
(c(8)61(8) + 02(s)) 51 = (c(s)b1(s) + ba(s)) f* for all s & N.
It follows that, for f € A,
{b(s) € K[s] | 36(s) € Dak[s] such that §(s)f*T =b(s)f* for all s € N}
is an ideal of K[s]. By Theorem 3.3, this ideal is nonzero.

Definition 3.4. The Bernstein-Sato polynomial of f € A is the minimal monic
generator of the ideal

{b(s) € K[s] | 36(s) € Da[s] such that §(s)f**" = b(s)f* for all s € N} C K[s].
This polynomial is denoted by(s).

The polynomial described in Definition 3.4 was originaly introduced in indepen-
dent constructions by Bernstein [Ber71, Ber72] to establish meromorphic extensions
of distributions, and by Sato [SKKOS81, Sat90] as the b-function in the theory of
prehomogeneous vector spaces.

3.2. The D-modules D4k[s]f* and Af[s|f*. For the proof of Theorem 3.3 and
for many applications, it is preferable to consider the Bernstein-Sato functional
equation as a single equality in a D 4k[s]-module where f* is replaced by a formal
power “f2.” We are interested in two such modules that are closely related:

Da(s]f® C Ags]f*.

We give a couple different constructions of each. For much more on these modules,
we refer the interested reader to Walther’s survey [Wall5].

3.2.1. Direct construction of As[s]f*.
Definition 3.5. We define the left D4, k[s]-module Af[s]f* as follows:

e As an Ay[s]-module, A¢[s]f® is a free cyclic module with generator f*.
e Each partial derivative 0; acts by the rule

Di(a(s)£*) = (ai(a(s)) + W) £

for a(s) € Agsls].



BERNSTEIN-SATO POLYNOMIALS IN COMMUTATIVE ALGEBRA 11

We often consider this as a module over the subring Dak[s] € Da;k([s] by
restriction of scalars. To justify that this gives a well-defined D4, k[s]-module
structure, one checks that 9;(z;a(s)f*) = x;0;(a(s)f*) + a(s)f>.

From the definition, we see that this module is compatible with specialization
s n € Z. Namely, for all n € Z, define the specialization maps

On : Afls|f® — Ay by 0,(a(s)f?) =a(n)f"
and

Ty DAf‘K[s] — Dy, ik by T (0(8)) = d(n).
We then have 7,(8(s)) - 0n(a(s)f2) = 0,(6(s) - a(s)f2). This simply follows from
the fact that the formula for 0;(a(s)f®) in the definition agrees with the power rule
for derivations when s is replaced by an integer n and f? is replaced by f".

3.2.2. Local cohomology construction of As[s]f°. It is also advantageous to consider
A¢[s|f* as a submodule of a local cohomology module.

Consider the local cohomology module H} (f—t)(Ay[t]), where ¢ is an indeterminate
over A. As an Ay-module, this is free with basis

32 = ) o))

indeed, these are linearly independent over Ay, and we can rewrite any element
[ p(t)
(f ="
in this form by writing t=f—(f—1t), expanding, and collecting powers of f — t.
By Remark 2.3, H (f—t)(Ay[t]) is naturally a D4 [ jk-module.

] € Hl;_y(Aslt])  with p(t) € Aglt]

Consider the subring D 4, k[—0st] € D4, k- We note that —0;t commutes with
every element of D4,k and that —d;t does not satisfy any nontrivial algebraic
relatlon over D4k, 80 D, k[—0it] = D4, k[s] for an indeterminate s. We consider

f 1 (Af[t]) as a D4, k[s]-module via this isomorphism. Namely,

where the action on the right is the natural action on the localization.

(5msm+...+50).

Lemma 3.6. The clements

oo 5] 1)

are Ag-linearly independent in H(lfft)(A[t]) - H(lfft)(Af [t])-

Proof. We show by induction on n that the coefficient of (—d¢)™ - [ﬁ} correspond-

ing to the element {W} in the Ay-basis (3.2) is nonzero. This is trivial if
n = 0, and the inductive step follows from the formula

- o) = =] =] :
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Proposition 3.7. The map
. . 1
a: Ag[s]f* — Hi;_(Aflt])  given by a(a(s)f*) = a(~8it) - [f_t}

is an injective homomorphism of D 4,k [s]-modules.

Proof. Injectivity of a follows from Lemma 3.6. We just need to check that this
map is linear with respect to the action of D4, k[s]. We have that « is Ay[s]-linear;
we just need to check that o commutes with the derivatives 9;. We compute that

oy (0 e\ _ BN 1], LI P N
o =o () = -t [ 7] < aa ] <a ).
where in the penultimate equality we used that

I S N I

We note that « is not surjective in general.

As Aj[s]f? is generated by f* as a D4, k[s]-module, Proposition 3.7 yields the
following result.
Proposition 3.8. The D4, [s]-module Ay[s]f® is isomorphic to the submodule

D4, kls] - [#} - H(lf_t)(Af[t]), where s acts on the latter by —0,t.

3.2.3. Constructions of the module D 4 [s]f®. We now give three constructions of
the submodule D 4k[s]f* of the module Af[s]f*. The first is exactly as suggested
by the notation.

Definition 3.9. We define D 4k[s]f* as the D 4k[s]-submodule of Ay[s]f*® gener-
ated by the element f?°.

Proposition 3.10. There is an isomorphism

D 4 k(5]

DA G DT 80wy = 0 Jor ailn & Ny

Proof. We just need to show that the annihilator of f° in Af[s]f* is
{0(s) € Dyk[s] | (n)f™ = 0 for all n € N}.
We can write 0(s) f*® as p(s)f® for some p(s) € Ar[s]. Observe that
p(s)f*=0%p(s) =0
< p(n)=0forallneN
< pn)f"=0forall neN
< 0,(p(s)f?) =0 for all n € N.
Then, 6(s)f* =0if and only if 0 = 6,,(6(s) f°) = d(n) f™ for all n € N, as required. [
Note that this is using characteristic zero in a crucial way: we need that a

polynomial that has infinitely many zeroes (or that is identically zero on N) is the
zero polynomial.
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Remark 3.11. An argument analogous to the above shows that, for 6(s) € D 4k|s],
the following are equivalent:

(i) o(s)f* =0in Ay[s]f*;
(ii) d(n)f* =01in A for all n € N;
(iii) 0(n)f™ =01in Ay for all n € Z;
(iv) 6(n)f™ =0in Ay for infinitely many n € Z.

Likewise, by shifting the evaluations, ones sees this is equivalent to:

(v) 8(s+1t)ftfs=01in Af[s|f*.

Finally, we observe that D 4k[s]f* can be constructed via local cohomology as in
Subsubsection 3.2.2. By restricting the isomorphism of Proposition 3.8, we obtain
the following result.

Proposition 3.12. The D 4k[s]-module D z[s|f* is isomorphic to the submodule

Dykls] - {ﬁ] C H(lf_t)(A[t]), where s acts on the latter by —04t.

Proposition 3.13. The following are equal:

(i) The Bernstein-Sato polynomial of f;
Dalslf®
Dal[slff*’
(iii) The minimal polynomial of the action of —0st on [ﬁ] n
Dal=0t] - [75]
Da[=0ut] - fl55]
(iv) The monic element of smallest degree in K[s] N (Annppg (f*) + Dak[s]f)-

(ii) The minimal polynomial of the action of s on

Proof. The equality between the first two follows from the definition. The equality
between the second and the third follows from the previous proposition. For the
equality between the second and the fourth, we observe that

Daj[s]f* D yks] N D k(3] ) ~ D k(3]
D k[s]f F? Annpg(f°)  Annppg(f°) Annpg(f°) + Dakls]f
O

= coker <

Remark 3.14. For any rational number «, we can consider the D gjk-modules
Dpikf® and Ay f by specializing s — « in the Dgk[s]-modules Dpgk[s]f* and
Ay[s]f*. These modules are important in D-module theory, but we do not focus on
them in depth here.

We end this subsection with equivalent characterizations on Ay[s]f® @5 K(s)
for f to have a nonzero functional equation. This lemma plays a role in Corollary
3.21 and Theorem 3.26.

Lemma 3.15 ([AHJ*19, Proposition 2.18]). Fiz an element f € A. Then, the
following are equivalent:

(i) There exists a Bernstein—Sato polynomial for f;
(ii) Ay[s]f® @xs) K(s) is generated by f° as a D a(s)k(s)-module;
(iii) Af[s]f® ®ks K(s) is a finitely-generated D g5k (s)-module.
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Proof. We first show that (i) implies (ii). For every m € Z, we have an isomorphism
of D 4(s)|k(s)-modules
Ym + Ap f° ®kps K(s) = Af 2 @xkps K(s)
defined by
r(s)h r(s —m)h
A fe.
fa fa+m
Applying these isomoprhism to the functional equation, we obtain that fim f?e
D)k -

Since (ii) implies (iii) follows from definition, we focus in proving that (iii) implies
(i). First we not that (iii) implies that fmes. generates Ay f* @5 K(s) for some
m € N. Then, ﬁfs € DA(S)‘K(S)ﬁfS. Then, there exists 0(s) € D 4(q)k(s) Such
that

(s >fmfs - mefS

After clearing denominators and shifting by —m — 1, we obtain a functional equation.
O

3.3. Existence of Bernstein-Sato polynomials for polynomial rings via
filtrations. In this subsection A = K[z1,...,x4] is a polynomial ring over a field, K,
of characteristic zero. This was proved in this case by Bernstein [Ber71, Ber72]. We
show the existence of the Bernstein-Sato polynomial using the strategy of Coutinho’s
book [Cou95].

We define the Bernstein filtration of A, B:MK as
BZ\K: @ K~x‘f1---x‘;"'8i’1-~-8§d.
a1+ +aa+bi+o+bg<i
We note that

(i) dimg BA|K = ("“) < 00,
(ii) Dak = UzeN BA|K’

(iii) BAlKBfMK B:ﬁ@ and
( ) CBH—J 2

B AlK> A|K] AlK
We observe that the associated graded ring of the filtration, gr(B,.4|K7DAIK)v is
isomorphic to Klz1,...,2Z4,y1,- -, Yd|-

Given a left , D k-module, M, we say that a filtration I'® of K-vector spaces is
B;”K—compatible if

(i) dimg ' < oo,
(i) M =U,;enT", and
(iii) By T9 C T

In this manuscript, by a D 4x-module, unless specified, we mean a left D 4 x-module.

We observe that gr(I'*, M) is a graded gr(B;‘lK, D 4k)-module. Moreover, M is
finitely generated as a D 4jx-module if and only if there exists a filtration I'* such
that gr(I'*, M) is finitely generated as a gr(BA‘K,DNK)-mOdule. In this case, we
say that I" is a good filtration for M.
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Proposition 3.16. Let M be a finitely generated D gk-module. Let G denote the
associated graded ring with respect to the Bernstein filtration. Let I'S and I'§ be two
good filtrations for M. Then,

\/Anng gr(l'y, M) = \/Anng gr(I's, M).

Thanks to the previous result we are able to define the dimension of a finitely
generated D 4x-module M as

. . G

Theorem 3.17 (Bernstein’s Inequality). Let M be a finitely generated D 4k -module.
Then,

d < dimp (M) < 2d.

Definition 3.18. We say that a finitely generated D 4x-module, M, is holonomic
if either dimp (M) =d or M = 0.

Theorem 3.19. Every holonomic D gx-module has finite length as D 5 x-module.

Proof. Let Mo G My G --- S My S M be a proper chain of D 4k-submodules. Let
I'* be a good filtration. We note that 1";» =T"N M, is a good filtration on M.
In addition, f;- = ¢;(T%), where 7 : M; — M;/M;_, is the quotient map, is a
good filtration for M;/M;_1. We have the following identity of Hilbert-Samuel
multiplicities of graded gr(BA‘w D 4|k )-modules:

e(gr(l*, M Ze (gr( F M;_1)).

Since the multiplicities are positive integers, we have that ¢t < e(gr(I'*, M)), and so,
the length of M as a Dgk-module is at most e(gr(I'®, M)). O

Theorem 3.20. Given any nonzero polynomial f € A, Ay[s]f® @k K(s) is a
holonomic D 5(s)k(s)-module.

Proof. Let t = deg(f). We set a filtration

Ii= {g € A(s) | deg(g) < (t+1)i}f*.

We note that I'; is a good filtration such that the associated graded of Ay [s]f* ®k}y
K(s) has dimension d.

Corollary 3.21 ([Ber72]). Given any nonzero polynomial f € A, the Bernstein-Sato
polynomial of f exists.

Proof. This follows from Proposition 3.15 and Theorems 3.19 & 3.20. (]
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3.4. Existence of Bernstein-Sato polynomials for differentiably admissible
algebras via homological methods. In this subsection we prove the existence
of Bernstein-Sato polynomials of differentiably admissible K-algebras (see Subsec-
tion 2.2). We assume that K is a field of characteristic zero.

Definition 3.22. Let A be a differentiably admissible K-algebra. Let M # 0 be a
finitely generated D 4x-module. We define

gradep,, (M) = inf{j | Ext]bA‘K(M, D) # 0}
We note that gradep,, (M) < gl.dim(Dpx) = d.

Remark 3.23. Given a finitely generated D 4x-module, we can define the filtrations
compatible with the order filtration D;”K, good filtrations, and dimension as in
Subsection 3.3.

Proposition 3.24 ([Bjo79, Ch 2., Theorem 7.1)). Let A be a differentiably admis-
sible K-algebra. Let M # 0 be a finitely generated D 5\-module. Then,

dimp, (M) + gradep, (M) = 2d.

In particular,
dimDAlK(M) Z d.

We stress that the conclusion of the previous theorem are satisfied for rings of
differentiable type [MNM91, NB13].

Definition 3.25. Let A be a differentiably admissible K-algebra. Let M be a
finitely generated left (right) D 4k-module. We say that M is in the left (right)
Bernstein class if either M = 0 or if dimp (M) = d.

Let M be a finitely generated D 4k-module. If M is in the Bernstein class
of Dy, then ExtEA‘K(M, Da) # 0 if and only if 4 = 0 [Bjo79]. Then, the
functor that sends M to EXt%A‘K(M , D4 k) is an exact contravariant functor that
interchanges the left Bernstein class and the right Bernstein class. Furthermore,
M = Ext4 (Ext% (M, A), A) for modules in the Bernstein class. Since Dpgk is left
and right Noetherian, the modules in the Bernstein class are both Noetherian and

Artinian. We conclude that the modules in the Bernstein class have finite length as
D 4jk-modules [MNM91, Proposition 1.2.5])

This class of Bernstein modules is an analogue of the class of holonomic modules.
In particular, it is closed under submodules, quotients, extensions, and localizations
[MNM91, Proposition 1.2.7]).

Theorem 3.26. Let A be a differentiably admissible K-algebra of dimension d.
Given any nonzero element f € A, the Bernstein-Sato polynomial of f exists.

Sketch of proof. In this sketch we follow the ideas of Mebkhout and Narvaez-Macarro
[MNMO91] (see also [NB13]). In particular, we refer the interested reader to their
work on the base change K to K(s) regarding differentiably admissible algebras
[MNMO1, Section 2]. Let A(s) = A ®k K(s). We observe that A(s) is not always a
differentiably admissible K(s)-algebra. Specifically, the residue fields of A(s) might
not be always algebraic. However, D 4(4)k(s) satisfies the conclusions of Theorem
2.9. In particular, the conclusions of Theorem 3.24 hold, and its Bernstein class is
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well defined. We have that the dimension and global dimension of D 4()k(s) and
D 4k are equal. One can show that Ay[s]f® @[5 K(s) has a D g5k (s)-submodule
N is in the Bernstein class of D 4(4)k(s) such that Ny = A¢[s] f* ®@xs K(s) [MNMII,
Proposition 1.2.7 and Proof of Theorem 3.1.1]. Then, there exists £ € N such that
fEf® € N. Since N has finite length as D 4(s)|k(s)-module the chain

Dasykes) f £ 2 Dagsyis) /T F° 2 Dagoyes) fT2F 2 ...

stabilizes. Then, there exists m € N and a differential operator d(s) € D 5(5)K(s)
such that

5(s)f£+m+1fs _ f€+mfs.

After clearing denominators and a shifting, there exists g(s) € Dyk[s] such that

os)ffe = f2.
O

3.5. First properties of the Bernstein-Sato polynomial. A first observation
about the Bernstein-Sato polynomial is that s 4+ 1 is always a factor.

Lemma 3.27. For f € A, we have (s+ 1) |bs(s) if and only if f is not a unit.

Proof. If f is a unit, then we can take f~'f*T! = 1f° as a functional equation, so
b(s) = 1 is the Bernstein-Sato polynomial of f.

For the converse, by definition, we have 6(s)ff® = by(s)f° in Ay[s]f°. By
Remark 3.11, 8(n) f**! = bs(n) f™ in Ay for all n € Z. In particular, for n = —1, we
get 6(—=1)1 =byg(—1)f~*. As6(—1) € Da, we have §(—1)1 € A. Thus, by(—1) =0,
so s+ 1 divides by(s). O

Quite nicely, the factor (s + 1) characterizes the regularity of f.
Proposition 3.28 ([BM96]). For f € A, we have A/fA is smooth if and only if
br(s) =s+1.
Definition 3.29. The reduced Bernstein-Sato polynomial of a nonunit f € A is
by(s) =bs(s)/(s +1).

The analogue of Proposition 3.13 for the reduced Bernstein-Sato polynomial is
as follows.

Proposition 3.30. The following are equal:

(1) Dy(s), Dolslf

.. - . . Ak|s)f?
ii) The minimal polynomial of the action of s on (s +1)———"—,
(i) ( )DA|K[5]ffs

(iii) The monic element of smallest degree in

K[s] N (Annp) (£°) + Da[s](f, 01(f), -, 0n(f))).

Proof. Once again, the first two are equivalent by definition.

Given a functional equation d(s)ff* = (s +1)b(s) f*, we have that 6(—1) € D4k
with 6(—1) -1 = 0. We can write §(s) = (s +1)d’(s) + 0(—1) for some &' (s) € D 4k[s],
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50 8(s) = (s +1)8"(s) + 20, 8:; for some §; € Daj. Then, using that 9;(ff%) =
(s+ 1)0;(f)f*, we have

d d
(54 D) = (s + DI+ 8057 = (s + D@ + 50"
i=1 1=1
Thus, such a functional equation implies that b(s)f* € D a([s](f,01(f),---,0a(f))-
Conversely, if b(s)f* € Da([s](f;01(f),--.,0a(f)), again using that 0;(ff°) =
(s4+1)0i(f) f*, we can write (s +1)b(s) f* € D q[s]f 2. This implies the equivalence
of the first and the last characterizations. O

We may also be interested in the characteristic polynomial of the action of s.
Traditionally, with the convention of a sign change, the roots of the characteristic
polynomial are known as the b-exponents of f.

Definition 3.31. The b-exponents of f € A are the roots of the characteristic
D ak[s]f?

polynomial of the action of —s on (s + 1)W
AlK

So far we have considered Bernstein-Sato polynomials over different regular rings
A but, a priori, it is not clear how they are related. Our next goal is to address this
issue. We start considering A = K[z1,...,z4], a polynomial ring over a field K of
characteristic zero and denote by b?[m](s) the Bernstein-Sato polynomial of f € A.
Given any maximal ideal m C A we also consider the Bernstein-Sato polynomial

over the localization Ay, that we denote b?[w]m (s).

Proposition 3.32. We have:

b?[m](s) — lcm{b?[m]‘“(s) | m € A maximal ideal}.

D S
Proof. Let b(s) € K[s] be a polynomial. The module b(s)&]fs vanishes if
Dalslff
and only if it vanishes locally. The localization at a maximal ideal m C A is
D S
b(s) A ]3] S s
Daxlslff
and the result follows. ]

For a polynomial f € A we may also consider the Bernstein-Sato polynomial

b?[[m]](s) in the formal power series ring K[z1, ..., z4].
Proposition 3.33. Let m = (z1,...,24) € A be the homogeneous mazximal ideal.
We have:

Klz]m K[z
bl (5) = B ().

Proof. B =K]z1,...,z4] is faithfully flat over Ay, = K[z1,...,24]m. Since

D4, k[s]f? ~b(s Dpl[s]f*

Dy, klslff® Dpl[slf f?

the result follows. [l

B ®4, b(s)
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When K = C we may also consider the ring C{z; — p1,...,24 — pa} of convergent
power series in a neighborhood of a point p = (p1,...,pq) € C%

Corollary 3.34. We have
. Clz C{x—
(i) bé[{ ](s)}: lcm{é)[{{ ]]’%) |pecCi}.
(i) b; TP (s) = by TP,
Proof. Working over C we have that all the maximal ideals correspond to points

so (i) follows from Proposition 3.32. For part (i) we use the same faithful flatness
trick we used in Proposition 3.33 for C{x1 — p1,...,2q — pa}- ]

Let f € K[x1,...,24] be a polynomial and L a field containing K. Let b?m (s) and
blj?[x](s) be the Bernstein-Sato polynomial of f in K[zy,...,z4] and L[xy,...,x4].
respectively

Proposition 3.35. We have b?[x](s) = blj?[x] (s).

Proof. Notice that b;[m](s) | b?m(s) so we have to prove the other divisibility

condition. Let {e;};cr be a basis of L as a K-vector space. We have

Daplslf® L Dalslf® D < D (8] f? ) .

Dadlslffs : Daklslffs o7 \Dai[slff*
Let b(s) € L[s] be such that b(s)% =0. Then b(s) = >_ b;(s) with only finitely
many nonzero b;(s) € K[s] such that bi(s)% = 0. Since b?m(s) | b;(s) for
all 7 it follows that bf")(s) | b51")(s). O

Remark 3.36. Let f € K[z1,...,z4] be a polynomial with an isolated singularity
at the origin, where K is a subfield of C. Then we have b;m (s) = b;[[x]] (s) = b?{x}(s).

Combining all the results above with the following fundamental result of Kashi-
wara [Kas77] (Malgrange [Mal75] obtained the same result for isolated singularities)
we conclude that the Bernstein-Sato polynomial of f € K[z1,...,24] is a polynomial

br(s) € Q[s].

Theorem 3.37 ([Kas77, Mal75]). The Bernstein-Sato polynomial of an element
fel{x,...,xq}, or f € Klzy,...,z4] for KC C, factors completely over Q, and
all of its roots are negative rational numbers.

In Section 9 we will provide a refinement of this result given by Lichtin [Lic89).

4. SOME FAMILIES OF EXAMPLES

Computing explicit examples of Bernstein-Sato polynomials is a very challenging
task. There are general algorithms based on the theory of Grobner bases over rings
of differential operators but they have a very high complexity so only few examples
can be effectively computed [Oak97a, Oak97d, LMM]12]. In this section we review
some of the scarce examples that we may find in the literature. The first systematic
method of producing examples can be found in the work of Yano [Yan78] where
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he considered, among others, the case of isolated quasi-homogeneous singularities
(see also [BGMS6]). The case of isolated semi-quasi-homogeneous singularities was
studied later on by Saito [Sai89] and Briangon, Granger, Maisonobe, and Miniconi
[BGMMS&9].

A case that has been extensively studied is that of plane curves, see [Yan82,
Kat81, Kat82, CN86, CN87, CN88, HS99, BMT07]. In particular, a conjecture of
Yano regarding the b-exponents of a generic irreducible plane curve among those
in the same equisingularity class has been recently proved by Blanco [Blal9b] (see
also [CN88, ABCNLMH17, Blal9a]). Finally we want to mention that the case of
hyperplane arrangements has been studied by Walther [Wal05] and Saito [Sail6].

We start with some known examples where a Bernstein-Sato functional equation
§(s)f*t1t = b(s)f* can be given by hand:

i) Let f =22 4+ -+ + 22 be a sum of squares. Then
n S
I

ii) Let f = det(x;;) be the determinant of an n x n generic matrix and set
0ij = %. The classic Cayley identity states
ij

O R = (s )5+

det(D;;) [+ = (s +1)(s+2) -+ (s +n)f*.

There are similar identities for determinants of symmetric and antisymmetric
matrices [CSS13].

iii) Let f = «{" --- 2% be a monomial. Then

n

1
m(alal . aan fs+1 HH 8+

i=1 k=1

We warn the reader that it requires some extra work to prove that the above
polynomials are minimal so they are indeed Bernstein-Sato polynomials of the
corresponding f.

Let A = C{z1,...,z4} and assume that f has an isolated singularity at the
origin. In this case, Yano [Yan78| uses the fact that the support of the holonomic

D 4c-module M = (s+ 1)% is the maximal ideal and thus it is isomorphic

to a number of copies of Dic/Dajc(®1,...,zq4) = HE(A). Dualizing this module
we get the module of differential d-forms Qd = Dyic/(01,...,04)Dyc.

Proposition 4.1 ([Yan78, Theorem 3.3]). The reduced Bernstein-Sato polynomial
bs(s) of an isolated singularity f is the minimal polynomial of the action of s on

either HomDA‘C(M H(A)) or Q" @D 4jc M.

Then, Yano’s method boils down to the following steps:
(i) Compute a free resolution of M as a D Alc-module

O(*M(*(DA‘(;)’BO %(DA|C)ﬂ1 —
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(ii) Apply the functor Homp, (-, Hi(A))

0 — Homp, o (M, HE(A)) — (HE(A))% — (HL(A)™ —

(iif) Compute the matrix representation of the action of s and its minimal
polynomial.

Yano could effectively work out some cases depending on the following invariant
of the singularity:

L(f) :=min{L | §(s) = s* + 618" + -+ 6, € Annp,(£®) , ord(5;) < i}

The existence of such a differential operator is given by Kashiwara [Kas77, Theorem
6.3]. More precisely, he could describe step (1) in the cases L(f) = 1,2, and 3 where
the case L(f) =1 is equivalent to having a quasi-homogeneous singularity.

4.1. Quasi-homogeneous singularities. Let f = ) aqz7'---20¢ € A be a
quasi-homogeneous isolated singularity of degree N with respect to a weight vector
w = (w1,...,wq) € QL,. We have x(f) = N f where

d
X = Z w;z;0;
i=1

is the Euler operator and x — Ns € Annpp(f*). Set fj = 0;(f) fori =1,...,d.
Yano’s method is as follows:

(i) We have a free resolution 0 M Daic Uiva) (Daje)" =—0.

(ii) We obtain a presentation HomDAlC(MV, HA(A)) ={ve HL(A)| flv=0 Vi}.
(iii) The action of s on v € HomDA‘C(//\/lv, H4(A)) is the same as the action of
%X- Notice that applying x to a cohomology class [ﬁ] is nothing but
Tty

multiplying by the weight of this class.

Example 4.2. Consider the quasi-homogeneous polynomial f = 27 + 3® € C{z,y}
of degree N = 35 with respect to the weight w = (5,7). A basis of the vector space

{ve H2(A)| 2% =0,y = 0}
L>] with 1 <i <6 and 1 <j < 4. The action of

iyl

is given by the classes [
=X = 3= (520, + Tyd,) on these elements yields

ofry__2/1y 11\ _ 17/ 1 1 L y__58( 1
35X zy ) 35 \zy 35X 22y ) 35 \ 22y TR 26yt ) 35 \ xbyt )’

The matrix representation of the action of s = % x has a diagonal form with distinct

eigenvalues and thus the characteristic and the minimal polynomials coincide. The
negatives of the roots of the reduced Bernstein-Sato polynomial by (s), or equivalently,
the roots of by(—s) are

{12 17 19 22 24 26 27 29 31 32 33 34 36 37 38 39 41 43 44 46 48 51 53 58}

35’35°35°3535°35°35°35°35° 3535”357 35° 35”357 35735735 35”35”35 35" 35 35

Remark 4.3. In general, the diagonal form of the matrix representation of the
action of s has repeated eigenvalues so the minimal polynomial only counts them
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once. Take for example the quasi-homogeneous polynomial f = 2° +y° € C[z,y] of
degree N = 5 with respect to the weight w = (1,1). The roots of bs(—s) are

234,678
555 555/

Theorem 4.4 ([Yan78, BGMS86]). Let f € A be a quasi-homogeneous isolated
singularity of degree N with respect to a weight vector w = (wy,...,wy) € Q%,.
Then, the Bernstein-Sato polynomial of f is

be(s)=(s+1) ][] <s+ é)

Lew

where W is the set of weights, without repetition, of the cohomology classes in
{ve HL(A)| flv=0 Vi}.

Recall from Proposition 4.1 that the reduced Bernstein-Sato polynomial bf(s) of

an isolated singularity f is the minimal polynomial of the action of s on Q¢ ®p s M.
In the quasi-homogeneous case we have

Qd ®DA\C Mg A/(f{)afcll)

Notice that the monomial basis of the Milnor algebra is dual, with the convenient
shift, of the cohomology classes basis of {v € Hd(A)| flv =0 Vi}. In this case, the

n

action of s is — 7 (x + Y1y w;).

4.2. Irreducible plane curves. Some of the examples considered by Yano deal
with the case of plane curves and his methods were used by Kato to compute the
following example which is a continuation of Example 4.2.

Example 4.5 ([Kat81]). The roots of bf(—s) for f = z7 4 y® are

12 17 19 22 24 26 27 29 31 32 33 34 36 37 38 39 41 43 44 46 |48 || 51 || 53 || 58
35’35 35 35 35 35 35 35 35 35 35 35 35 35 35 35 35 35 35 35|35 (|35 |35 /[]35 )

A

2—X
Notice that the roots are symmetric with respect to 1 and we point out that those
A < 1 are jumping numbers of the multiplier ideals of f (see Section 10). Now
consider a deformation of the singularity,
fr=a"+9° —t530°y° — t520%y* — tasa’y® — t5 32°9°.

Then we have a stratification of the space of parameters where some of the roots of
bs(—s) may change. More precisely, the boxed roots may change to the same root
shifted by 1.

{t33=0,t520 =0,t43 = 0,53 # 0}. The root % changes to 23

35°
{t3;3 =0,t52 =0,t43 # 0}. The roots %, % change to %, %.
{ts.3 =0,t52 # 0,t4.3 = 0}. The roots %, % change to %, %.
{t3,3 = 0,t5,2ts,3 # 0}. The roots %, %, % change to %, %, é—g.
{ts,2 #0,6t55 + 175t5 3 = 0}. The roots 33,33, 28 change to 22,18, 13,

4 58 53 51 48 23 18 16 13
{ts2 # 0,6t5 2 + 175t3 3 # 0}. The roots 32, 5=, 5=, 52 change to 33, 52, 52, 35+



BERNSTEIN-SATO POLYNOMIALS IN COMMUTATIVE ALGEBRA 23

In this last stratum we have a Zariski open set where the roots are

12 |13 || 16 |17 | 18 | 19 22 | 23 | 24 26 27 29 31 32 33 34 36 37 38 39 41 43 44 46
35’0 35 |35 (35°| 35 | 35° 35| 35 35735’ 35" 35 35 35 35 35 35 35 35 35 35 35 35 35 [

and thus they are in the interval [let(f),lct(f) + 1). We say that these are the
generic roots of the Bernstein-Sato polynomial of f;.

An interesting issue in this example is that, even though they have different
Bernstein-Sato polynomials, all the fibres of the deformation f; have the same Milnor
number so they belong to the same equisingularity class. Roughly speaking, all the
fibres have the same log-resolution meaning that they have the same combinatorial
information, which can be encoded in weighted graphs such as the Enriques diagram
[EC85, SIV.I] [CA00, S3.9], the dual graph [CA00, S4.4] [Wal04, S3.6] or the
Eisenbud-Neumann diagrams [EN85].

From now on let f € C{z,y} be a defining equation of the germ of an irreducible
plane curve. A complete set of numerical invariants for the equisingularity class
of f is given by the characteristic exponents (n,f,...,By) where n € Z-¢ is the
multiplicity at the origin of f and the integers n < 31 < --- < 3, can be obtained
from the Puiseux parameterization of f. To describe the equisingularity class of
f we may also consider its semigroup T := (B, 31, ... ,Bg) that comes from the
valuation of C{x,y}/(f) given by the Puisseux parametrization of f.

A quasihomogeneous plane curve f = 2 + y* with a < b and ged(a,b) = 1
is irreducible with semigroup I' = (a,b). Adding higher order terms x'y’ with
bi 4+ aj > ab does not change the equisingularity class but we do not need all the
higher order terms. Indeed, every irreducible curve with semigroup I" = (a, b) is
analytically isomorphic to one of the fibers of the miniversal deformation

f =$a+yb—zti,j a'y’,

where the sum is taken over the monomials 2%’ such that 0 <i<a—2,0<j <b—2
and bi 4+ aj > ab. This is the setup considered in Example 4.5.

Cassou-Nogues [CN87] described the stratification by the Bernstein-Sato poly-
nomial of any irreducible plane curve with a single characteristic exponent using
analytic continuation of the complex zeta function.

To construct a miniversal deformation of an irreducible plane curve with g char-
acteristic exponents is much more complicated and one has to use, following Teissier
[Zar06], the monomial curve CT associated to the semigroup I' = (3, B, - - - ,Bg)

by the parametrization u; = t%, i = 1,...,g. Teissier proved the existence of a
miniversal semigroup constant deformation of this monomial curve. It turns out
that every irreducible plane curve with semigroup I' is analytically isomorphic to
one of the fibres of the miniversal deformation of CT. To give explicit equations
in C{z,y} is more complicated and we refer to the work of Blanco [Blal9a] for
more details. For the convenience of the reader we illustrate an example with two
characteristic exponents.
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Example 4.6. The semigroup of an irreducible plane curve f = (% + y®)¢ 4 xiy’
with bi + aj = d is T' = {ac, be, d). All the fibres of the deformation

c
ft — <xa _|_yb + Z tk7£$ky£> +xly] + Z tk7£xky£($a _|_yb)7“
bk+al>ab bek+acl+dr>cd

have the same semigroup.

The ultimate goal would be to find a stratification by the Bernstein-Sato polyno-
mial of all the irreducible plane curves with a fixed semigroup but this turns out to
be a wild problem. However, one may ask about the roots of the Bernstein-Sato
polynomial of a generic fibre of a deformation of an irreducible plane curve with
a given semigroup. That is, to find the roots in a Zariski open set in the space of
parameters of the deformation that we call the generic roots of the Bernstein-Sato
polynomial.

Amazingly, Yano [Yan82] conjectured a formula for the generic b-exponents
(instead of the generic roots) of any irreducible plane curve. These generic b-
exponents can be described in terms of the semigroup I' but we use a simple
interpretation in terms of the numerical data of a log-resolution of f. Let w: X' — C"
be a log-resolution of an irreducible plane curve with g characteristic exponents.
Let F, be the total transform divisor and K, the relative canonical divisor. In this
case we have g distinguished exceptional divisors, the so-called rupture divisors that
intersect three or more divisors in the support of F;. For simplicity we denote them
by Ei,...,E, with the corresponding values N; and k; in F; and K, respectively.

Conjecture 4.7 ([Yan82]). Let f € C{z,y} be a defining equation of the germ of
an irreducible plane curve with semigroup I' = (3, 31, ..., 3,). Then, for generic
curves in some I'-constant deformation of f, the b-exponents are

g
ki+1+4¢ _
U{)\i,f = % 0<LE<N;, Bihig € Z,eicidip & Z}
i=1 i
where e; 1 = gcd(Bg, By, -5 Bi_1)-

If we consider the irreducible plane curve studied by Kato in Example 4.5 we see
that Yano’s conjecture holds true.

Example 4.8. The Yano set associated to the semigroup I' = (5,7) is

12+ ¢
Aig=—1—
{ T

which gives the generic b-exponents given in Example 4.5.

0<ri< 39, 7A1’e g Z,5>\1’f g Z}

From the stratification given by Cassou-Nogues [CN87] one gets that Yano’s
conjecture is true for irreducible plane curves with a single characteristic exponent
(see [CN88]). Almost thirty years later, Artal-Bartolo, Cassou-Nogues, Luengo, and
Melle-Hernéandez [ABCNLMH17] proved Yano’s conjecture for irreducible plane
curves with two characteristic exponents with the extra assumption that the eigen-
values of the monodromy are different. Under the same extra condition, Blanco
[Bla19a] gave a proof for any number of characteristic exponents. Both papers use
the analytic continuation of the complex zeta function. The extra condition on the
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eigenvalues of the monodromy being different ensures that the characteristic and
Dajclslf?®

DaclsIF F° are the same.

the minimal polynomial of the action of s on (s + 1)

The shortcomings of the analytic continuation techniques, which deal with the
Bernstein-Sato polynomial instead of the b-exponents, can be seen in examples such
as the following.

Example 4.9. The Yano sets associated to the semigroup I" = (10, 15, 36) are

5+/
=g

0<£<30, 15X\ & Z,10A ¢ & z},

and

314¢
{Az,z = ﬁ 0< ¢ <180, 36Xas & Z,5\a0 & Z}.

We have that %, é—g, %, % appear in both sets. Therefore they appear with multi-

plicity 2 as b-exponents but only once as roots of the Bernstein-Sato polynomial.

Blanco [Blal9b] has recently proved Yano’s conjecture in its generality. His work
uses periods of integrals along vanishing cycles on the Milnor fiber as considered
by Malgrange [Mal74a, Mal74b] and Varchenko [Var80, Var81]. In particular he
extends vastly the results of Lichtin [Lic89] and Loeser [Loe88] on the expansions of
these periods of integrals.

4.3. Hyperplane arrangements. Let f € C[z1,...,x4] be a reduced polynomial
defining an arrangement of hyperplanes so f = f; - -- f; decomposes as a product of
polynomials f; of degree one. The Bernstein-Sato polynomial of f has been studied
by Walther [Wal05] under the assumptions that the arrangement is:

e (Central: f is homogeneous so all the hyperplanes contain the origin.
e Generic: The intersection of any d hyperplanes is the origin.

The main result of Walther, with the assistance of Saito [Sail6] to compute the
multiplicity of —1 as a root, is the following.

Theorem 4.10 ([Wal05, Sail6]). The Bernstein-Sato polynomial of a generic central

hyperplane arrangement f € Clxy,...,xq] of degree £ > d is
20—d—2 )
+d
by(s) = (s + 1)1 722,
o=t ] (5422

Example 4.11. The homogeneous polynomial f = 2° + 3® € C[x,y] considered
in Remark 4.3 defines an arrangement of five lines through the origin. Walther’s
formula gives

womeer () (D) )

It is an open question to determine the roots of the Bernstein-Sato polynomial of
a nongeneric arrangement. In this general setting, Leykin [Wal05] noticed that —1
is the only integer root of b (s).

A natural question that arise when dealing with invariants of hyperplane arrange-
ments is whether these invariants are combinatorial, meaning that they only depend
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on the lattice of intersection of the hyperplanes together with the codimensions of
these intersections, and it does not depend on the position of the hyperplanes. Unfor-
tunately this is not the case. Walther [Wal17] provides examples of combinatorially
equivalent arrangements with different Bernstein-Sato polynomial.

Example 4.12 ([Wall7, Sail6]). The following nongeneric arrangements have the
same intersection lattice

f=zyz(z+32)(x+y+2)(x+2y+32) 2z +y+ 2)(2x + 3y + 2)(2x + 3y + 42),
g=uzyz(z+52)(x +y+2)(x+ 3y +52) 2z +y + 2)(2z + 3y + 2)(2z + 3y + 42).

However the Bernstein-Sato polynomials differ by the root —?:

by(s s+1ﬁ< )ﬂ)(s—i—‘é)
by(s s+1f[< )ﬁ(s—i—é)

Jj=3

5. THE CASE OF NONPRINCIPAL IDEALS AND RELATIVE VERSIONS

In this section we study different extensions of Bernstein-Sato polynomials for
ideals that are not necessarily principal. Sabbah [Sab87b] introduced the notion
of Bernstein-Sato ideal Br C K[s1,..., s¢] associated to a tuple of elements F =
fi,..., fe. More recently, Budur, Mustat4, and Saito [BMS06b] defined a Bernstein-
Sato polynomial bq(s) € K[s] associated to an ideal a C A which is independent of
the set of generators. The approach to Bernstein-Sato polynomials of nonprincipal
ideals has been simplified by Mustatd [Mus19].

In order to provide a description of the V-filtration of a holonomic D-module,
Sabbah introduced a relative version of Bernstein-Sato polynomials that is also
considered in the version for nonprincial ideals [BMS06b]. This relative version is
also important to describe multiplier ideals (see Section 10).

5.1. Bernstein-Sato polynomial for general ideals in differentiably admis-
sible algebras. We start studying the Bernstein-Sato polynomial for general ideals
using the recent approach given by Mustata [Mus19]. In this section we show its
existence for general ideals in differentiably admissible algebras in Theorem 5.6.

Definition 5.1. Let K a field of characteristic zero, A be a regular K-algebra, and
a C A be a nonzero ideal. Let F' = fi,..., f¢ be a set of generators for a, and
g=fiyr1+ -+ feye € Aly1, ..., ye]. We denote by br(s) the monic polynomial in
K[s] of least degree among those polynomials b(s) € K[s] such that

5(s)g* ! = b(s)g*® for all s eN,

where 6(s) € Day, ...y, k[8] is a polynomial differential operator. That is, bp(s) is
the Bernstein-Sato polynomial of g.

Before we discuss properties of this notion of the Bernstein-Sato polynomial, we
show that the definition of b (s) does not depend on the choice of generators for a.
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Proposition 5.2 ([Musl9, Remark 2.1]). Let K a field of characteristic zero, A
be a regular K-algebra, and a C A be a nonzero ideal. Let F' = f1,...,fr and
G=q,...,9m be two sets of generators for a. Then bp(s) = ba(s).

Proof. Tt suffices to show that bp(s) = ba(s) = bu(s), where H = FUG. This
follows from showing that br(s) = bg(s) when G = F Ug for g € a. Let r1,...,1y
such that g = r1f1 +--- + r¢fr. We have that

fiyi + -+ foye + 9yer = L + -+ foye + (rifr + - Frefo)yesa
filyr +ryesr) + -+ folye + reyesa).

After a change of variables y; — y; + r;y¢+1, this polynomial becomes f. Since the
Bernstein-Sato polynomial does not change by change of variables, we conclude that
bF(S) = bG(S) [l

Given the previous result, we can define the Bernstein-Sato polynomial of a

nonprincipal ideal. Notice that fiy; + - -+ + feye is not a unit in Afyi, ..., ye] so we
br(s)
s+1 °

Definition 5.3. Let K a field of characteristic zero, A be a regular K-algebra, and
a C A be a nonzero ideal. Let F' = fi...., f; be a set of generators for a. We define
the Bernstein-Sato polynomial of a as the reduced Bernstein-Sato polynomial of
fiy1 + -+ feye. That is

may consider its reduced Bernstein-Sato polynomial bg(s) =

ba(s) := bp(s).

We point out that the previous definition is not the original given by Budur,
Mustatd, and Saito [BMSO06b], which we discuss in the next subsection. This
approach given by Mustatd [Mus19] has a couple of differences. First, the existence
of Bernstein-Sato polynomials for nonprincipal ideals would follow from the existence
of certain Bernstein-Sato polynomials for a single element. This way in particular
gives the existence of Bernstein-Sato polynomials for nonprincipal ideals in any
differentiably admissible algebras (see Subsection 3.4) such as power series rings
over a field of characteristic zero. Second, the treatment given by Mustatd [Mus19]
can be done without using V-filtrations.

We now focus on showing the existence of Bernstein-Sato polynomial for non-
principal ideals in differentiably admissible algebras. We start recalling a theorem
from Matsumura’s book [Mat80].

Theorem 5.4 ([Mat80, Theorem 99]). Let (A, m,K) be a regular local commutative
Notherian ring with unity of dimension d containing a field Kg. Suppose that K is an
algebraic separable extension of K. Let A denote the completion of A with respect

tom. Letxq,...,xq be a regular system of parameters of A. Then, A= Klz1,...,z4]
1s the power series ring with coefficients in K, and DerAlK is a free A-module with
basis 01, . ..,04. Moreover, the following conditions are equivalent:

(i) 9; (i=1,...,d) maps A into A, equivalently, 0; € Der |k, ;

(ii) there exist derivations 01, ...,0q € Deryk, and elements fi,..., fa € A such
that 6;f; =1 ifi = j and O otherwise;
(iii) there exist derivations d1,...,0q4 € Deryx, and elements f1..., fqg € R such

that det(élfj) € m;
(iv) Deryk, is a free module of rank d (with basis 61, ...,0q);
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(v) rank(Derg,) = d.

We now show that a power series ring over a differentiably admissible K-algebra
is also a differentiably admissible K-algebra. We point out that this fact does not
hold for polynomial rings, as the residue field can be a transcendental extension of
R. A example of this is A = K[z], where n = (zy — 1) C Aly] is a maximal ideal
with coefficient field Frac(A).

Proposition 5.5. Let A be a differentiably admissible K-algebra of dimension d.
Then, the power series ring Aly] is also a differentiably admissible K-algebra of
dimension d + 1.

Proof. Since every regular Noetherian ring is product of regular domains, we assume
without loss of generality that A is a domain. Let n be a maximal ideal in Afy].
Then, there exists a maximal ideal m C A such that n = mA[y] + (y). It follows that
n is generated by a regular sequence of d 4+ 1 elements. We conclude that (A[y]), is
a regular ring of dimension d 4+ 1. We also have that Ay]/n = A/m is an algebraic
extension of K.

It remains to show that Der 4y x is a projective module of rank d + 1 and
it behaves well with localization. We note that every derivation § in A can be
extended to a derivation A[y] by 6(3_" o fay™) =D peo 0(fn)y". Let M = Ay @4
Der 4 x ©A[y]9, C Derap,j/x- We note that the natural maps

My — Alyla ®a Der apypk — Deragyp,

are injective. We fix n C Afy]] a maximal ideal and a maximal ideal m C R such
that n = mA[y] + (y). We fix d1,...,0q4 € Dery |k and elements fi,..., f, € mAy
such that d;f; = 1 if i = j and 0 otherwise. We can do this by Theorem 5.4.
Then, 61, ..., d4, 0y satisfy Theorem 5.4(3). We conclude that 1, ..., d4, d, generate
Der gy, k- Then, the composition of the maps

My = Ayl ®4 Derapyp = Deragy),
is surjective. We conclude that they are isomorphic. Since
My = (Alyla @4, (Deraj)m) @ Alyld,
is free of rank d + 1, we have that
(Mp)n = M, = DerA[[y]]an
is free of rank d + 1. O

Theorem 5.6. Let A be differentiably admissible, and a C A. Then, the Bernstein-
Sato polynomial of a exists.

Proof. Let f1,..., fr be a set of generators for a. Let f = fiy1 + - + foye €
Aly1, - -, ye]- There exists b(s) € K[s] \ {0} and d§(s) € Ay, - - ., ye][s] such that

6(s)fF° = b(s)f?
in A[s]f* by Proposition 5.5 and Theorem 3.26. There exist finitely many 8 € N¢,
J €N, dp5s] € Da[s], and gg ; € Aly1,...,ye] such that

o°
i(s) = Z gﬁ,j‘SB,j(s)aTjg
B.j
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because D g[y, ...,y ]k 18 generated by derivations by Remark 2.8, and by the descrip-
tion of Der g[y, ... 4,k in the proof of Proposition 5.5. Then, there exists hq 5, € A
such that gs ; = > cne hays iy Then,

o 0
6(s) = Z Z ha.,s.308.5(s)y Tyﬁ

B,J aeN?
We have that

b(s)f° = 0(s)f f°

o aﬁ S
= Z ha,8,5y 5B,j(3)87y5ff

B, aeNF

(0% 85 S
= Z Z ha.s.;98,5(s)y Wff :

B,3 aeN? y

After specializing for t € N, we have that

o8
t __ . . a 7 rt41
DO =D D a0ty &yﬂf :

B,J aeN?
Then,
0 0 41
YD hapidsstly Wf =0.
B3 |a|#|B|-1
by comparing the degree in y1,...,y,. Then,

(a3 aﬁ S
S hapifssls)y Wff =0.
B.j |al#]8]-1

We have that
- L 08
6(s) = Z Z ha.,s.;98,5(s)y 9B
5.3 lal=IB|-1 Y

satisfies the functional equation and belongs to D 4y, ... 4]k [s]. Then, the Bernstein-
Sato polynomial of a exists. (I

5.2. Bernstein-Sato polynomial of general ideals revisited. In this subsec-
tion we review the original definition of Bernstein-Sato polynomial of an ideal
given by Budur, Mustatd, and Saito [BMS06b]. Indeed they provide two equivalent
approaches depending on the ring of differential operators we are working with.

Let K a field of characteristic zero, A be a regular K-algebra, and let F'= f1,..., fo
be a set of generators of an ideal a C A. Let S = {s;; }1<i j<¢ be a new set of variables
satisfying the following relations:

(i) sy =s;fori=1,... ¢

(i) [sij,Ske] = OjkSie — 0ieSkys
where 0;; is the Kronecker’s delta function. Then we consider the ring K(S) generated
by S and DA|K<S> = DA|K QK K<S>

In this setting we have the following Bernstein-Sato type functional equation.
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Definition 5.7. Let K be a field of characteristic zero and A a regular K-algebra.
A Bernstein-Sato functional equation in D 4 (S) for F' = f1,..., f¢ is an equation

of the form
¢

Z&(S)fi S =b(sy s f e f
i=1

where 6;(S) € D4k (S) and b(s) € K][s].

Definition 5.8. Let K be a field of characteristic zero and A a regular K-algebra.
Let ' = fi1,..., f¢ be a set of generators of an ideal a C A. The Bernstein-Sato
polynomial b4(s) of a is the monic polynomial of smallest degree satisfying a
Bernstein-Sato functional equation in D 4k (S).

Budur, Mustata, and Saito proved the existence of such Bernstein-Sato polynomial.
Moreover, they also proved that it does not depend on the set of generators of the
ideal so it is well-defined (see [BMS0Gb, Theorem 2.5]).

After a convenient shifting we can define the Bernstein-Sato polynomial of an
algebraic variety.

Theorem 5.9 ([BMS06b]). Let Z(a) C C¢ be the closed variety defined by an ideal
a C A and c be the codimension of Z(a) in C?. Then

bz(a)(s) := ba(s — )

depends only on the affine scheme Z(a) and not on a.

In this setting we also have that the Bernstein-Sato functional equation in D 4k (S)

is an equality in Ay[s1,...,s,]f°. The D4k (S)-module structure on this module is
given by
Sij - a(s1,...,8p) fF i =sa(s1,...,8 —1,...,5; +1,...7sp)%fs
3

where a(sy,...,sp) € Af[s1,...,5p]. The D4k (S)-submodule generated by f¢ has
a presentation

s~ Dak(S)
D(S)f* = m,
and thus
DAk (S) F? N D Ak (S)

Dok (S)(frs---  [p)F* Annpsy(F%) + Da(S)(f1,--- 0 fp)

We have an analogue of Proposition 3.13 that is used in order to provide algorithms
for the computations of these Bernstein-Sato polynomials [ALMO09].

Proposition 5.10. The Bernstein-Sato polynomial of an ideal a C A generated by
F = f1,..., fe is the monic generator of the ideal

(ba(Sl et Sp)) — K[sl et sp} n (AnnD<S>(fs) —|—DA‘K<S>(f1,. . .,fp)).

Budur, Mustati, and Saito [BMS06b, Section 2.10] gave an equivalent definition
of Bernstein-Sato polynomial of a using a functional equation in D 4k [s1, .. ., S¢]
instead of D4k (S).
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Theorem 5.11 ([BMS06b]). Let K a field of characteristic zero, A be a regular
K-algebra, and a C A be a nonzero ideal. Let F' = f1,..., fo be a set of generators
for a. Then, by(s) € K[s] is the monic polynomial of least degree, b(s) such that

b(si+-+s)fft [P €Y DR|K[517~-->$Z]'H( ' )fflJral"'f;Hw,
7

—
la]=1 a;

where a = (a1, a0) € 2%, Jal = a1 + -+ a, (3) = 2 T (51 — 4)-

m
Mustatd [Mus19, Theorem 1.1] uses this characterization to show that b,(s) coin-
cides with the reduced Bernstein-Sato polynomial of fiy; + - -+ feye € Aly1, - .., ye].

One may be tempted to consider a general element A1 fi + -+ 4+ A¢fr € a whose
log-resolution has the same numerical data as the log-resolution of the ideal a.

Example 5.12. Let a = (2%, 7y?,9%) C Clx,y] be a monomial ideal and consider
a general element of the ideal g = % + zy? + y>. The roots of the Bernstein-Sato
polynomial b4(s) are:

5 2 3 7 9 5 4 11 3
87 37 47 87 ) 8’ 47 3’ 8 ) 2 )

with —1 being a root with multiplicity 2. Meanwhile, the roots of the reduced

Bernstein-Sato polynomial by(s) are

ST 9 n
8 8 "8 8

The exceptional part of the log-resolution divisor F; in both cases is of the form
3Ey +4E5 + 8F3. The roots of by(s) are only contributed by the rupture divisor E
but this is not the case for b4(s).

5.2.1. Monomial ideals. Let a C C[xy,...,x4] be a monomial ideal. Let Py C R‘éo
be the Newton polyhedron associated to a which is the convex hull of the semigroup
Ty ={a=(ai...,aq) € N | 2§ ... 2% € a}.

For any face @ of P, we define:

(i) Mg the subsemigroup of Z¢ generated by a — b with a € Ty and b € Ty N Q.
(ii) Mg ==c+ Mg for ce Ta NQ.

Mé is a subset of Mg that is independent of the choice of c. For a face @ of P,

not contained in a coordinate hyperplane we consider a function L, : R? — R with
rational coefficients such that Lo =1 on Q. Set

Rq={Lq(a) | a€((1,...,1) + (Mg~ M) NVo},
where Vg is the linear subspace generated by Q.

Budur, Mustata, and Saito [BMS06a] gave a closed formula for the roots of the
Bernstein-Sato polynomial of a in terms of these sets Rq.

Theorem 5.13 ([BMS06a]). Let a C Clzy,...,xq] be a monomial ideal. Let p, be
the set of roots of bq(—s). Then

pa:URQ
Q

where the union is over the faces QQ of P, not contained in coordinate hyperplanes.
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5.2.2. Determinantal varieties. The theory of equivariant D-modules has been
successfully used in recent years to study local cohomology modules of determinantal
varieties. These techniques have also been used by Lérincz, Raicu, Walther, and
Weyman [LRWW17] to determine the Bernstein-Sato polynomial of the ideal of
maximal minors of a generic matrix.

Theorem 5.14 ([LRWW17]). Let X = (x;;) be a generic m x n matric with
m >n. Let a, C A= Clz;;] be the ideal generated by the n x n minors of X. The
Bernstein-Sato polynomials of the ideal a,, and the corresponding variety are

ba,, (s) = H (s+90).
l=m—n+1
bz(a,)(s) = 1:[ (s+10).
=0

They also provided a formula for sub-maximal Pfaffians.

Theorem 5.15 ([LRWW17]). Let X = (x;;) be a generic (2n + 1) x (2n + 1)
skew-symmetric matriz, i.e v; = 0,2;j = —xj;. Let bo, C A = Clay;] be the ideal
generated by the 2n x 2n Pfaffians of X. The Bernstein-Sato polynomials of the
ideal b, and the corresponding variety are

n—1
b, (s) = [[ (s +20+3).
£=0
n—1
bz(b%)(s) = H (3 + 26) .
£=0

5.3. Bernstein-Sato ideals. In this subsection we consider the theory of Bernstein-
Sato ideals associated to a tuple of elements F' = f1,..., f; developed by Sabbah
[Sab87h].

Definition 5.16. Let K be a field of characteristic zero and A a regular K-algebra.
A Bernstein-Sato functional equation for a tuple F' = fy,..., fo of elements of A is
an equation of the form

(51, eys) [T P = b(sh, s i
where §(s1,...,50) € Dy[s1,...,5¢] and b(s1,...,80) € K[s1,...,5¢].

All the polynomials b(sq, ..., s¢) satisfying a Bernstein-Sato functional equation
form an ideal Br C K[sy,..., s¢] that we refer to as the Bernstein-Sato ideal.
Remark 5.17. More generally, given a = (a1,...,a¢) € ZEZO, we may also consider
the functional equations

S(81, -y SO) UM f = (s, s0) fiE - f) forall s; €N,
leading to other Bernstein-Sato ideals B% C K[sq, ..., s¢].

As in the case ¢ = 1 we first wonder about the existence of such functional
equations.



BERNSTEIN-SATO POLYNOMIALS IN COMMUTATIVE ALGEBRA 33

Theorem 5.18 ([Sab87b]). Let K be a field of characteristic zero, and let A be
either K[x1,...,xq4] or C{z1,...,zq}. Any nonzero tuple F = f1,..., fo of elements
of A satisfies a nonzero Bernstein-Sato functional equation and thus Br # 0.

Sabbah [Sab87b] proved this result in the local analytic case A = C{x1,...,2z4}.
The proof in the polynomial ring case A = K[z1,...,z4] is completely analogous to
the one given in Section 3.3 for the case ¢ = 1.

The Bernstein-Sato functional equation is an equality in A¢[sq,...,s,|f* where
f=/fi-- feand f%:= f7* --- f7*. We also have that the D 4[s1, . . ., s¢]-submodule
generated by f° has a presentation

DA|K[517 ey Sg]
Dals1, .-, f° = ,
| [ ] AnnD[Sl,...,Sd(fs)
and, given the fact that
DA\K[Slv"'asdfs ~ DA‘K[Sl,...,S[]

Dalst,. .- s ff® Annpps, o) (F%) + Daklst, ..., sdf’
we get an analogue of Proposition 3.13 that reads as

Proposition 5.19. The Bernstein-Sato ideal of F' = fy,..., fo is
BF = K[Sl, ey Sg] n (AHHDAIK[817_“7SZ](fS) + DA|K[81, ceey S[]f)

Some properties of Bernstein-Sato ideals are the natural extension of those
satisfied by Bernstein-Sato polynomials. We start with the ones considered in
Section 3.5. The analogue of Lemma 3.27 is the following result.

Lemma 5.20 ([May97, BM99]). Let F = fi,..., f¢ be a tuple where the f; are
pairwise without common factors. Then

Bp C ((sl —1—1)---(84—1—1)).
Equality is achieved if and only if A/(f1,..., fi) is smooth.

We summarize the relations between the Bernstein-Sato ideals when we change
the ring A in the following lemma. For the convenience of the reader we use
temporally the same notation as in Section 3.5.

Lemma 5.21 ([BM02]). We have:

(1 ﬂmeax ideal
(it B where m is the homogeneous mazimal ideal.

) B
) B
(iii) B C{I 2= Bg[[x_p”, where p € CZ.
(iv) B z] =L ®«k By Kzl where L is a field containing K.

BK[;E]m )

The first rationality result for Bernstein-Sato ideals is given by Gyoja [Gyo093]
and Sabbah [Sab87b] where they proved the existence of an element of Br which
is a product of polynomials of degree one of the form aisy + -+ + ags¢ + a, with
a; € Q>p and a € Qs¢. This fact prompted Budur [Budl5a] to make the following:

Conjecture 5.22. The Bernstein-Sato ideal of a tuple F' = f1, ..., fo of elements
in C{z1,...,z4} is generated by products of polynomials of degree one

aisy + -+ aese +a,
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with a; € Q>0 and a € Q9

Notice that this would imply that the irreducible components of the zero locus
Z(Bp) are linear. The best result so far towards this conjecture is the following

Theorem 5.23 ([Mail6a]). Every irreducible component of Z(Br) of codimension
1 is a hyperplane of type a181 + - -+ + agse + a, with a; € Q>o and a € Q. Every
irreducible component of Z(Br) of codimension > 1 can be translated by an element
of Z¢ inside a component of codimension 1.

Recall that the work of Kashiwara and Malgrange relates the roots of the
Bernstein-Sato polynomials to the eigenvalues of the monodromy and these eigen-
values are roots of unity by the monodromy theorem. An extension to the case of
Bernstein-Sato ideals of Kashiwara and Malgrange result has been given recently by
Budur [Budl15a] and Budur, van der Veer, Wu, and Zhou [BvdVWZ19]. There is
also an extension of the Monodromy theorem in this setting given by Budur and
Wang [BW17] and Budur, Liu, Saumell, and Wang [BLSW17]. Unfortunately these
results are not enough to settle Conjecture 5.22.

The main difference with the classical case is that Bernstein-Sato ideals are not
necessarily principally generated. Briangon and Maynadier [BM99] gave a theoretical
proof of this fact for the following example. The explicit computation was given by
Balhoul and Oaku [BO10].

Example 5.24 ([BM99, BO10]). Let F = z,z* + y* + 22%y? be a pair of elements
in C{z,y, z}. The local Bernstein-Sato ideal is nonprincipal

BE = ((s1+ 1)(s2 + 12252 + 1)(4s3 + 3)(4sa + 5)(s1 + 2),
(51 +1)(s2 + 1)2(255 + 1)(4s2 + 3) (452 + 5) (252 + 3)).
However, when we consider F' in C[x,y, z| the global Bernstein-Sato ideal is

BS = ((51 F1)(s2 4 1)2(282 + 1)(252 + 3)(4s2 + 3)(4s2 + 5)).

The following example is also given by Balhoul and Oaku.

Example 5.25 ([BO10]). Let F = z,2° + y° + z2%y® be a pair of elements in
Clz,y,z]. Then the local and the global Bernstein-Sato ideals coincide and are
nonprincipal. Specifically, Br is generated by (s; + 1)(s2 + 1)?(5s2 + 2)(5s2 +
3)(582 + 4)(582 + 6)(51 + 2)(81 + 3)(81 + 4)(81 + 5), (81 + 1)(82 + 1)2(552 + 2)(552 +
3) (55 + 4) (552 + 6)(5s2 + 7)(s1 +2), and (s1 + 1)(s2 + 1)%(5s2 + 2)(5s2 + 3)(5sa +
4)(552 + 6)(552 + 7)(552 + 8)

There are interesting examples worked out in several computational articles by
Balhoul [Bah01], Balhoul and Oaku [BO10], Castro-Jimenez and Ucha-Enriquez
[UCJ04], Andres, Levandovskyy, and Martin-Morales [ALMO09]. However, we cannot
find many closed formulas for families of examples. Maynadier [May97] studied
the case of quasi-homogeneous isolated complete intersection singularities and we
highlight the case of hyperplane arrangements.
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5.3.1. Hyperplane arrangements: Let f € Clxy,...,xq] be a reduced polynomial
defining an arrangement of hyperplanes. The most natural tuple F' = f1,---, f¢
associated to f is the one given by its degree one components. The following result
is an extension of Walther’s work to this setting. It was first obtained by Maisonobe
[Mail6b] for the case £ = d 4+ 1 and further extended by Bath [Bat20] for £ > d + 1.
We point out that Bath also provides a formula for other tuples associated to
different decompositions of the arrangement f.

Theorem 5.26 ([Mail6b, Bat20]). Let f = f1--- fo € Clz1,...,2q4], with > d+1,
be the decomposition of a gemeric central hyperplane arrangement as a product of
linear forms. The Bernstein-Sato ideal of the tuple F = f1,..., fo is

)4 20—d—-2
Be=|]IGi+1) J] (14 +se+i+d)
§=0

i=1

5.4. Relative versions. In this section we discuss a more general version of the
Bernstein-Sato polynomials in which the functional equation includes an element of
a D-module M [Sab87a, Meb89]. As in the classical case, we consider this functional
equation as an equality in a given module that we define next.

Definition 5.27. Let A be a differentiably admissible K-algebra, and M a left
D gjk-module. For f € A\ {0}, we define the left D4, k[s]-module M;[s]f* as
follows:

(i) As an Ay[s]-module, M[s]f* is isomorphic to M[s].
(ii) Each partial derivative 0 € Der 4k acts by the rule

ofatspos*) = (a(spoto) + A g

for a(s) € Ayls].

Alternative descriptions can be given analogously to Subsection 3.2, but we do
not need them here.

Theorem 5.28 ([MNMO91, Theorem 3.1.1], [Sab87al]). Let A be a differentiably
admissible K-algebra, M a left D 5\x-module in the Bernstein class, and f € A~ {0}.
For any element v € M there exists 6(s) € D g x[s] and b(s) € K[s] . {0} such that

o(s)vff® =b(s)vf?®.

There are not many explicit examples of Bernstein-Sato polynomials in this
generality that we may find in the literature. Torrelli [Tor02, Tor03] has some
results in the case that M is the local cohomology module of a complete intersection
or a hypersurface with isolated singularities. Reichelt, Sevenheck, and Walther
[RSW18] studied the case of hypergeometric systems.

In the case of M being the ring itself, we find the Bernstein-Sato polynomial of f
relative to an element h € A. Of course, when h = 1 we recover the classical version.

Corollary 5.29. Let A be a differentiably admissible K-algebra and f € A~ {0}.
For any element h € A there exists §(s) € Dak([s] and b(s) € K[s] \ {0} such that

5(s)hff® = b(s)hf®.
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Definition 5.30. Let A be a differentiably admissible K-algebra, M a left D 4k-
module in the Bernstein class, f € A\ {0}, and v € M. We define the relative
Bernstein-Sato polynomial b, (s) to be the monic polynomial of minimal degree for
which there is a nonzero functional equation

S(s)uff* = bpu(s)of®.

A basic example shows that s = —1 need not always be a root of the relative
Bernstein-Sato polynomial by 4(s).

Example 5.31. Let A = C[z], and take f = g = . We have a functional equation
Opx* e = (s 4 2)z°x for all s,

so s = —1 is not a root of by ,(s). It follows from the next proposition that
be(8) = s+ 2.

We record a basic property of relative Bernstein-Sato polynomials that may be
considered as an analogue to Lemma 3.27.

Lemma 5.32. Let A be a differentially admissible K-algebra, and f,g € A~ {0}.
Ifge (f"= 1)~ (f"), then s = —n is a root of by q4(s).

Proof. Evaluating the functional equation at s = —n, we have
6(=n)ff™"g =b(=n)f"g.
Since g/f"~! € R, and g/f" ¢ R, we must have b(—n) = 0. O

‘We make another related observation.

Lemma 5.33. Let A be a differentially admissible K-algebra, and f,g € A~ {0}.
Then by gng(s) = by q4(s+n) for all n.

Proof. Given a functional equation
5(5)gf F° = brg(s)gf?,
shifting by n yields
6(s +n)gf"fF* =brg(s+n)gf"f°,
50 by g(s+mn) | by ng(s). Similarly, given a functional equation
O'(s)gf" % = by yng()gf"
we also have
(s =n)gff* =bys prg(s —n)gf*,
from which the equality follows. O

This notion of relative Bernstein-Sato polynomials has been extended to the
case of nonprincipal ideals by Budur, Mustatd and Saito [BMS06b] following the
approach given in Subsection 5.2.
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Theorem 5.34 ([BMS06b]). Let K a field of characteristic zero, A be a regular
finitely generated K-algebra, and a C A be a nonzero ideal. Let F = f1,..., f¢ be a
set of generators for a and consider an element h € A. Then, by n(s) € K[s] is the
monic polynomial of least degree, b(s) such that

s Sq 1 sp+ay
b(si+ -+ sohfit - fit € Z ‘DR|K[817"’7SE]-H<_al.>hfi91+a ...feﬁ e

la|=1 o

where o= (o, ..., a0) €Z° la| = a1+ +ay, (3) = %Hjm:*ol(sl — 7).

m

5.5. V-filtrations. In this subsection, we give a quick overview of the V-filtration
and its relationship with the relative versions of Bernstein-Sato polynomials. For
further details regarding V-filtrations we refer to Budur’s survey on this subject
[Bud05].

Definition 5.35. Suppose that K has characteristic zero. Let A be a regular Noe-
therian K-algebra. Let T =t1,...,t, be a sequence of variables, and let Alty, ..., t/]
be a polynomial ring over A. The V-filtration along the ideal (T') on the ring of
differential operators D 57k is the filtration indexed by integers ¢ € Z defined by

ViryDaprk = {8 € Dagry : 6 (T)? C (T)* for all j € Z3,
where (T')7 = A[T] for j <O0.

Remark 5.36. We consider D4k as a graded ring where deg(t;) = 1 and
deg(dy,) = —1. Then,

i b b
ViDami= €D Dag 15100 - of.
a,bENz
la|—b] >4

The V-filtration along the ideal (7) on a D sjpjk-module M is defined as follows.

Definition 5.37. Suppose that K has characteristic zero. Let A be a regular Noe-
therian K-algebra. Let T =t1,...,t, be a sequence of variables, and let Afty, ..., %]
be a polynomial ring over A. Let M be a D 47jk-module. A V-filtration on M
along the ideal (T') = (t1,...,1¢) is a decreasing filtration {V(7,M}4 on M, indexed
by a € Q, satisfying the following conditions.

(i) For all @ € Q, V(§,)M is a Noetherian V(OT)DA[T”K—submodule of M.

(ii) The union of the V(C:“F)M7 over all a € Q, is M.
(i) VM =N, ca V(})M for all v, and the set J consisting of all @ € Q for which

Vi M # U, »q VipyM is discrete.

(iv) Foralla € Qand all 1 <4 </,

@ a+1 @ a—1
t; OV(T)M - V(T) M and 0O, -V(T)M - V(T) M,
i.e., the filtration is compatible with the V-filtration on D 5[z k-
l o 1e%
(v) Forall o> 0, ¢, (ti . V(T)M) = VM.
(vi) For all « € Q,

1
Z 8t1t2 —
i=1

acts nilpotently on V(g M/(U, ., V(})M)
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Proposition 5.38 ([Bud05]). Suppose that K has characteristic zero. Let A be a
regular Noetherian K-algebra. Let T =1tq,...,t; be a sequence of variables, and let
Alty, ... te] be a polynomial ring over A. Let M be a finitely generated D ajr) k-
module. If a V-filtration on M along (T') exists, then it is unique.

We now define the V-filtration on a D qx-module M along F' = fi,..., fi € A,
where M is a Dgk-module. For this, we need the direct image of M under the graph
embedding iy. We recall that this is the local cohomology module H (ZT_ ) (M[T]),
where (T—F) = (tl —fl,...,tg —fg).

Definition 5.39. Suppose that K has characteristic zero. Let A be a regular
Noetherian K-algebra. Given indeterminates T' = tq,...,tp, and F = f1,..., fs € A,
consider the ideal (T — F) of the polynomial ring A[T] generated by t; — f1,...,ts —
fe. For a D g k-module M, let M" denote the D 47} k-module H(ZTfF)(M[T])7 and
identify M with the isomorphic module 0 :p (T — F) C M'. Suppose that M’
admits a V-filtration along (T') over A[T]. Then the V -filtration on M along (T — F)
is defined, for a € Q, as

@ - « / — . —
VM =V M' 0 M = (0:yg ar (T = F)).

We point out that V-filtration over A along F' only depends on the ideal a = (F')
and not on the generators chosen.

We now give a result that guarantees the existence of V-filtrations. We point
out that we have not defined regular or quasi-unipotent D 4x-modules. We omit
these definitions, but we mention that all principal localizations Ay and all local
cohomology modules H:(A) of the ring A satisfy these properties.

Theorem 5.40 ([Kas83, Mal83]). Suppose that K has characteristic zero. Let
A =Klz1,...,z4] be a polynomial ring and M be a quasi-unipotent regular holonomic
left D gjx-module. Then, M has a V-filtration along F' = fi,..., fo € A.

Once we ensure the existence of V-filtrations we have the following characteriza-
tion in terms of relative Bernstein-Sato polynomials.

Theorem 5.41 ([Sab87a, BMS06b]). Suppose that K has characteristic zero. Let
A=Klxy,...,2q] be a polynomial ring and M be a quasi-unipotent regular holonomic
left D 4jx-module. Then,

VM ={veM|a<cifbpr,(—c)=0}
6. BERNSTEIN-SATO THEORY IN PRIME CHARACTERISTIC

We now discuss Bernstein-Sato theory in positive characteristic. Throughout
this section, K is a perfect field of characteristic p > 0, and A = K[zy,...,x4] is a
polynomial ring. The main purpose of this section is to discuss the theory developed
by Mustatd [Mus09], Bitoun [Bit18], and Quinlan-Gallego [QG20Db].

Before we do so, as motivation, we briefly discuss the notion of the Bernstein-Sato
functional equation in positive characteristic. Note that for b(s) € K]s|, we have
b(s)f® = c(s)f® for all s € N if and only if b and ¢ determine the same function from
F, to K. This gives a recipe for many unenlightening functional equations: we can
take b(s) to be a function identically zero on Fp, e.g., s? — s, and d(s) to be some
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operator that annihilates every power of f, e.g., the zero operator. For this reason,
the notion of Bernstein-Sato polynomial in characteristic zero is not as well-suited
for consideration in positive characteristic.

Instead, we return to an alternative characterization of the Bernstein-Sato polyno-
mial discussed in Subsection 3.2. As a consequence of Proposition 3.13, for polyno-
mial rings in characteristic zero, we can characterize the roots of the Bernstein-Sato
polynomial of f as the eigenvalues of the action of —d;t on [ﬁ] in

D gk [—0t] - [ﬁ}
D [~0ut]f - [35]

In characteristic p > 0, we consider the eigenvalues of a sequence of operators that
are closely related to —0t.

Definition 6.1. Consider D 4k as a graded ring, with grading induced by giving
each x; degree zero, and t degree 1. We set [D 4jko to be the subring of homoge-
neous elements of degree zero, and [D 44k]>0 to be the subring spanned by elements
of nonnegative degree.

We note that [D 4pq)k]>0 is also characterized by the V-filtration as V((g)D AlIK-

P .
Lemma 6.2. [Dapklo = Dajk[so, 51, -], where s = f%—c!tp . In this ring, the
operators s; commute with one another and elements of D sk, and st = s; for each i.

Proof. We omit the proof that these elements generate. It is clear that each s;
commutes with elements of D4 k. For an element f(t) =3, a;t’ € Aft], with a; € A,
using Lucas’ Lemma, we compute

sif0) =5~ (T )t = X ~(0ls + Dyt
i P J
where [j]; is the ith digit in the base p expansion of j; our convention that the unit
digit is the Oth digit. The other claims follow from this computation. O

We can interpret the computation in the previous lemma as saying that the
ay-eigenspace of s; on Aft] is spanned by the homogeneous elements such that
the ith base p digit of the degree is a; — 1. By way of terminology, we say that
the (ag, a1, aq,...)-multieigenspace of (s, s1,S2,...) is the intersection of the a;-
eigenspace of s; for all ¢. Then, the (ag, a1, ag, ... )-multieigenspace of (sg, 1, S2, - .. )
on Alt] is the collection of homogeneous elements of degree Y, (a; — 1)p’ for a tuple
with a; = 0 for 7 > 0. This motivates the idea that a “Bernstein-Sato root” in

positive characteristic should be determined by a multieigenvalue of the action of
(so,$1,82,...) on [ﬁ] in
[Daggik]=o0 - [+5]

t
[Dailof - [75]

Based on this motivation, we give two closely related notions of Bernstein-Sato
roots appearing in the literature.
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6.1. Bernstein-Sato roots: p-adic version. The first definition of Bernstein-

Sato roots that we present follows the treatment of Bitoun [Bit18]. To each element
a = (ap,a1,a0,...) € Fg‘ we associate the p-adic integer I(a) = o + payg + p?as +

Theorem 6.3 ([Bit18]). For any f € A, the module

[D aggik]>0 - [75]
[Dagik)zof - [75]

decomposes as a finite direct sum of multieigenspaces of (so, 81, S2,...). The image
of each multieigenvalue under I is negative, rational, and at least negative one.
Moreover, the map I induces a bijection between multieigenvalues and the set of
negatives of the F-jumping numbers in the interval (0,1] with denominator not
divisible by p.

In this context, we consider the image of the multieigenvaues under the map
I as the set of Bernstein-Sato roots of f. Moreover, Bitoun constructs a notion
of a Bernstein-Sato polynomial as an ideal in a certain ring; however, this yields
equivalent information to the set of Bernstein-Sato roots just defined.

Example 6.4 ([Bit18]). (i) Let f =2% +---+ 22, with n > 2, and p > 2. Then
the set of Bernstein-Sato roots of f is {—1}. Contrast this with the situation
in characteristic zero, where —n/2 is also a root.

(i) Let f =22+ 43, and p > 3. If p = 1 mod 3, then the set of Bernstein-Sato
roots is {—1,—5/6}, and if p = 2 mod 3, then the set of Bernstein-Sato roots is

(-1}

6.2. Bernstein-Sato roots: base p expansion version. The second definition of
Bernstein-Sato roots that we present is historically the first, following the treatment
of Mustatd. To each element oo = (g, a1, v, ..., @) € F;‘H we associate the real

1 1 1
number E(a) = SZrao + o1+ + J .

Theorem 6.5 ([Mus09]). For o € F&™!, we have that « is a multieigenvalue of
(DSl - [75]
[Dixe[)t”K]ZOf ) [ﬁ]

if and only if there is an F-jumping number of f contained in the interval (E(«), E(a) +
1/peH].

For each level e, one then obtains a set of Bernstein-Sato roots, given as the
image of the multieigenvalues under the map FE.

Relative versions of the above result, for an element in a unit F-module, were
considered by Stadnik [Stal4] and Blickle and Stéabler [BS16].

6.3. Nonprincipal case. Both of the approaches above were extended to the
nonprincipal case by Quinlan-Gallego [QG20b]. To state these generalizations, for
an n-generated ideal a = (f1,..., f,), we consider the following.
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Definition 6.6. Consider D43, ... ¢,k as a graded ring, with grading induced by
giving each x; degree zero, and each ¢; degree one. We set [Day, .. +,1k]>0 to be
the subring spanned by homogeneous elements of nonnegative degree. We also set

aal aan
Se = — Z 1 ... .In £t g,

al! an!

ar+-+an=p°

Theorems 6.3 and 6.5 have analogues in this setting; we state the former here
and refer the reader to [QG20b] for the latter.

Theorem 6.7. Let a = (f1,..., fn), and let

1 n
1= [ ) € il o)

Then, the module

[DAfty,....tn)k]>0 -1

[Dafts....tn)K]=08 - 1
decomposes as a finite direct sum of multieigenspaces of (sg, $1,82,...). The image
of each multieigenvalue under the map I from Subsection 6.1 is rational and negative.
Moreover, there is an equality of cosets in Q/Z:

{I(a) | @ is a multieigenvalue of (sg, 81, 82,...)} +Z =

{negatives of F-jumping numbers of a with denominator not a multiple of p} + Z.

In this setting, we consider the image of the set of multieigenvalues under the
map I as the set of Bernstein-Sato roots of a.

Example 6.8 ([QG20a]). Let a = (22,4%). Then, for p = 2, the set of Bernstein-
Sato roots is {—4/3, —5/3, —2}. For p = 3, the set of roots is {—3/2, —2}. For p > 0,
by [QG20a, Theorem 3.1}, the set of roots is {—5/6,—7/6,—4/3,—-3/2,—-5/3, —2}.

The connection between Bernstein-Sato roots and F-jumping numbers largely
stems from the following proposition, and the fact that Cqa = C9b if and only

DYa=DYe.
Proposition 6.9 ([Mus09, Section 6],[QG20b, Theorem 3.11]). The multieigenspace
cooresponding to (g, 1,0z, ..., 0e—1) of (S0,81,82,...,8.—1) acting on

(e)
[DA[tl,...,thK]ZO N

(e)
[DA[tl,...,t”]\K]ZOa N

decomposes as the direct sum of the modules

Df:) . aI(oz)Jrspe

Df:) . al(a)+spe+1

7. AN EXTENSION TO SINGULAR RINGS

We now consider the notion of Bernstein-Sato polynomial in rings of characteristic
zero that may be singular. Throughout this section, K is a field of characteristic
zero, and R is a K-algebra.

As in Section 3, the definition is as follows:
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Definition 7.1. A Bernstein-Sato functional equation for an element f in R is an
equation of the form

5(s) 5Tt =b(s)f* for all s €N,

where 0(s) € Dgk[s] is a polynomial differential operator, and b(s) € K[s] is a
polynomial. We say that such a functional equation is nonzero if b(s) is nonzero;
this implies that d(s) is nonzero as well.

If there exists a nonzero functional equation for f, we say that f admits a
Bernstein-Sato polynomial, and the Bernstein-Sato polynomial of f is the minimal
monic generator of the ideal

{b(s) € K[s] | 36(s) € Dgyk[s] such that 6(s) f*T" = b(s) f* for all s € N} C K[s].

We denote this as by(s), or as b?(s) if we need to keep track of the ring in which we
are considering f as an element.

If every element of R admits a Bernstein-Sato polynomial, we say that R has
Bernstein-Sato polynomials.

The set specified above is an ideal of K[s] for the same reason as in Section 3.

The proof of existence of Bernstein-Sato polynomials uses the hypothesis that
R is regular crucially in multiple steps; thus, a priori Bernstein-Sato polynomials
may or may not exist in singular rings. Before we consider examples, we want to
consider the functional equation as a formal equality in a D-module.

Theorem 7.2 ([AHJ*19]). There exists a unique (up to isomorphism) Drg,k[s]-
module, Ry[s]f?, that is a free as an Ry[s]-module, and that is equipped with maps
O, : Ry[s|f° — Ry, such that m,(6(s)) - On(a(s) f%) = 0,,(6(s) - a(s) f?) for alln € N.
An element a(s)f* is zero in Ry[s|f*® if and only if 6,(a(s)f°) = 0 for infinitely
many (if and only if all) n € N.

Remark 7.3. From this theorem, we see that the following are equivalent, as in
the regular case:

(i) 6(s)ff® =b(s)f* in Ry[s]f*;
(ii) 6(s)f**t! =b(s)f* for all s € N;
(iii) 6(s+¢)ffH1 e =b(s)f1f* in Ry[s]f* for some/all t € Z.

We note also that Proposition 3.13 holds in this setting, by the same argument.

7.1. Nonexistence of Bernstein-Sato polynomials. In this subsection, we give
some examples of rings with elements that do not admit Bernstein-Sato polynomials.
This is based on a necessary condition on the roots that utilizes the following
definition.

Definition 7.4. A D-ideal of R is an ideal a C R such that Dpk(a) = a.

As R C Dpgp, we always have a C Dgk(a), so the nontrivial condition in the
definition above is Dy (I) € I. We always have that 0 and R are D-ideals. Sums,
intersections, and minimal primary components of D-ideals (when R is Noetherian)
are also D-ideals [Tra99, Proposition 4.1]. When R is a polynomial ring, the only
D-ideals are 0 and R; in other rings, there may be more. We make a simple
observation.
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Lemma 7.5. Let f € R, and let a C R be a D-ideal. Let §(s)f*t! = b(s)f* be a
functional equation for f. If "1 € a and f ¢ a, then b(n) = 0. In particular, if
f admits a Bernstein-Sato polynomial by (s), then by(n) = 0.

Proof. After specializing the functional equation, we have d(n)f"* = bg(n)f".
Since 6(n) f" ! € a, we must have by(n)f™ € a, which implies bs(n) = 0. O

From the previous lemma, we obtain the following result.

Proposition 7.6. Let R be a reduced N-graded K-algebra. If Dgk lives in nonneg-
ative degrees, then no element f € [R]~o admits a Bernstein-Sato polynomial.

Proof. Let 0(s)f**! = b(s)f® be a functional equation for f. Suppose f € [R], ™
[R]w—1. Since Dk has no elements of negative degree, [R]>(n+1) is a D-ideal for
each n € N, and "1 € [R]>y(nt1), while f" & [R]>(n+1)- Thus, b(n) = 0 for all
n, so b(s) = 0. Thus, f does not admit a Bernstein-Sato polynomial. d

Large classes of rings with no differential operators of negative degree are known.
In particular, we have the following.

Theorem 7.7 ([BINnB19, Corollary 4.49],[Hsi15],[Mal]). Let K be an algebraically
closed field of characteristic zero and let R be a standard-graded normal K-domain
with an isolated singularity and that is a Gorenstein ring. If R has differential
operators of negative degree, then R has log-terminal and rational singularities.

In particular, if R is a hypersurface, and R has differential operators of negative
degree, then the degree of R is less than the dimension of R.

Mallory recently showed that the hypothesis of log-terminal singularities is not
sufficient.

Theorem 7.8 ([Mal]). Let K be an algebraically closed field of characteristic zero.
There are no differential operators of negative degree on the log-terminal hypersurface
R = K[z1, v, 23, 74] /(23 + 23 + 23 + 23).

Corollary 7.9. For R as in Theorems 7.7 and 7.8, no element of [R]>1 admits a
Bernstein-Sato polynomial.

7.2. Existence of Bernstein-Sato polynomials. While some rings do not admit
Bernstein-Sato polynomials, large classes of singular rings do.

Definition 7.10. Let R, S be two rings. We say that R is a direct summand of S
if R C S, and there is an R-module homomorphism 53 : S — R such that 5| is the
identity on R.

A major source of direct summands comes from invariant theory: if G is a linearly
reductive group acting on a polynomial ring B, then R = B¢ is a direct summand
of B. In particular, direct summands of polynomial rings include:

(i) invariants of finite groups (including the simple singularities A,,, D, E,),
(ii) normal toric rings,

(iii) determinantal rings, and

(iv) coordinate rings of Grassmannians.
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We note that a ring R may be a direct summand of a polynomial ring in different
ways; i.e., as different subrings of polynomial rings. For example, the A; singularity
R = Cla,b,c]/(c* — ab) embeds as a direct summand of B = C[z,y] by the maps

¢1:R— B ¢1(a) = 2, ¢1(b) = v, ¢1(c) = zy, and
¢2: R— B pa2(a) =, 92 (b) = y*, P2(c) = 2”y?; likewise
¢3: R — Bl ¢s(a) = 2%, ¢3(b) = y?, ¢3(c) = xy splits.

We note also that if R is a direct summand of a polynomial ring, there may be other
embeddings of R into a polynomial ring that are not split. E.g., for R and B as
above,

¢s: R— B ba(a) =, ¢4(b) = xy?, Ppa(c) = zy
is injective, but no splitting map §|g exists.

Definition 7.11 ([BJNnB19, AHJ*19]). Let R, S be two rings. We say that R is
a differentially extensible direct summand of S if R is a direct summand of S, and
for every differential operator § € Dgk, there is some ¢ € Dgk such that §|r = 0.

This notion is implicit in a number of papers on differential operators, e.g., [Kan77,
LS89, Mus87, Sch95]. Differentially extensible direct summands of polynomial rings
include

(i) invariants of finite groups (including the simple singularities A,,, D,, E,),
(ii) normal toric rings,
(iii) determinantal rings, and
(iv) coordinate rings of Grassmannians of lines Gr(2,n).

As with the direct summand property, a ring may be a differentially extensible
direct summand of a polynomial ring by some embedding, but fail this property for
another embedding into a polynomial ring. For the example considered above, R is
a differentially extensible direct summand of B via ¢1 and ¢35, but not ¢, or ¢4.

Theorem 7.12 ([AHNB17, BINnB19]). Let R be a direct summand of a differen-
tiably admissible algebra B over a field K of characteristic zero. Then every element
f € R admits a Bernstein-Sato polynomial b?(s), and b?(s) |b?(s).

If, in addition, R is a differentially extensible direct summand of B, then b?(s) =
b7 (s) for all f € R.

Proof. Let 3 : B — R be the splitting map. The key point is that for § € Dpk, the
map 0| g is a differential operator on R; this is left as an exercise using the inductive
definition, or see [Smi95]. Thus, given a functional equation Vs € N,d(s)f**! =
b(s)f® for f in B, we have Vs € N, 30 6(s)|r 57 = B(b(s)f*) = b(s)f* in R. This
implies that f admits a Bernstein-Sato polynomial in R, and that b (s) [ bF (s).

If R is a differentially extensible direct summand of B, then for any functional
equation Vs € N, 8(s) f*t1 = b(s)f* for f in R, we can take an extension d(s) by
extending each s’-coefficient, and we then have Vs € N, 3(s)f*+! = b(s)f* in B.
Thus, b7 (s) |bF(s), so equality holds. O

Note that for direct summands of polynomial rings, all roots of the Bernstein-Sato
polynomial are negative and rational, as in the regular case.
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We end this section with two examples of Bernstein-Sato polynomials in rings
that are not direct summands of polynomial rings.

Example 7.13 ([AHJ*19]). Let R = C[z,y]/(zy), and f = 2. The operator 20>
is a differential operator on R [Tri97], and it yields a functional equation

202 2T = s(s + 1),
Thus, bf(s) exists, and divides s(s + 1). In fact, we have bf(s) = s(s + 1). The
ideal (z) is a minimal primary component of (0), hence a D-ideal. By Lemma 7.5,
s =0 is a root; s = —1 is also a root since z is not a unit.

Clz,y]

(% —y?)

the differential operator of order two

6= (t@t - ].) o 33 o (tat - 1)71,
where (t0,t — 1)7! is the inverse function of t9; — 1 on R. The equation

6o 12D — (20 4 2)(20 — 1)t
holds for every ¢ € N. Then, the functional equation

Set?(t?)° = (25 +2)(2s — 1)(+?)*
holds in Rs2(s](t%)®. Thus, b%(s) divides (s — 1)(s +1).
We now see that the equality holds. We already know that s = —1 is a root

of bth(s), because %2 ¢ R. Every differential operator of degree —2 on R can be
written as (td; — 1) 0 92 oy o (td; — 1)~! for some ~ € C[td;] [Smi81, SS88]. Since

Ry2[s](t?)® is a graded module we can decompose the functional equation as a sum

of homogeneous pieces. Using previous description of such operators, it follows that

s = % must be a root of bi(s).

Example 7.14 ([AHJ*19]). Let R = C[t?,t%] = and f = t2. Consider

7.3. Differentiable direct summands.

Definition 7.15 ([AHNBI17, Definition 3.2]). Let R C B be an inclusion of K-
algebras with R-linear splitting 5: B — R. Recall that, for { € DE’IK’ the map
Bol|r: R— R is an element of D?ﬂK' By abuse of notation, for § € Dp|k, we write

B od|r for the element of Dpk obtained from ¢ by applying 3 o —|x.

We say that a Dgjk-module M is a differential direct summand of a D gjx-module
N if M C N and there exists an R-linear splitting ©: N — M, called a differential
splitting, such that

O(dev)=(Bod|lr)sv
for every 0 € Dpx and v € M, where the action on the left-hand side is the Dpgk-
action, considering v as an element of N, and the action on the right-hand side is
the Dpk-action.

A key property for differential direct summands is that one can deduce finite
length.

Theorem 7.16 ([AHNBI17, Proposition 3.4]). Let R C B be K-algebras such that
R is a direct summand of B. Let M be a Dg-module and N be a D pgk-module
such that M is a differential direct summand of N. Then,

lengthDRIK (M) < lengthDB‘K (N).



46 ALVAREZ MONTANER ET AL.

In particular, if lengthDB‘K(N) is finite, then lengthDR‘K(M) is also finite.

Definition 7.17 ([AHNB17, Definition 3.5]). Let R C B be K-algebras such that
R is a direct summand of B. Fix DR|K[§]—modules M, and My that are differential
direct summands of Dpk[s]-modules N; and N3, respectively, with differential
splittings ©1: N7y — M; and Oy: Ny — My, We call ¢: Ny — Ny a morphism
of differential direct summands if ¢ € Homp,  (5(N1, Na), ¢(M1) C Ma, ¢|u, €
Homp,,[s)(M1, M2), and the following diagram commutes:

c S]]
M1 4>N1 4>M1

itﬁMl itb i¢M1
c e

M2 e NQ 2 M2
For simplicity of notation, we often write ¢ instead of ¢|ay, .
Further, a complex M, of Dgk[s]-modules is called a differential direct summand

of a complex N, of Dpg|k[s]-modules if each M; is a differential direct summand of
N;, and each differential is a morphism of differential direct summands.

Remark 7.18. Let R C B be K-algebras such that R is a direct summand of B. It
is known that the property of being a differential direct summand is preserved under
localization at elements of R. In addition, it is preserved under taking kernels and
cokernels of morphisms of differential direct summands [AHNBl?, Proposition 3.6,
Lemma 3.7].

We now present several examples of differentiable direct summands built from
the previous remark.

Example 7.19. Let R C B be K-algebras such that R is a direct summand of B

(i) For every f € R~ {0}, Ry is a differentiable direct summand of By.
(ii) For every ideal a C R, Hi(R) is a differentiable direct summand of H:(B).
(iii) For every sequence of ideals ai,...,a; C R, H ---H (R) is a differentiable
direct summand of H; --- H{ (B).

We end this subsection showing that Ry[s|f* is a differentiable direct summand
of Ry[s]f*. This gives a more complete approach to prove the existence of the
Bernstein-Sato polynomial.

Theorem 7.20. Let R C B be K-algebras such that R is a direct summand of B,

and f € R~ {0}. Then, R¢[s|f® is a differentiable direct summand of R¢[s|f°. In

particular, if B is a differentiably admissible K-algebra, then MF[f%] @k K(s) has

finite length as Dp(s)k(s)-module, and so, there exists a functional equation
5(s)ff* =0b(s)f*,

where 6(s) € Drjk and b(s) € K[s] \ {0}.

8. LOCAL COHOMOLOGY

In this section we discuss some properties of local cohomology modules for regular
rings that follow from the existence of the Bernstein-Sato polynomial.
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Proposition 8.1. Let K be a field of characteristic zero, R be a K-algebra, and
f € R be a nonzero element. If R has Bernstein-Sato polynomials, then, Ry is a

finitely generated Dgjk-module. In particular, if b?(s) has no integral root less than
1

or equal to —n, then Ry = Dp -

Proof. After specializing the functional equation, we have

1 o1

5(‘@@ = by (_t)ﬁ
for all ¢ > n, with each b?(—t) # 0. We conclude that each power of f, and hence
all of Ry, is in Dy - % O

In fact, a converse to this theorem is true.
Proposition 8.2 ([Wal05, Proposition 1.3]). Let K be a field of characteristic zero,
R be a K-algebra, and f € R have a Bernstein-Sato polynomial. If —n is the smallest

. 1 1
integral Toot of by (s), then 7 ¢ DRk - = C Ry.

We give a proof of this proposition here, since it appears in the literature only in
the regular case.

Lemma 8.3 ([Kas77, Proposition 6.2]). If —n is the smallest integral root of bs(s),
then

(s +n+ j)Dri([s|f* N Dr[s]f/ f° = (s +n+j)Dri[s|f* for all j > 0.

Proof. We proceed by induction on j.
Drik[s]f?®

Drilslff® and

Since by(s) is the minimal polynomial of the action of s on
—n — j is not a root of by(s) for j > 1, the map
Drik[slf® sin+i Drxlslf?®
Dg(s]ff? Dg([s]f f*

is an isomorphism. Thus, (s+n+3)Dgk[s]f*NDg(s|ff* = (s+n+j)Dri[s]ff°.
In particular, for j = 1, this covers the base case.

Let ¥ : Dpl[s]f® — Dgi[s]f® be the map given by the rule X(d(s)f®) =
d(s+1)ff°. Using the induction hypothesis, for j > 2 we compute
(s +n+7)Dr([s]f* N Drilslf' 5 C (s +n+5)Dr[s|ff° N Dri[s]f? f°
=X((s+n+j—1)Dg[s]f* N Dr[s]f " f°)
=%((s+n+j—1)Drilslf/ " f*)
= (s+n+j)Drilslf f°. 0

~— ~—

Lemma 8.4 ([Kas77, Proposition 6.2]). If —n is the smallest integral root of bs(s),
then

Amnp(f™") = Drix N (Annpp (f°) + Drik[s|(s +n)).
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Proof. Let § € Annp(f~"). Write §f° = f~™g(s)f*, with g(s) € R[s]. In fact, we
can take m to be the order of 6. Then g(—n) = 0. By Remark ?7?,
6 f"f=g(s+m)f°.

Set h(s) = g(s+m). We then have that h(—n — m) = g(—n) = 0, s0 (s + n + m)|h(s).
Thus, § - f™f° € (s +m +n)Dgk[s]f®, and 0 - f™ f° € Dg[s]f™ f* by definition.

By the previous lemma, we obtain that ¢ - f f* € (s +m +n)Dg[s]f" f*. We

can then write § - f™f° = (s +m + n)h/(s) f® for some h'(s) € R[s]. By Remark ?7?,

we have that 6 - £ = (s +n)h/(s — m)f*. Thus, we can write J as a sum of a mul-

tiple of (s +n) and an element in the annihilator of f*. O

1 1
Proof of Proposition 8.2. Suppose that F € DRlKF. Then we can write Dgx =

Dricf + AnnD(fin). From the previous lemma, we have that

AnnD<fin> = Dy N (Amnppy (£2) + Dryls)(s + ).

Then,
L € Dricf + Annppg(f°) + Drik[s](s +n).

by(s)
s+n?

b
8f~|>7(87)7, S AHI’ID[S](fS) + DR|Kf + DR\K[S] bf(s)

Since by(s) € Dgkf + Annpq(f*®), using Remark 7.3 we have

b (s)
S+n

Multiplying by

we get

Drik[s] € Annpg(f®) + Drk[slf,

which contradicts that by (s) is the minimal polynomial in s contained in Annp4(f*)+
Dprik[s]f. U

Remark 8.5. Proposition 8.2 extends to the setting of the Dg-modules Dgjk f*
for o € Q discussed in Remark 3.14. Namely, if a € Q is such that b;(a) = 0 and
br(a— i) # 0 for all integers i > 0, then f* ¢ Dgi - f**! in the Dpg-module
Ry fe«.

It is not true in general that by(a) = 0 implies f* ¢ Dg - f*T!, even in the
regular case: an example is given by Saito [Sail5]. However, this implication
does hold when R = A is a polynomial ring, and f is quasihomogeneous with an
isolated singularity [BS18]. We are not aware of an example where by(n) = 0 and
f" € Dy - f*! for an integer n.

We also relate existence of Bernstein-Sato polynomials to finiteness properties of
local cohomology.

Theorem 8.6. Let K be a field of characteristic zero, R be a K-algebra, and f € R
be a nonzero element. Suppose that R has Bernstein-Sato polynomials and Dgk is a
Noetherian ring. Then, H.(R) is a finitely generated D gk -module, and Assg(H}(R))
is finite for every ideal a C R.
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Proof. Let F = f1,..., fr be a set of generators for a. We have that the Cech
complex asociated to F' is a complex of finitely generated Dpgk-modules. Since
Dgk is Noetherian, the Cech complex is a complex of Noetherian D g k-modules.
Then, the cohomology of this complex is also a Noetherian D g k-module.

It suffices to show that a Noetherian D g|k-module, N, has a finite set of associated
primes. We build inductively a sequence of Dgk-submodules N; C N as follows.
We set Ny = 0. Given N, we pick a maximal element p; € Assp(N/N;). This
is possible if and only if Assgz(N/N;) # @. We set Ny, = H)(N/Ny), which is
nonzero, and N¢yi the preimage of Nt+1 in N under the quotient map. We have
that Assp(Ni11) = {p}, and so, Assg(Ny11) = {p} U Assr(N;). We note that this
sequence cannot be infinite, because IV is Noetherian. Then, the sequence stops, and
there is a k € N such that N = N. We conclude that Assgp(N) C {p1,...,px}. O

9. COMPLEX ZETA FUNCTIONS

The foundational work of Bernstein [Ber71, Ber72] where he developed the theory
of D-modules and proved the existence of Bernstein-Sato polynomials was motivated
by a question of I. M. Gel'fand [Gel57] at the 1954 edition of the International
Congress of Mathematicians regarding the analytic continuation of the complex zeta
function. Bernstein’s work relates the poles of the complex zeta function to the
roots of the Bernstein-Sato polynomials. Previously, Bernstein and S. I. Gel’fand
[BG69] and independently Atiyah [Ati70], gave a different approach to the same
question using resolution of singularities.

Throughout this section we consider A = C[xy, ..., z4] and the corresponding ring
of differential operators D 4jc. Given a differential operator d(s) = 3 aq(z,5)0* €
D \c[s], which is polynomial in s, we denote the conjugate and the adjoint of (s)
as

3(s) =Y aa(z,5)0", 6%(s)=> (-1)*0%4(x,s),

[e%

where we are using the multidegree notation 0% := 97" - -- 95 and 9" =8]" .9y
with 0; = -=.

Let f(z) € A be a non-constant polynomial and let ¢(z) € C°(C%) be a test
function: an infinitely many times differentiable function with compact support.
We define the parametric distribution f*: C°(C%) — C by means of the integral

(91) )= [ 1@ el )dads,

which is well-defined analytic function for any s € C with Re(s) > 0. We point
out that test functions have holomorphic and antiholomorphic part so we use the
notation ¢ = p(xz,x). We refer to f* or (f*,¢) as the complex zeta function of f.

The approach given by Bernstein in order to solve I. M. Gel’fand’s question uses
the Bernstein-Sato polynomial and integration by parts as follows:

(f%0) = /C o(x,2)|f (z)[**dzdz
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1 = s KN s = =
= 2 L e@ D) 1 @) [((s)- 1+ (@) dads
f cd
— 25 L5 0ol 2) (@) Vdeda
bf(S) cd
(86 () ()
b%(s)
Thus we get an analytic function whenever Re(s) > —1, except for possible poles at
b;l(O), and it is equal to (f*, ¢) in Re(s) > 0. Iterating the process we get
(fHH1, 670" (s + 0) - 0707 (5) ()
bi(s)---b3(s +0) ’

(f* ) =

Re(s) > —¢—1,

In particular we have the following relation between the poles of the complex
zeta function and the roots of the Bernstein-Sato polynomial.

Theorem 9.1. The complex zeta function f° admits a meromorphic continuation
to C and the set of poles is included in {\— ¢ | by(A) =0 and ¢€Zsp}.

Both sets are equal for reduced plane curves and isolated quasi-homogeneous
singularities by work of Loeser [Loe85].

On the other hand, the approach given by Bernstein and S. I. Gel’fand, and
independently Atiyah uses resolution of singularities in order to reduce the problem
to the monomial case, which was already solved by Gel’fand and Shilov [GS64]. Let
m: X" — C" be a log-resolution of f € A and

Fﬂ— = ET:NZEl + zS:NJ/SJ and Kﬂ— = ET:]%EZ
i=1 j=1 i=1

be the total transform and the relative canonical divisors.

The analytic continuation problem is attacked in this case using a change of
variables.
o) = [ 1@ P ptaa)dads = [ o)
X/
where |dr|? = (7*dz)(7*dZ) and dr is the Jacobian determinant of 7. In order to
describe the terms of the last integral we consider a finite affine open cover {Uy, }aca
of E C X’ such that Supp(p) C 7(U,Uy). Consider a set of local coordinates

Z1,---,%2q in a given U,. Then we have
T f = ua(z)z{vl’” . ~z(]ivd"1, drc|? = |va (2) |21 |2F0e - - - |2g|Fee dzdz

where u,(z) and v, (2) are units and N; o, may denote both the multiplicities of
the exceptional divisors or of the strict transform. Take {7, } a partition of unity
subordinated to the cover {U,}aea. That is, 7, € C*°(C?), 3 7, = 1, with only
finitely many 7, being nonzero at a point of X’ and Supp(7n,) C U,. Therefore

()= [ ) o) ()

= 30 [ e ) o P ) ()2 (2) P2, 2,
acA Ua
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where ¢, 1= 1,7*¢ for each a € A. Notice that 7—!(Supp(y)) is a compact set
because 7 is a proper morphism.

Once we reduced the problem to the monomial case, we can use the work of
Gel’'fand and Shilov [GS64] on reqularization to generate a set of candidate poles

of f%.

Theorem 9.2. The complex zeta function f° admits a meromorphic continuation
to C and the set of poles is included in

ki+14+¢ {+1
(hetetjcezof et rez).
v J

Combining Theorem 9.1 and Theorem 9.2 we get a

The fundamental result of Kashiwara [Kas77] and Malgrange [Mal75] on the
rationality of the roots of the Bernstein-Sato mentioned in Theorem 3.37 was refined
later on by Lichtin [Lic89]. He provides the same set of candidates for the roots of
the Bernstein-Sato polynomial in terms of the numerical data of the log-resolution

of f.

Theorem 9.3 ([Lic89]). Let f € A be a polynomial. Then, the roots of the Bernstein-
Sato polynomial of f are included in the set

ki+14+1¢ {41
(Bt ez bu [ ez}
L J

In particular, the roots of the Bernstein-Sato polynomial of f are negative rational
numbers.

This result has recently been extended by Dirks and Mustatd [DM20].
We also have a bound for the roots given by Saito [Sai94] in terms of the log-

canonical threshold of f,
. ki+1 1
let(f) := min { N NJ,} :

Theorem 9.4 ([Sai94]). Let f € A be a polynomial. Then, the roots of the Bernstein-
Sato polynomial of f are contained in the interval [—d + let(f), —lct(f)].

In general the set of candidates that we have for the poles of the complex zeta
function or the roots of the Bernstein-Sato polynomial is too big. In order to
separate the wheat from the chaff we consider the notion of contributing divisors.

Definition 9.5. We say that a divisor E; or S; contributes to a pole A of the
complex zeta function f° or to a root A of the Bernstein-Sato polynomial of f, if we

have A = —W or A= —%,1 for some £ € Z~.
; 7 >

It is an open question to determine the contributing divisors (see [Kol97]). Also
we point out that, in general, the divisors contributing to poles are different from
the divisors contributing to roots. This is not the case for reduced plane curves and
isolated quasi-homogeneous singularities by work of Loeser [Loe85, Theorem 1.9].
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In the case of reduced plane curves, Blanco [Blal9a] determined the contributing
divisors.

Although we have a set of candidate poles of the complex zeta function one
has to ensure that a candidate is indeed a pole by checking the corresponding
residue. This can be quite challenging and was already posed as a question by
I. M. Gel’fand [Gel57]. In the case of plane curves we have a complete description
given by Blanco [Blal9a]. Moreover, it is not straightforward to relate poles of the
complex zeta function to roots of the Bernstein-Sato polynomial. We have that a
pole X € [—d + lct(f), —lct(f)] such that A+ ¢ is not a root of bs(s) for all £ € Z
is a root of bs(s) but this is not enough to recover all the roots of the Bernstein-Sato
polynomial even if we know all the poles of the complex zeta function.

10. MULTIPLIER IDEALS

Let f € A = Clzy,...,24] be a polynomial. As we mentioned in Section 2.3,
the family of multiplier ideals of f is an important object in birational geometry
that is described using a log-resolution of f and comes with a discrete set of
rational numbers, the jumping numbers, that are also related to the roots of the
Bernstein-Sato polynomial.

We start with an analytic approach to multiplier ideals that has its origin in
the work of Kohn [Koh79], Nadel [Nad90], and Siu [Siu01]. The idea behind the
construction is to measure the singularity of f at a point p € Z(f) C C? using the
convergence of certain integrals.

Definition 10.1. Let f € A and p € Z(f). Let B.(p) be a closed ball of radius
€ and center p. The multiplier ideal of f at p associated with a rational number
A E Q>0 is

2
j(f/\)p:{geA|ﬂe<<lsuchthat / 9] dzdZ < 0o} .

B 12

More generally we consider J(f*) = Npez(5)T (f)p-

Similarly to the case of the complex zeta function we may use a log-resolution
7m: X' = C? of f to reduce the above integral to a monomial case where we can
easily check its convergence.

91* / [mg” | 2
dadT = |dm|*,
/Be(p) |f|2/\ ﬂ*l(ﬁé(p)) |7T*f|2/\

Consider a finite affine open cover {Uq }aca of 771 (Be(p)) which is still a compact
set since 7 is proper. We have to check the convergence of the integral at each
U, so let z1,...,z4 be a set of local coordinates in such an open set. Taking local
equations for 7* f, 7%g we get

Lia  _Laa2
/ |u(21\)7121 NdZd ‘ Zfl,a . Zs'd,a |2d2dz
ey e
U f2g % eeezg W02
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— / ‘u(z)| |Zl|2(L1,a+k'1,a7>\N1,cy) . |Zd‘Z(Ld’“Jrkd’“i)‘Nd‘“)dde
Ua
where u(z) is a unit. Using Fubini’s theorem we have that the integral converges if
and only if
Li+ki—/\Ni>—1, L;-—)\N]{>—1

for all 4, 7. Here we use that the total transform divisors of f and g are respectively

g s t
Fr ::iNiEi+ZN;Sj, G ::ZT:LiEi+ZL;S§
i=1 j=1 i=1 j=1

and the components of the strict transform of g must contain the components of f.
Equivalently, we require

Li > —[ki = AN;], L > [AN}]

so we are saying that 7*¢ is a section of Ox/([K,; — AF;]). This fact leads to the
algebraic geometry definition of multiplier ideals given in Definition 2.11 that we
refine to the local case.

Definition 10.2. Let 7 : X’ — C? be a log-resolution of f € A and let F, be the
total transform divisor. The multiplier ideal of f at p € Z(f) associated with a real
number A € Ry is the stalk at p of

T = m0x: ([Kr — AFy]).

We omit the reference to the point p if it is clear from the context. Recall that
the multiplier ideals form a discrete filtration

A7) 270 2--27()) 2+

and the \; where we have a strict inclusion of ideals are the jumping numbers of f
and A\; = let(f) is the log-canonical threshold.

There is a way to describe a set of candidate jumping numbers in a reasonable
time. However, contrary to the case of roots of the Bernstein-Sato polynomial, the
jumping numbers are not bounded. However they satisfy some periodicity given
by the following version of Skoda’s theorem, which for principal ideals reads as

TN = (f)- T for all A > 1.

Theorem 10.3. Let f € A be a polynomial. Then, the jumping numbers of [ are
included in the set

ki+14+1¢ {+1

In particular, the jumping numbers of f form a discrete set of positive rational
numbers.

We see that we have the same set of candidates for the roots of the Bernstein-Sato
polynomial and the jumping numbers so it is natural to ask how these invariants
of singularities are related. The result that we are going to present is due to Ein,
Lazarsfeld, Smith, and Varolin [ELSV04]. A different proof of the same result
can be found in the work of Budur and Saito [BS05] that relies on the theory of
V-filtrations.
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Theorem 10.4 ([ELSV04, BS05]). Let A € (0,1] be a jumping number of a polyno-
mial f € A. Then —\ is a root of the Bernstein-Sato polynomial by (s).

Proof. Let X\ € (0,1] be a jumping number and take g € J(f*~%)\ J(f) for e >0

small enough. Therefore If(‘ﬂf)(\% is integrable but when we take the limit ¢ — 0

we end up with ||)§7(%)‘Li that is not integrable.

Consider Bernstein-Sato functional equation §(s) - f51 = bg(s) - f* and its
application to the analytic continuation of the complex zeta function

5 [ el alfa@)Fdeds = [ 5°6(5)(plo. 2) ()P deda,
Notice that |g(x)|?>¢(z, 7) is still a test function so
5 [ ol ot )l @) odedz = [ 76 (5) (ool 2) @) P dod

Now we take a test function ¢ which is zero outside the ball B.(p) and identically
one on a smaller ball B (p) C B.(p) and thus we get

50) [ laPIs@P iz = [ 50 (o) @) ez

B( B/ (p)

Taking s = —(\ — €) we get

2
b2 (=) Ld d’:/ 546 (—\ 2 2(1-M¢) Jp 0
s=ATe) ~/B‘/(p) |f(2)]2A=2) e B, (p) (A+e)(lg)1/ @) e

but the right-hand side is uniformly bounded for all £ > 0. Thus we have

2
b2(—A+s)/ Ldmdf§M<oo
d B |[(2)2A=9)

for some positive number M that depends on g. Then, by the monotone convergence
theorem we have to have b7(—\) = 0. O

So far we have been dealing with the case of an hypersurface f € A for the sake
of clarity but everything works just fine for any ideal a = (f,..., f;n) € A. The
analytical definition of multiplier ideal at a point p € Z(a) associated with a rational
number A € Qs¢ is

lg|?
T, ={ge A 36<<1suchthat/
(@) ={ge 4 v TR+ T TP

and J(a*) = Nyez(a)J(a*)p. One can show that the ideal that we obtain is
independent of the set of generators of the ideal a.

dxdr < oo}.

For the algebraic geometry version we consider the stalk at p of the multiplier
ideal

j(u)\) =mOx ([Kr — AFr]),
given in Definition 2.11. The extension of Theorem 10.4 to this setting was proved
by Budur, Mustata, and Saito [BMS06b] using the theory of V-filtrations.

Theorem 10.5 ([BMS06b]). Let A € (Ict(a),lct(a) 4+ 1] be a jumping number of
a C A. Then —\ is a root of the Bernstein-Sato polynomial bq(s).
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Finally we want to mention that multiplier ideals can be characterized completely
in terms of relative Bernstein-Sato polynomials. Namely:

Theorem 10.6 ([BMS06b]). For all ideals a C A and all A we have the equality
T(@) ={g€A|~v>\ifbag(—y) =0}

This theorem is due to Budur and Saito [BS05] in the case a is principal, and due
to Budur, Mustata, and Saito [BMS06b] as stated. The proofs rely on the theory of
mixed Hodge modules. Recent work of Dirks and Mustatad [DM20] provides a proof
of this result that does not use the theory of mixed Hodge modules.

The analogues of Theorems 10.5 and 10.6 have been shown to hold for certain
singular rings.

To illustrate Theorem 10.6, we use this description of multiplier ideals to give a
quick proof of Skoda’s Theorem in the principal ideal case.

Proposition 10.7 (Skoda’s theorem for principal ideals). For all f € A\ {0} and
all \, we have J(fA) = (HT(f).

Proof. Let g € J(f?*), so every root of by 4(s) is less than —A. Then, by Lemma 5.33,
every root of by, 7,(s) is less than —\ — 1, and hence fg € J(f**1). This shows the
containment J (fA1) D (£)T ().

Now, if g ¢ (f), then s = —1 is a root of bs4(s) by Lemma 5.32. Thus,
J(fA1) C (f). In particular, we can write h € J(fM1!) as h = fg for g € A;
since the largest root of b 4(s) is one greater than the largest root of by, (s) by
Lemma 5.33, we have that h € J(f*), and the equality follows. O

Theorem 10.8 ([AHJT19]). Let R be either a ring of invariants of an action of a
finite group on a polynomial ring, or an affine normal toric ring. Then, for every
ideal a C R, we have the log canonical threshold of a in R coincides with the smallest
root o of bf(—s), and every jumping number of a in [a,a + 1) is a root of bE(—s).
Moreover,

Tr(0*) ={g € R | 7> X if bgy(—y) = 0}.

The idea behind the proof of this theorem is based on reduction modulo p and
a positive characteristic analogue of the notion of differentially extensibility direct
summand as in Definition 7.11. We refer the reader to [AHJ19] for details.

11. COMPUTATIONS VIA F-THRESHOLDS

The notion of Bernstein-Sato root in positive characteristic discussed in Section 6
is closely related to F-jumping numbers. In this section, we discuss a relationship
between the classical Bernstein-Sato polynomial in characteristic zero and similar
numerical invariants in characteristic p. This connection was first established by
Mustata, Takagi, and Watanabe [MTWO05], and extended to the singular setting by
Alvarez Montaner, Huneke, and Nufiez-Betancourt [AHNB17].

Definition 11.1 ([MTWO05]). Let R be a ring of characteristic p > 0. Let a, J be
ideals of R such that a C v/J. We set

vl (p°) = max{n e N | a® ¢ JPI}.

a
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We point out that the limit of lim @ exists [DSNBP18].
e—oo P
Theorem 11.2 ([AHNB17], see also [MTWO05]). Let R be a finitely generated flat
Z[1/a)-algebra for some nonzero a € Z, and a C \/J ideals of R. Write Ry for
R ®z Q, and R, for R/pR; likewise, write ay for the extension of a to Ry, and
similarly for a,, Jo, Jp, etc. If ap has a Bernstein-Sato polynomial in Ry, then we
have

((s + 1)b2) (w27 (p°)) = 0 mod p

for all p> 0.

Sketch of proof. First, ifa = (f1,..., fr),set g=>_, fiyi € R = R[y1, ..., ye]. Then,

JR
one checks easily that for p t a, we have 1/;7;’ (p°) = vy, "(p°). Thus, we can reduce
to the principal case, where a = (f).

Let §(s)f*T! = bs(s)f* be a functional equation for f in. If we replace a by a
nonzero multiple, we can assume that §(s) is contained in the image of Dg[s] in
Dp,[s] (see [AHNB17, Lemma 4.18]) and that by (s) € Z[1/a][s]. Pick n such that
d(s) € D[s] and n is greater than any prime dividing a denominator of a coefficient
of b¢(s). Then, for every p > n, we may take the functional equation modulo p in
Ry:

() f T =bg(s)f".

Since n < p, we have §(s) € ng“:p. In particular, §(s) is linear over each subring
RIP"], s0 it stabilizes every ideal expanded from such a subring, namely the Frobenius
powers JP of J. For s = VJ{:7 we have f* ¢ JPl and fot' € JWP] so §(s) 51! €

JIPl; we conclude that bs(s) = 0 in F,, as claimed. O

The previous theorem can be applied to find roots of bfﬂo (s) in Q when there are

sufficiently nice formulas for ualj (p°) for e fixed as p varies.

Proposition 11.3 ([MTWO05]). Let R be a finitely generated flat Z[1/a]-algebra for
some nonzero a € Z, and a C \/J ideals of R. Write Ry for R ®z Q, and R, for
R/pR; likewise, write ay for the extension of a to Ry, and similarly for a,, Jo, Jp,
etc. Suppose that ag has a Bernstein-Sato polynomial in Ry.

Let e > 0. Suppose that there is an integer N and polynomials Qp; for each
[i] € (Z/NZ)* such that l/;]: (p°) = Qpyy(p®) for all p>> 0 with p € [i]. Then Q;(0)
is a root of by (s) for each [i] € (Z/NZ)*.

Proof. We can consider b{0(s) as a polynomial over Z[1/aa'] for some a’. Fix
[i] € (Z/NZ)*. For any p € [i] with p{ (aa’), we have
(s + )b (Q (0)) = b2 (Q(»°)) =0 mod p,

SO p\bfoﬂ (Qi(0)). As there are infinitely many primes p € [i], we must have
b2 (Qp (0)) = 0. 0
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Example 11.4 ([MTWO05]). Let f = 22 + 43 € Z[z,y], and m = (z,y). One has

%pe—% ifp=1 mod 3
V?;(Pe): V?;(pe)zgp—% ifp=2 mod3, e=1
vR(pe) = 2p°—gp =1 ifp=2 mod3, e>2.

By the previous proposition, —5/6, —1 and —7/6 are roots of by(s), considering f
as an element of Q[z, y]. In fact, by(s) = (s+ 3)(s + 1)(s + Z).

We note that the method of Proposition 11.3 does not yield any information
about the multiplicities of the roots. There are also examples given in [MTWO05] of
Bernstein-Sato polynomials with roots that cannot be recovered by this method.
Nonetheless, we note that this method was successfully employed by Budur, Mustata,
and Saito [BMS06¢] to compute the Bernstein-Sato polynomials of monomial ideals.

Remark 11.5. In the case of a regular ring A = Fp[z1,. .., 24, and ideals a, J of A
with a C v/J, the numbers v (p°) are closely related to the F-jumping numbers dis-
cussed in the introduction. In particular, combining [MTWO05, Propositions 1.9 & 2.7]
for a and e fixed, we have

{(v!(p°) | ViJ 2 a} = {[p°A] — 1| A is an F-jumping number of a}.
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