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Ribbon Schur functors

Keller VandeBogert

We investigate a generalization of the classical notion of a Schur functor associated to a ribbon diagram.
These functors are defined with respect to an arbitrary algebra, and in the case that the underlying algebra
is the symmetric/exterior algebra, we recover the classical definition of Schur/Weyl functors, respectively.
In general, we construct a family of 3-term complexes categorifying the classical concatenation/near-
concatenation identity for symmetric functions, and one of our main results is that the exactness of these
3-term complexes is equivalent to the Koszul property of the underlying algebra A. We further generalize
these ribbon Schur functors to the notion of a multi-Schur functor and construct a canonical filtration of
these objects whose associated graded pieces are described explicitly; one consequence of this filtration is
a complete equivariant description of the syzygies of arbitrary Segre products of Koszul modules over the
Segre product of Koszul algebras. Further applications to the equivariant structure of derived invariants,
symmetric function identities, and Koszulness of certain classes of modules are explored at the end, along
with a characteristic-free computation of the regularity of the Schur functor S$* applied to the tautological
subbundle on projective space.

1. Introduction

1.1. Ribbon Schur functors. Schur functors are fundamental objects that lie at the intersection of
representation theory, algebraic geometry, combinatorics, and commutative algebra. Representation
theoretically, the Schur functors S corresponding to a partition A are irreducible GL(V)-representations
in characteristic 0, and (up to twists by the determinant representation) these constitute all irreducible
representations of the general linear group; see, for instance, [Weyman 2003, Chapter 2]. From the
algebro-geometric perspective, Schur functors corresponding to partitions may be constructed via the
famous Borel-Weil theorem (see [Serre 1959; Bott 1957], or [Kempf 1976]), which realizes these objects
as the global sections of canonical line bundles on the complete flag variety. Combinatorially, Schur
functors may be identified with their multigraded characters to obtain Schur polynomials, which are a
fundamental basis for the ring of symmetric functions; see, for instance, [Grinberg and Reiner 2014] for
more on this perspective. Finally, for a commutative algebraist, Schur modules over arbitrary commutative
rings were constructed in the foundational work of Akin, Buchsbaum and Weyman [Akin et al. 1982],
where these objects may be described as the image of a map constructed using the (graded) commutative
Hopf algebra structure on the symmetric/exterior powers.
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Figure 1. The skew shape on the left is not a ribbon, since the bottom two rows have overlap
size 2. The shape on the right is a ribbon.
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Figure 2. The concatenation/near-concatenation identity (here we are identifying the ribbon

diagrams with their corresponding Schur polynomials).

We take the perspective that Schur functors corresponding to ribbon diagrams are “more natural” than
Schur functors corresponding to partitions. A ribbon diagram is a skew shape for which consecutive rows
overlap by exactly one block.

From a representation-theoretic point of view, ribbon Schur functors may seem quite unnatural: they
are highly reducible, even in characteristic 0. However, experts in the theory of symmetric functions
have long known that ribbon Schur polynomials also generate the ring of symmetric functions and are in
many ways much more well-behaved than Schur polynomials corresponding to partitions; see [Lascoux
and Pragacz 1988; Billera et al. 2006; Reiner et al. 2007; Huang 2016]. For example, ribbon Schur
polynomials satisfy a much simpler Pieri-type formula (the concatenation/near-concatenation identity)
than Schur polynomials corresponding to partitions, which require the Littlewood—Richardson rule to
expand in general.

One of the most fundamental reasons ribbon diagrams are desirable is that Schur functors corresponding
to ribbons can be defined solely using the algebra structure on the symmetric algebra S(V'), whereas
Schur functors for partitions almost always need the full Hopf algebra structure; this is immediate from
the work of Akin, Buchsbaum and Weyman [1982], which establishes a canonical, characteristic-free
presentation of Schur modules associated to skew partitions. This means that there is an evident way to
generalize ribbon Schur functors to arbitrary algebras, and the main theme of this paper is that in order
for this theory to work “as it should”, the underlying algebra needs to be Koszul.

Example 1.1. In this example, identify the skew shapes with their corresponding Schur functors. Then

S4(V)
—Ker [ SV @ H(V) > @ and | = Ker (Sy(V) @4 $y(V) — S4(V)) .
S3(V) @ V |

In the first equality, the map S>(V) ®¢ S2(V) — S3(V) ®; V is the composition of both comultiplication

and multiplication on the symmetric algebra, whereas the second ribbon diagram is simply the kernel of
the canonical multiplication map S>(V) ®x S2(V) — S4(V).
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1.2. Koszul algebras and Backelin’s theorem. A k-algebra A is Koszul if its residue field k has a
linear homogeneous minimal free resolution over A. Koszul algebras are one method of generalizing
standard graded polynomial rings and make their appearance in a wide range of seemingly disconnected
settings. Topologically, Koszul duality for quadratic algebras can be used to translate between facts
about equivariant and standard cohomology; see [Goresky et al. 1998]. In the context of number theory,
Positselski [2014] has shown that certain classes of Milnor rings are Koszul algebras and relates the
Milnor-Bloch—Kato conjecture to Koszulness of certain quotient rings. Combinatorially, early work
of Backelin [1981] showed that there was an equivalence between Koszul algebras and distributivity
of certain associated subspace lattices, and since then Koszulness of rings associated to combinatorial
objects has been an active and fruitful area of research; see for instance [ Yuzvinskii 2001; Mastroeni and
McCullough 2023].

Suppose for the time being that V is a vector space over a field k; all tensor products will be taken
over k. Recall that a quadratic algebra A is any quotient of the tensor algebra 7' (V) by a quadratic ideal
(Q2) C T=2(V), where 0> C V ® V. In particular, each graded piece of A is the quotient

V®i
T RV L VR0, QVE T4+ VEI2Q Q)

Although Koszulness is often defined in terms of a homological property of the residue field of A, a well-

Ap

known result of Backelin establishes the elegant fact that Koszulness has an equivalent formulation in terms
of a purely combinatorial property of the collections Q> @ V"2 V@ 0, @ VO3, ... Ve 2g 0,.

Theorem 1.2 ([Backelin 1981], see also [Beilinson et al. 1996]). Let A be a quadratic algebra. Then
A is Koszul if and only if the collection Q2 @ VE" 2. V@ Q, @ V¥ 3, ..., V®"~2® O, generates a

distributive subspace lattice for alln > 2.

This alternative (equivalent) formulation of Koszulness is surprising because it implies that the Koszul-
ness assumption gives you “more than you bargained for”’; the backwards implication of Backelin’s
theorem is evident, but a priori distributivity seems like a much stronger property than Koszulness. In this
paper, we reinterpret this distributivity property as being equivalent to the exactness of a family of 3-term
sequences; see Proposition 3.14. A key observation here is that these 3-term sequences yield a defining
identity for a generalization of ribbon Schur functors to any Koszul algebra.

1.3. Generalized ribbon Schur functors and the concatenation/near-concatenation criterion for Koszul-
ness. Let A be any standard graded quadratic R-algebra and o = (¢, .. ., ;) any sequence of positive
integers.! Then the ribbon Schur module S% is defined as the kernel of the map

n—1

Aw, ®k Aay ®r - ®r Aa, = D) Aay @+ Ok Ay ey Ok ®R Aa,
i=1

IThe quadratic assumption is unnecessary, but since these objects are most well-behaved when the algebra A is assumed to be
Koszul, we will often be in this setting anyway.
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where each component of the map is induced by the natural multiplication maps Ay, ®r Aa;,; —> Awitais:-
As mentioned previously, when A = S*(V) is the symmetric algebra, this definition recovers the Akin,
Buchsbaum and Weyman [1982] definition of the Schur functor associated to the ribbon diagram induced
by «. The importance of using ribbon Schur functors to canonically describe syzygies of modules over
Veronese subalgebras of the polynomial ring was discovered in [Almousa et al. 2024], and the goal of
this paper is to fully expand upon this perspective in a much more general setting.

One of our first main results is the following (for notation, see Definition 4.1). This statement may
be interpreted as saying that the concatenation/near-concatenation identity observed in the classical
theory of Schur polynomials is the shadow of a canonical short exact sequence of functors, and that the

concatenation/near-concatenation identity is actually a defining property of Koszulness.

Theorem 1.3. Let A be any Koszul R-algebra (where R is any commutative ring) and o, 8 be any two
compositions:

(1) There is a canonical isomorphism of R-modules
(S%)* =S,

where (=)' denotes the quadratic dual, o' denotes the transposed ribbon diagram, and (—)* :=
Hompg(—, R).

(2) There is a canonical short exact sequence
0— Si’ﬂ — S% ®r Sﬁ — S‘z@ﬁ — 0.
Conversely, this sequence is exact for all compositions if and only if A is Koszul.

This is surprising since, intuitively, the classical concatenation/near-concatenation identity for symmet-
ric functions may seem like a consequence of the combinatorial/representation-theoretic structure on the
symmetric algebra S*(V'). Theorem 1.3 tells us that this additional structure is more of a red herring, and
the classical identity is actually a consequence of a much more fundamental algebraic property.

One could also ask if this equivalent formulation of Koszulness is actually useful for proving classes of
modules are Koszul, and in Section 6.4 we use this criterion to give quick proofs of the existence of large
classes of Koszul modules over arbitrary Koszul algebras A. In the case of the symmetric/exterior algebras,
this criterion for Koszulness gives a very simple proof that a general class of modules parametrized by
arbitrary skew-partitions are Koszul. Previous proofs that these modules were Koszul only worked for
diagrams corresponding to partitions, and resorted to geometric arguments that realized these objects
as arising from taking cohomology of line bundles on flag varieties; see, for instance, [Gao and Raicu
2024, Theorem 2.2]. Our proof is totally characteristic-independent, allows for the algebra to be over any
commutative ring, and requires no machinery coming from algebraic geometry.

We also generalize this definition of Schur functors to allow for module inputs M and N, denoted
by Sf; 4 ys this is a generalization even in the classical case of Schur functors, and allows for elegant
descriptions of the higher derived invariants associated to pairs of Koszul modules.
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Theorem 1.4. Let A be a Koszul algebra and N (resp. M) a left (resp. right) Koszul A-module. Then
there is a canonical isomorphism of A-modules

Tor (M, N) = S, .
If M is instead a left A-module, then there is a canonical isomorphism of A-modules

i —c®
EXtA(Ma N) - SM!,A!,(N*)!'

If A, M, and N have any ambient group action, then the above isomorphisms are equivariant.

Remark 1.5. Note that there are other places in the literature where generalizations of Schur functors
have been considered, such as the work of Sam and Snowden [2017; 2019] which approaches the problem
from a much more representation-theoretic perspective. These constructions are done in the standard type
ABCD framework and do not apply to arbitrary Koszul algebras like the constructions in this paper do.

1.4. Multi-Schur functors. Let us first motivate the construction of a multi-Schur functor. Segre subalge-
bras of the tensor product of Koszul algebras are well known to be Koszul algebras. Given Koszul algebras
A and B, let A o B denote the Segre product; the homogeneous components of the (dual) quadratic dual
may be computed as the kernel of a map that applies the multiplication on A and B “diagonally”. For
example, there is an equality

A2® A1 ® B, ® By

(Ao B)); =Ker [ AP ® B — ®

A1 ® A2 ® B ® By.
This is the same thing as applying the defining relations for the Schur modules Sff) and SgS) diagonally,
and leads us directly to the notion of a multi-Schur functor.

A multi-Schur functor Sﬁ takes as inputs fuples of compositions and algebras
a=(@' ....a", A=A ... A",

and is defined by taking the kernel of the defining relations of each of the ribbon Schur modules S“i,- applied
diagonally, exactly as above. Surprisingly, multi-Schur modules satisfy an identical concatenation/near-
concatenation sequence (appropriately generalized; see Lemma 5.8), and we can further extend this
definition to allow for tuples of modules. This gives us a similar clean description of Tor modules over
Segre products.

Theorem 1.6. Consider tuples of the form
A=(A', ..., A", N=(N'...,NY», M=M" .. M"Y,
where each A" is a Koszul R-algebra and N' (resp. M") is a left (resp. right) A'-module. Then there is a
canonical isomorphism of A' o - - - o A"-modules
Tor! 4" (M' oo M",N'o---o N") =S|}, .
This isomorphism is natural with respect to morphisms of algebras; in particular it is equivariant if each

of the Koszul algebras has any ambient group action.
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Canonical filtrations. Although Theorem 1.6 is simple to state, it still gives us very little information
about the relationship between a multi-Schur functor (which is a priori a purely formal construction)
and objects that we may better understand. A standard method of trying to understand an object is to
construct a filtration whose associated graded objects are “simple” in the appropriate sense.

As it turns out, multi-Schur functors S%l,,’ 4.y admit a canonical (that is, totally functorial) filtration
whose associated graded pieces are tensor p?o?lucts of the Schur functors S’;i’ AlNi?
The difficult part is determining the poset that parametrizes this filtration, and our main result related to

where 1 <i < n.

multi-Schur functors is an explicit description of this parametrization.

Before stating the result, we need to introduce one piece of notation: given a composition o =
(a1, ..., 0p) and a subset I C [£ — 1], the notation o; (o) denotes the composition obtained by adding «;
and ;4 for all i € I. For example

o11,2,.4672,1,3,5,3,6,5,3) = (6,8, 14).
'With this notation in hand, we have:

Theorem 1.7. Consider the tuple

1
g:(a 9“‘5“”)7

where each composition o' has a fixed length £. With notation and hypotheses as in Theorem 1.6, the

multi-Schur module S%,[ 4N admits a canonical filtration with associated graded pieces of the form

1 2
oy (@) op, (@) o, (")
S1‘41’141’1\71 ®R S1‘,12’142’1\,2 ®R e ®R SM:’L,AH’N)I’

where the subsets 11, . .., I, C[€—1] range over all choices such that Iy N I,N---N 1, = @. This filtration

is equivariant with respect to any kind of ambient group action.

Example 1.8. If in the statement of Theorem 1.7, one has n = 2 and each composition has length 3, the
poset parametrizing the filtration factors has Hasse diagram:

({1,2}, @) (13, {2hH {2}, {1H (2, {L,2})
> T
{1}, 9) ({2}, @) (2, {1} (7, {2}

(2, 9)

For a concrete example of the explicit filtration factors, see Example 5.25.

1.5. Organization of paper. This paper is organized as follows. In Section 2 we recall some background
on augmented bar complexes and their homogeneous strands. We also establish conventions and notation
that will be used throughout the paper. In Section 3 we recall the notion of distributivity for collections of
arbitrary R-submodules; much of this material is essentially contained in [Polishchuk and Positselski
2005], but since we do not assume the ambient ring is a field, there are some additional details that need

to be checked. We also introduce a collection of modules L{WI M, associated to a distributive collection

.....

of R-submodules that will end up being an equivalent way to define ribbon Schur functors in the setting
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of arbitrary quadratic algebras. Under appropriate assumptions, we also show that distributivity behaves
well with respect to “dualization”.

Sections 4 and 5 develop the theory of ribbon Schur functors associated to arbitrary quadratic
algebras/modules. In Section 4, we define ribbon Schur functors associated to arbitrary quadratic
algebras/modules and prove the concatenation/near-concatenation Koszulness criterion. Section 4.2 is
devoted to giving explicit examples and illustrating the statements for concrete choices of Koszul algebras,
and the main proofs of the results in full generality are given in Section 4.3. We will see that many duality
properties of Schur and Weyl functors in the classical setting as a consequence of Koszul duality for these
more general ribbon Schur functors.

In Section 5 we define multi-Schur functors as described earlier. The beginning of this section explains
how to upgrade all of the statements of Section 4 to this level of generality; it turns out that there is a
large amount of additional bookkeeping needed when doing this. Sections 5.1 and 5.2 prove all of the
results necessary to construct the filtration as stated in Theorem 1.7.

Section 6 is where we get to see the utility of the theory developed in Sections 4 and 5 for giv-
ing canonical descriptions/filtrations to many of the invariants associated to Koszul algebras/modules.
Section 6.1 proves the isomorphisms of Tor and Ext between Koszul modules as stated in Theorem 1.4, and
Sections 6.2 and 6.3 give canonical descriptions of the derived invariants over Veronese/Segre subalgebras
in terms of the original algebra(s), and even deduce an interesting symmetric function identity as a result
taking a character count on the minimal free resolution over a Segre product. In Section 6.4, we construct
a large class of Koszul modules over an arbitrary Koszul algebra and, in the case of symmetric/exterior
algebras, we generalize a construction of Koszul modules associated to Schur functors corresponding to
arbitrary skew partitions. We use this to give a characteristic free computation of the sheaf cohomology
of S*(R) on P(V), where R denotes the tautological subbundle on projective space.

The Appendix recalls the equivalence between Koszulness and distributivity (that is, Backelin’s theorem)
and interprets distributivity in terms of exactness properties of so-called refinement complexes. Again,
much of this material follows from straightforward generalizations of the material in [Polishchuk and
Positselski 2005], but we check the details for sake of completeness. In Section A.1 we first discuss some
generalities and definitions related to general quadratic algebras. The bulk of this appendix is dedicated
to the material of Section A.2, which defines refinement complexes and establishes some important
conventions for these refinement complexes. In Sections A.3 and A.4, we recall Backelin’s theorem along
with the appropriate analogs for Koszul modules and translate these results into statements about the
family of refinement complexes. Finally, in Section A.5 we recall the Priddy complex and some of its
properties in the generality in which we are working.

2. Augmented bar constructions

In this section, we establish some conventions and notation to be used for the remainder of the paper.
We also define one of the most important elements of the paper: the augmented bar complex associated
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to an augmented R-algebra. Unsurprisingly, understanding homogeneous strands of the augmented bar
complex is equivalent to understanding Koszulness of the algebra A.

Definition 2.1. Let R be a commutative Noetherian ring and A any associative unital R-algebra:
(1) The algebra A is (Z-)graded if A = @iez A;with A; - A; C Ay foralli, j €Z, and 14 € Ao.
(2) The algebra A is augmented if A= R® A;, where R=R -1, and Ay is a two-sided ideal in A.

(3) The algebra A is quadratic if A=T(A)/ (Q‘z“), where 7' (—) denotes the tensor algebra functor,
Q‘; C A; ®g A1, and (Q>) denotes the two-sided ideal generated by Q5.

(4) A left A-module M is graded if M = @iez M; and A;M; C M;; foralli, jeZ.

The notation A°P denotes the opposite algebra of A; that is, the underlying set of A°P is the same as A
but with multiplication defined by a - b := b - a. Any right A-module is equivalently a left A°°-module.

Remark 2.2. For quadratic R-algebras, we will always assume that the grading is induced by the standard
grading on the tensor algebra. In particular, all quadratic algebras are nonnegatively graded.

The following convention is extremely important, and without it most of the arguments given later in
this paper cannot even get off the ground.

Convention 2.3. Throughout this paper, all graded R-algebras A will be assumed to be finitely-generated
flat R-modules in each degree. Similarly, all graded A-modules will be assumed to be finitely-generated
and flat in each degree. Sometimes we will assume that A or M is even R-projective in each degree, but
it is always true that they are at least finitely-generated and flat in each degree.

There are two fundamental operations on algebras that will be particularly interesting for us.

Definition 2.4. Let A and B be graded R-algebras. The d-th Veronese power A of A is defined to be
the subalgebra

A= P AcA.
i=0 mod d

Let M be a graded (left) A-module of initial degree 7. Then the d-th Veronese power M4 is defined to
be the A“-module

MD .= @ M; C M.

i=t modd

The Segre product Ao B of A and B is defined to be the subalgebra

AoB::@Ai(@RBicA@RB.

i>0
The d-th Segre power Al4l of A is defined to be the iterated Segre product

AoAo---0AC A®rY,
—_—

d times
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Given a graded left A (resp. B)-module M (resp. N) of initial degree s (resp. ¢), the Segre product M o N
is the left A o B module defined as

MoN :=@D Miys ®k N
i>0
The Segre product of Koszul right modules is defined identically.
The d-th Segre power M!?! of M is defined to be the Segre product

Mo---oM.
d times
Remark 2.5. Often one uses the convention that the generators of the Veronese/Segre subalgebras have
been rescaled to have degree 1. We will actually have no need for this convention in the paper as long as
we define an algebra to be Koszul if the associated Priddy complex (see Theorem A.25) is a resolution;
this is equivalent to the distributivity of a certain set of submodules (by Backelin’s theorem), which is
again a condition that still makes sense regardless of the generators having degree 1. That being said,
many of the results stated in this paper will be written as if the generators are in degree 1, but again this
condition is only required “up to rescaling”.

Likewise, the graded dual of an algebra will be useful for describing certain Ext modules. All duals in

this paper are understood to be graded duals; that is
Homs (M, R) := €P) Homg(M;, R).
ieZ
Definition 2.6. Let M be a left A-module, where A is any graded R-algebra. Then the graded dual
M* := Homyu (M, R) is canonically a right A-module via the action
m*a)(n) :=m*(an), m " eM* acA, neM.

Moreover, there is a natural isomorphism of A°P-modules (M°P)* = (M™*)°P.

Recall that modules over (positively) graded algebras satisfy a strong form of Nakayama’s lemma:

Lemma 2.7 (Nakayama’s lemma). Let A be any nonnegatively graded R-algebra and M a graded left
A-module with M; =0 fori < 0. If ALM =M, then M = 0.

Now we define the augmented bar complex.
Definition 2.8. Let A be any augmented R-algebra and let A, := A/Aq. Given any left A-module M,
the augmented Bar complex Bar® (M) is the complex of A-modules with
Bar! (M) := A®r AY ®r M,
with differential
i1

dB(ay®a;®-- - ®a;@m) = Z(—l)ja()@' ®aj-aj11®-- ®a;@m+(—1)ayQ---Qai_ Qaim.
=0
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The augmented cobar complex Cobar? (M) on M is the graded R-dual of Bar4(M). The bar complex
and cobar complex are both bigraded by the homological and internal degree. In other words

Bar,A(M)j= @ Aj, Qr---QrAj Qr M.
kot ki +E=j

With respect to the internal grading, the differential of Bar (M) has degree 0.
The notation Bar® (M), will denote the (internal) degree n strand of the bar complex.

Remark 2.9. For right A-modules M, there is a similar bar complex construction Bar? (M)°P, where
M appears as the leftmost tensor factor and the differential is defined analogously. This construction is
compatible with taking the opposite algebra in the sense that there is an isomorphism of complexes

Bar®” (M) = Bar® (M)°P,

where M is viewed as a left A°’-module on the left-hand side of this isomorphism. This means that
throughout this section, it is of no loss of generality to assume that M is a left A-module.

Example 2.10. The degree-4 strand (R ® 4 Bar® (M), is the following complex of projective R-modules:

Ay ®g AP? A3 Qpr A
D S?)
APY > A ®rA2®rAI > A®rAr - Ag
@ 2
AP @g As Al ®r As

The following are some fundamental properties of (co)bar constructions that will be useful in later
sections.

Proposition 2.11. Let A be an augmented graded R-algebra and M any left A-module:

(1) The augmented bar complex Bar* (M) is a flat resolution of M.

(2) The augmented cobar complex Cobar? (A) is an associative DG-algebra via the standard tensor
algebra product. Likewise, the cobar construction Cobar (M) is a right DG-module over Bar® (A).

(3) There are isomorphisms

H;(R ®4 Bar*(M)) = Tor (R, M), H'(Bar’(M)*) = Ext',(M, R).
(4) For any right A-module N, there are isomorphisms

H;(N ®,4 Bar*(M)) = Tor (N, M), Tor}(N, M)* = Ext,, (M, N*),

where N* is a left A-module via the convention of Definition 2.6. If N is instead a left A-module,

there is an isomorphism

H'(Homy (Bar® (M), N)) = Ext}, (M, N).
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Proof. Both (1) and (2) are well known. The statements (3) and (4) follow from the fact that Tor and Ext
may be computed using flat resolutions instead of projective resolutions. (Il

We conclude this section with a straightforward observation that will be useful to write explicitly, since
it will be cited many times in later sections.

Observation 2.12. Let M be any R-module and
O M—-F—>F— ---—F,—-0

any exact complex such that F; is a flat (resp. projective) R-module for eachi =0, ..., n. Then M is flat
(resp. projective).
Proof. Proceed by induction on n, where the case n = 0 implies M = Fj is evidently flat (resp. projective).
If n >0, let C :=im(Fy — F1). By the inductive hypothesis, the module C is flat (resp. projective) and
there is a short exact sequence

O—-M-—>Fy—C—0.

If C is projective, this sequence splits and hence M is also projective. If C is instead flat, apply the
functor — ®x N for every R-module N and employ the long exact sequence of homology to deduce that
M is flat. ]

3. Distributivity and submodule lattices

In this section, we recall a general family of complexes that may be associated to any collection of
R-submodules My, ..., M,, C M; see [Polishchuk and Positselski 2005, Chapter 2] for the case over a
field, though the theory is essentially identical here. The exactness properties of these complexes will
be used to define distributivity, and under some additional hypotheses on the collection My, ..., M,
we will see that distributivity satisfies a simple duality. The purpose of this section is to introduce
generality establiéhé:d) in the previous section.

All modules in this section are assumed to be finitely generated (including all submodules). For
convenience, we recall the definition of a lattice.

Definition 3.1. A poset is a set S equipped with a partial order <. A poset is a lattice if any two pairs of
elements a, b € S have a well-defined meet and join, denoted a A b and a V b, respectively.

Notation 3.2. Let [n] := {1, ..., n} for some integer n. The j-th degeneracy map s; : [n] — [n —1] is
defined to be the surjection
. [ ifi <j,
si(i) =1, s
i—1 ifi>j.

Likewise, the j-th face map d; : [n — 1] — [n] is defined to be the map
i ifi <j,
i+1 ifi>j.

d;j(i) =
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Likewise, given any set I C [n], the notation sgn(j, /) for any j ¢ I denotes the sign of the permutation
that reorders the set (/, j) into ascending order.

Remark 3.3. The terminology “face” and “degeneracy” maps is borrowed from the terminology used in
the simplicial category A.

The following definition associates a lattice to any collection of R-submodules:

Definition 3.4. Let M be any R-module and My, ..., M, C M a collection of R-submodules. The
collection of submodules M, ..., M, generates a lattice with operations

M,-/\Mj::M,-ﬂMj, MiVMjIZMi—I-Mj.

The following construction introduces a fundamental family of complexes that can be associated to any
collection of submodules. The terms of these complexes are built by taking “intervals” above elements in
the associated submodule lattices, and the exactness properties of these complexes will be very important
in later sections.

Construction 3.5. Let M be any R-module and My, ..., M, C M a collection of R-submodules. Given
any subset I C J, let p; ; denote the canonical surjection
M M
— .
\/ jel Mj \/ jeJ MJ'

Define the (cochain) complex C*(M; My, ..., M,) via

PI,J :

M

C'(M; My, ... M) =P

with differential

dc.| M__ = Z sgn(j, I)pruj,1-
Vier M; gl

In the above, we use the convention that CO(M:; My, ..., M,) := M.
Likewise, given any subset I C J, let ¢t ; denote the natural inclusion

[j’[:/\Mi —> /\Mi.
ie iel
Define the (chain) complex C,(M; My, ..., M,) via
Ci(M: My,.... M) == )\ M.

|I|=i jel
with differential
d<

NPESS S
Jj¢l
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If I C [n] is any subset, define the complex Cj(M; My, ..., M,) by restricting to all direct summands
of the form
. M
Ci(M; My, ....,M,) = T
@ \/ jelJ Mj
|11 ]=i
Likewise, define the complex C.I (M; My, ..., M,) by restricting to all direct summands of the form
c/M;My,....M)):= @ M,
IcJ, jeJ
J1=I=i

Remark 3.6. Notice that by definition there are equalities
C.M; My, ....,My)=CZ(M; My, ..., M),
C:(M;My,....M,)=CL(M; My, ..., M,).

Example 3.7. If M|, M,, M3 is a length 3 collection of R-submodules of M, the associated complexes

of Construction 3.5 are explicitly given by

M, N M, M,
& ©®
C.(M; M{,M>, M3): MiNM,N"M3; — M NM3; — M, — M,
&) ©®
M> N Mj M3
M _M__
M, Mi+M;
® @
CM: My My My : M > Mmoo M
) ) ) . M, M+M; M1+M2+M3
® @
M _M
M3 Mr+M3

In the above, note that C,(M; M, M,, M3) is homologically indexed, whereas C*(M; My, M, M3) is
cohomologically indexed. By construction, both complexes have terms parametrized by the Boolean

poset on {1, 2, 3}.
We can now define the notion of distributivity using the complexes of Construction 3.5.

Definition 3.8. Let M be an R-module and M, ..., M, a collection of R-submodules of M. The
collection My, ..., M, is called distributive if the complexes

Cl(M;My,....M,) and C;(M;M,,..., M,)

are exact in positive (co)homological degrees for all subsets I C [n].

Remark 3.9. At first glance, this definition of distributive might seem quite different from the definition
in terms of the submodule lattice generated by My, ..., M, but it turns out that these definitions are in
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fact equivalent by, for instance, [Polishchuk and Positselski 2005, Chapter 1, Proposition 7.2] (the result

here is stated over a field, but it holds over any commutative ring).
The following is a trivial consequence of the inductive structure of the complexes Cj and C I

Observation 3.10. If My, ..., M, C M is adistributive collection, then every subcollection of My, ..., M,
is distributive.

Next, we introduce a collection of subquotients that may be associated to any collection of R-
submodules. In later sections, we will see that all ribbon Schur functors arise as modules of this

form for some appropriate collection of submodules:

Definition 3.11. Let M be an R-module and My, ..., M, a collection of R-submodules of M. Given an
indexing set I C [n], define the R-module

LI .
My,...M, *— o
\/iel Ml

Remark 3.12. By convention, we set

[n] R
Lh w, = M0 O M,

.....

Moreover, notice that for the sake of conciseness of notation, the notation N /L for two R-submodules
N, L C M is understood to mean N/(L N N).

The following observation is proved just by the definition of the complexes of Construction 3.5 and

the equivalence between the exactness of these complexes and distributivity:
Observation 3.13. Let M be an R-module and My, ..., M, any collection of R-submodules of M. For
every I C [n] the complexes
Cl(M;My,...,M,) and C;(M; My, ..., M,)
satisfy

HoCl(M: My, M) — LN and LY, HOC (M My, ... My)).

..........

If the collection My, ..., M, is distributive, then the above surjection/inclusion are equalities.

Proof. By definition, the zeroth homology of C!(M; M, ..., M,) is the cokernel of the map

D A M AMe

j¢l teluj tel

/\ZEI M,
Zj¢[ /\ZelUj M,

which is precisely the quotient

There is always a containment

YN\ Mic (ZMJ)Q/\M@,

jél telu;j jel tel
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and thus there is a natural surjection HO(C.I(M; My, ..., M,))—» LE(}]I\IMn If the collection My, ..., M,

is distributive, then the above containment is an equality and thus the surjection is also an equality.
Similarly, the zeroth cohomology of C;(M; My, ..., M,) is the kernel of the map

M M
—

Veer Mo 57 Vier M

Again, there is always a containment

A(V )5 A4\

j&l Neluj jel el
and thus a natural inclusion L{WI M, < HO(C; (M; My, ..., M,)). When the collection My, ..., M, is
distributive the above containment is an equality in which case the inclusion is also an equality. U

The following proposition gives 3 different equivalent conditions equivalent to distributivity. In
particular, the exactness of C! for all I C [n] is equivalent to the exactness of C, and this exactness is in
turn equivalent to a family of short exact sequences. These short exact sequences will end up modeling
the concatenation/near-concatenation sequences in later sections.

Recall the notation d; and s; for face and degeneracy maps, respectively, of Notation 3.2 in the
statement of the following result:

Proposition 3.14. Let M be any R-module and M1, ..., M, C M a collection of R-submodules. Then
the following are equivalent:

(1) For all nonempty I C [n], the sequence

Sj(l\j)A

I\j I
0— LM1 ..... M, LMl ’’’’’ WMy = Ly, v = 0
is exact.
(2) Forall I C [n], the cochain complex C;(M; My, ..., M,) is exact in positive cohomological degrees.
(3) Forall I C [n], the chain complex CI(M; My, ..., My,) is exact in positive homological degrees.

In other words, to check distributivity it suffices to check exactness of either the complex CI(M; M, ..., M,,)
or Cy(M; My, ..., M,) forall I C[n].

Remark 3.15. When |/| = 1 is a singleton set, the sequence above simply reads

O->M > M—> M/M; — 0.

In general, the sequence

' I
M...m, — L TooM, Ly,

.....

is a complex that is exact at the left and rightmost nontrivial terms by definition. This means that
Proposition 3.14 gives equivalent conditions for this sequence to be exact at the middle term.
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Proof. Notice first that there are canonical short exact sequences of complexes (where — denotes omission),
for jel

0— C3(M; My, ..., M,)[—1]
— Ci\; (M5 My, ..., My) = Cy (M3 My, . M;,...,M,)—0, (3.15.1)
and, for j ¢ I,

0— CSD(M; My, ..., M) — Cl(M; My, ..., M) — CIYM; My, ..., M)[-1]1—0. (3.15.2)

(1) <= (2): By induction on n, we may assume that the collection My, ..., IT/I\J ..., M, is distributive;
in particular, the complex Cs'_,( I j)(M T My, ..., A//I\j, ..., M) is exact in positive cohomological degrees,
and moreover by a downward induction on |/| (with base case I = [n]) we may also assume that
Cy(M; My, ..., M,) is exact in positive cohomological degrees.

Employing the long exact sequence of cohomology on the short exact sequence (3.15.1) along with
Observation 3.13 yields

. (1 ) .
0 HOCH\,(M: My M) > Ly ™o Ly — HN (GO My ML)
— H'(C}\;(M; My, ..., M) — H'(C g jy (M My, M, M) —

The inductive hypothesis immediately implies that
H (C3(M; My, ...,M,))=0 foralli>1,
and there is an exact sequence

0— HUC);(M; My, ..., My) — LV Ll HYCHM: My, ..., M) — 0.

.....

Assuming (2), we may employ Observation 3.13 to deduce the short exact sequence of (1). On the other
hand, assuming (1) there is a commutative diagram with exact rows:

1\j

I
0O ——— Ly . — Ly, .y, —0

I | | |

(\WPan . si(I\J)
O—)H(CI(M,Ml,...,M,,))—>L1é,1 .... o, 7 Ly,

Since the inner two maps are isomorphisms, both of the outer two inclusions are isomorphisms and thus
C;\j(M; M, ..., M,) is also exact in positive degree for all j € 1. It follows that C;(M; My, ..., M,)
is exact in positive cohomological degrees for all / if and only if the sequence of (1) is exact for all 1.
(1) <= (3): This proof proceeds similarly: by induction on n, we may assume that the collection
My, ..., A//I\j, ..., M, is distributive and c m(M; My, ..., M,) is exact in positive homological degrees,
and likewise by a downward induction on |/| we may assume that H; (C.I Vi(M; My, ..., M,)) is exact
in positive homological degrees.
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Employing the long exact sequence of homology on the second short exact sequence (3.15.2) along
with Observation 3.13 yields

oo Hi(CIYY (M My, ..., M) — Hi(CSID(M; My, ..., My))

1Uj [n—11\s; (1) I
— H(C!(M; My, ..., M) — LMD LAZI\;/[LJ ’’’’ e LV 0
Set I’ := [n]\I and notice that
[N Uj)=1\j and [n—10\s;(J)=s;([n1\(I U )))=s;(I'\)).
Again, this at least implies that H,-(C.’ (M; My, ..., M,)) =0 fori > 1 and there is an exact sequence

0— Hi(Cl(M: My, M) > Ly — Ly Vo Ho(Cl(M: My, ... M) — 0.

The result thus follows by identical reasoning as in (1) <= (2). O

The following lemma shows that the property of distributivity “dualizes well”. This will be essential to
prove the appropriate analogs of Koszul duality.

Lemma 3.16. Let M be a flat R-module and My, . .., M,, C M a sequence of submodules with M / M; a flat
R-module for all 1 <i <n. For a submodule N C M, use the notation N¥ := (M /N)* :=Homg(M/N, R).
Then:

(1) Assume that M/ ) ._; M; is a flat R-module for all I C [n]. Then

iel
the collection My, ..., M, C M is distributive <= the collection M, ..., M,/ C M* is distributive

(notice that each M;" may be viewed as a submodule of M* by dualizing the surjection M — M /M;). In

.....

(2) Assume that My, ..., M, is a distributive collection. Then there are isomorphisms
) (Am) =52
— ) =AM and M) & —,
(\/iel M; é\, l é\, Vier Miv

where I C [n].

(3) Assume that My, ..., M, is a distributive collection. Then there are isomorphisms of complexes
Cy(M; My,...,M)*=Cl(M*; M),....M)) and CI(M;M,...,M)*=Cy(M*; My,...,M)).

In particular, for all I C [n] there is an isomorphism

Ve
120 Mn

.....

Proof. The progression of the proof actually follows by first proving (2) and (3), then noting that (1) is an
immediate consequence of (3).
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Proof of (2). Proceed by induction on n, where the base case is for n = 1. In this case, the short exact
sequence
0O—>M —>M—>M/M; —0

implies that M; is a flat R-module for all i, and hence dualizing yields the short exact sequence
0— (M/M)* :==M;" > M*— M} — 0.

This implies that M = M* /M, yielding the base case.

Let n > 1 and consider the complexes C*(M; My, ..., M,) and C,(M; My, ..., M,). Each term
of these complexes falls within the inductive hypothesis, in which case we may dualize to obtain the
isomorphisms

C*M;My,....,.M)*=C,(M*; M),....,M)) and C,(M;M,...,M)*=C*(M*;M,....M)).

Taking zeroth (co)homology of each of the above complexes and employing Proposition 3.14 yields the

() = ()=

i€[n] ieln] i€[n] i

Proof of (3). Since each term of the complex C;(M; My, ..., M,) is of the form M/\/,_; M; for some
subset J C [n], dualizing and using part (2) implies that C;(M; M, ..., M,)* has terms Nic; M, and

ieJ i
it is clear that the dualized differentials are the same as those of C!(M*; M Vs ..., M)). The proof for
(&) ’ (M; My, ..., M,) is identical and the isomorphism (Lzlvll M}z)* = LE(,;]V\I My follows upon taking

...........

isomorphisms

12

zeroth (co)homology and using Proposition 3.14.

Proof of (1). Assume that My, ..., M, is distributive. The assumption that each quotient M/ "
flat implies that /\

Mi is
M; is flat for all I = (iy, ..., ix) C [n], since each of the augmented complexes

iel
iel
N\ Mi = C(M: M, ..., M)
iel
is exact and by assumption C*(M; M;,, ..., M;,) is a complex of flat R-modules. Thus /\;_; M; is flat
by Observation 2.12.

Using this, it follows that for every I C [n] the chain complex C!(M; My, ..., M,) is exact in

iel

positive homological degrees and the zeroth homology is a flat R-module. This means that the dual
CI(M; My, ..., M,)* is a cochain complex with cohomology concentrated in degree 0, and by the
isomorphism of (3) combined with Proposition 3.14, the collection M/, ..., M,/ is distributive. This
argument is inherently symmetric in the roles of M; and M,’, whence the result follows. (Il

Corollary 3.17. Let M be any projective R-module and M., ..., M,, C M a distributive collection of

M/ZMi

iel

R-submodules. Assume that
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is a projective R-module for all I C [n]. Then for all subsets I C [n], the R-module

Ly, ...,
is a projective R-submodule.
Proof. By (3) of Lemma 3.16, each of the modules wal """"

modules given by the complex Cj(M; M, ..., M,). By Observation 2.12, the R-module wal
itself be projective. O

u, has a right resolution by projective R-

,,,,,

4. A generalization of Schur modules for ribbon diagrams

In this section, we introduce ribbon Schur functors associated to arbitrary Koszul algebra (and module)
inputs. We show that the exactness of the concatenation/near-concatenation sequence is actually equivalent
to Koszulness and establish a set of properties generalizing many well-known properties for classically
defined Schur functors corresponding to ribbon diagrams.

4.1. Standard operations between compositions. Before defining ribbon Schur functors, it will be helpful
to establish multiple conventions and define certain natural operations on the Boolean/refinement posets.
These operations are standard in the combinatorial literature, but for the sake of establishing conventions,
we define things explicitly with examples here.

Definition 4.1 (operations on compositions). Given any integer d > 0, a composition of d is a tuple
o= (og,...,0r) witho; > 0foreach 1 <i <kand|o|:=a;+---+ar =d. The integer k is the length
of «, denoted £(w).

Given two compositions « and B, the concatenation of o and B, denoted « - 8, is defined as the
composition

O!',B:Z(Oll,...,Olk,,Bl,...,,Bj).

The near-concatenation of o and B, denoted o © B, is defined as the composition
aOB:=(ar,...,o_1, 0+ B1, B2, ..., Bj).
Finally, given any integer d > 0, the notation «‘?) is defined to be the composition
oa@ = (doay, ..., doyg).

Definition 4.2 (ribbon diagrams associated to compositions). Given any composition o, one can associate
the ribbon diagram by building a diagram whose row lengths (read from bottom to top) are given by
af, ..., a,, and such that consecutive rows have overlap size precisely 1.

The transpose of a composition, denoted o', is the composition obtained by transposing the ribbon
diagram associated to «.
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Example 4.3. The ribbon diagram associated to the composition (3, 1, 1, 2, 4) is the diagram

LI

The transpose of this shape is given by the shape

and hence, upon reading the row lengths from bottom to top we find
(G, 1,1,2,4) =(1,1,1,2,4,1,1).

Likewise, if « = (1, 1,2) and 8 = (2, 3, 1) then:
B e e R
[ 1]

With the ribbon diagrams, we see that concatenation corresponds to “stacking” the diagrams, and near

concatenation corresponds to merging the diagrams along their rows.

Definition 4.4. Let n € N be any nonnegative integer and C(n) denote the set of compositions of 7 into
positive parts. Let [n] := {1, ..., n} with the convention that [0] := &, and let [a, b] :={a,a+1, ..., b}.
The set 2"~ is a poset with the standard Boolean poset structure, and C(n) is also a poset with the
standard refinement poset structure. Whenever the notation o < § is used for two compositions « and j,
the partial order < is understood to be the refinement order.

There is moreover a standard isomorphism of posets
¢ 2" 5 o).
This isomorphism may be given explicitly as follows: given I C [n — 1], write
I =lai, bilUlai, b2]U- - - Ulag, bl
for a; < b; and b; < a;4+1 — 1 for each i. Then

¢(1):(1a|_1»b1 —Cl]+1, laz_bl_l,bz—az-i-l, ...,bk—ak+1,n—bk).
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Example 4.5. The following example shows the Boolean poset 2123} and the refinement poset C (4)
side by side. The map ¢ is even a morphism of distributive lattices:

{1,2,3} 4)
PN e
{1,2} {1,3} {2,3} (3.1 (2,2) (1,3)
o ] > >
{1} {2} {3} 2,1, 1) (1,2, 1) (1,1,2)
@ (1,1,1,1)

Observation 4.6. Let o and 8 be two compositions and / C [n]. Then

(@-p)=p'0ad, (@Op) =p"a" and rev(p(D)')=¢(n\I),
where rev denotes the reversal operator, which simply reverses the order of the entries of a composition.

Definition 4.7 (partitioned compositions). Let o« = (1, ..., ;) be a composition of some integer d. A
partition of « is any choice of decomposition of « as a concatenation of subcompositions of «. The
composition « is £-partitioned if « is endowed with a partition that decomposes « into £ parts.

Given an {-partitioned composition «, the notation p;(«) denotes the i-th piece of partition of «. In
other words, every £-partitioned composition o« may be written as the concatenation

a=pi(a)-pr(a)--- pela).

Remark 4.8. We will employ a minor abuse of notation when dealing with partitioned compositions,
since the chosen partition will often not be specified. More precisely, the data of a partitioned composition
includes both the data of a composition « and a chosen partition P, which can be encoded by any chosen
subset of [£(«x) — 1]. The word “composition” without any adjective will only refer to a composition as
defined in Definition 4.1.

Convention 4.9. By convention, any ¢-partitioned composition ¢ may be viewed as a j-partitioned
composition for any j < £ by concatenating the last £ — j pieces of «. In other words, if

oa=pi(a)----- pe(@),
then o« may be viewed as the j-partitioned composition
a=pi(@)----pj-i1(@)-(pj(@)-pjyi(@)--- pe(a)).

This convention will become essential when we deal with multi-Schur modules, as defined later.
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Example 4.10. Let o = (2, 2, 1, 4, 3) and consider the 4-partition of « induced by the subset {1, 3, 4} C [4].
This decomposes « as the concatenation

2)-2,DH-@-3).
Via Convention 4.14, o may also be viewed as the 3-partitioned composition
22, 1)-4,3).

Definition 4.11. Let « be an £-partitioned composition and let I = {i; < --- < ix} C [£ — 1] be any subset:

(1) The notation o;(c) denotes the composition obtained by near-concatenating p;(«) and p;(a) for
every j € 1.

(2) The notation v;(«) denotes the ribbon diagram obtained by disconnecting p;(«) and p;;(«) for
every j e l.

(3) The notation (o) denotes the composition vye—i—|7)j 0 o7 ().

Example 4.12. Let o := (2) - (2, 1) - (4) - (3) be the 4-partitioned shape of Example 4.10. As a ribbon
diagram:

o =
[ []
Let I := {1, 3}. Then:
or(@)=4,1)-(7) = [TTTT] (viewed as 2-partitioned)
[T
vy (o) = T
LI
wi(e) = vy (o (@) = [(TTTTT1]

Ennm

Remark 4.13. The operation p; can be reformulated in words as the operation that near-concatenates all
elements p;(«) and p;y((«) for i € I, then disconnects everything else.

Convention 4.14. Let @ and § be j and k-partitioned compositions, respectively. By convention, the
concatenation « - B will be viewed as a j 4 k-partitioned composition with

ps(a@) if s < J,

ps—j(B) ifs > j.

Likewise, the near-concatenation o« © B will be viewed as a j + k — 1-partitioned composition with

Ps(a'ﬁ)Z{

ps(a) if s <k,
ps(@ @ B) = pr(a) O p1(B) ifs=k,
Ps—j+1(B) if s > k.
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Definition 4.15. Let A be any quadratic R-algebra. The notation A, for any integer d € Z denotes the
degree d component of A. Given a tuple @ = (¢4, ..., o), use the notation

Ay =Ay Qr- - QAq,.
Likewise, given a quadratic left (resp. right) A-module N (resp. M), use the notation
(M QR A)a = Ma1 QR Aaz QR QR Aot,, and (A QR N)a:z Aal QR QR Aot,,,l QR Nan-

We use the convention that (M ®g A)y = My, and (A Qg N)y := Ny, if £(a) = 1.
Similarly, for £(«) > 2, use the notation

(MRRAQRRN)y =My Qr Ay, Qr - - QR Aq,_, ®r Ny

n’

where we use the convention that (M ®@gr A ®r N)oy = My, ®r Ny, if £(a) =2.

4.2. Ribbon Schur modules for Koszul algebras. In this subsection, we will hold off on proving the
statements until the next subsection (where the statements will be proved in more generality). This
subsection will mainly be used to illustrate the construction of ribbon Schur functors and their various
properties with examples.

Definition 4.16. Let A be a Koszul A-module and o any composition. Define the ribbon Schur module S%
as the kernel of the natural map

o = Ker(Aa — @Aﬁ).

a<f
where < denotes the covering relation in the refinement poset.

Remark 4.17. Since the ribbon Schur module S is defined only using the algebra structure on A, this
definition is canonical and is well-defined for any Koszul algebra A (in fact, it is well-defined for any
algebra, but the Koszul property will ensure uniformity in the properties of these objects).

Example 4.18. Let o = (3, 2, 1, 3). Then in the refinement poset, « is covered by the compositions

5,1,3), (3,3,3) and (3,2,4).

(3,2,1,3)
A

Thus for any Koszul algebra S is defined to be the kernel of the map:

AsQr Al Qr A3
®

A3 Qr A2 ®r A1 Qr A3 > A3 Qr A3 ®R A3
®

A3 ®@r A2 ®pr Ay

The following proposition justifies usage of the terminology “ribbon Schur functor”.



794 Keller VandeBogert

Proposition 4.19. Formation of the ribbon Schur module S is functorial in the ring argument; that is,
given a morphism of R-algebras  : A — B, there is an induced morphism
S§ : S% — S5

Example 4.20. When A = S(V), the symmetric algebra on a free R-module V, the ribbon Schur module
coincides with the classical Schur module definition corresponding to the skew ribbon shape defined by «.

Likewise, for A= /\" V the exterior algebra on some free R-module, the ribbon Schur module coincides
with the Weyl module associated to the ribbon diagram of «.

The functoriality of the classical Schur and Weyl functors is precisely that of Proposition 4.19, and
there are isomorphisms of functors
Example 4.21. When A = T'(V), the tensor algebra on some flat R-module V, the ribbon Schur modules
are particularly simple:

=W*(-).

o Ve if f(a) =1,
ST(V) = 0

Example 4.22. If « = (1%) for some integer i > 1, then by definition

otherwise.

s = (ahr.
Thus the Priddy complex may be reformulated as the complex
~--—>A®R82i)—>A®RSSH>—>~--—>A®RS(A1)—>A—>O.
Lemma 4.23. Let A be a Koszul R-algebra. Then:

(1) For all compositions o, the ribbon Schur module S5 is a flat R-module.

(2) For any two compositions o and B there is a canonical short exact sequence of R-modules
0— S‘Zﬂ — SY ®r Sﬁ — S‘z@ﬂ — 0.
Moreover, this sequence is exact for all compositions if and only if A is a Koszul algebra.
(3) There is a canonical isomorphism of R-modules
~ t
(S%)* = Z!-
If A is assumed R-projective, then the ribbon Schur module S is R-projective for all compositions a.

Remark 4.24. As mentioned in the introduction, in the theory of symmetric functions the short exact
sequence of (2) is an explicit realization of the so-called concatenation/near-concatenation identity.

Remark 4.25. Notice that Observation 4.6 implies that the sequences
0— SZ"B — SY ®r Sf\ — S‘f\Qﬂ -0 and 0— Si:'a' — Sﬁt, ®r S% — Sﬁ’!@xl -0

are naturally dual to each other.



Ribbon Schur functors 795

Example 4.26. Let S%(—) and W#(—) denote the classical Schur and Weyl functors corresponding to
the skew ribbon shapes defined by the compositions « and B, respectively. Then by definition, for any
free R-module V there are equalities

SU(V) =S5y, WO (VH) =S5 ..
The duality mentioned in the statement of Lemma 4.23 is thus a generalization of the well-known
isomorphism

SYU(V)Y* =W (V*).

Next, we introduce a class of complexes whose terms are tensor products of ribbon Schur functors;
this complex generalizes the short exact sequence of Lemma 4.23(2); more defining this complex we
make a simple observation:

Observation 4.27. Recall the operator p; as in Definition 4.11. Let A be a Koszul algebra and « any
£-partitioned composition. Then for all / C J there is a natural surjection

YE SIXI(O!) N §Z1(a).

This surjection is defined by taking the tensor products of the surjections as in the right map of the short
exact sequence of Lemma 4.23 (as dictated by the subsets / and J).

Definition 4.28. Let o be any £-partitioned composition. Define the cochain complex (H 4 («), §) whose
i-th term is

Hyw = @ si.
1C[e—1]:
[l|=i
with differential
d™ SHi@ = Z sgn(j, py 1u;-
j¢l
Theorem 4.29. For all ¢-partitioned compositions o, the complex H 4 () is a cochain complex with

H® (), (0)) = S,

and which is exact in positive cohomological degrees. If A also has a compatible action by a group G,

then the complex H(x) is also G-equivariant.

Remark 4.30. The complexes H? () for an £-partitioned composition o may be viewed as a categorifi-
cation of the Hamel-Goulden identities (see [Hamel and Goulden 1995]) associated to the (horizontal)
ribbon decomposition induced by the partitioning data of «.
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Example 4.31. Leta = (3,1,2,2,4,1,5), viewed as a 4-partitioned composition with pi(x) = (3, 1),
p2(a) =(2,2), ps3(x) = (4), and ps(a) = (1, 5). Then the complex H 4 (o) takes the following form:

Sf’l) QRr §i‘2’2) QR Sff) QR SS’S)

~

2 4 1 1 2 1 1 2,2
i P erSY ®rSy” @ SyVerSy?@rSy”Y @ SLyUerSy?ersSy”

v

33,6 15 3,32 5.5 3.1 275
554 )®R5; ) @ S; )®R§;‘ ) @ S(A )®R§54 )
(3.,3,7,5)

S

4.3. Ribbon Schur modules with Koszul module inputs. In this section, we generalize the ribbon Schur
functors to allow for Koszul module inputs as well. The same type of concatenation/near-concatenation
sequence may be used to detect Koszulness of modules. In the following, recall the notation established
in Definition 4.15.

Definition 4.32. Let o be any composition and recall the conventions of Definition 4.15. Given a Koszul
left (resp. right) A-module M with initial degree 7, define the ribbon Schur module S ,, (resp. S§, ) as
the kernel of the natural map

a-(1)<p

resp. S% 4= Ker((M ®r Apa > D M3k A)ﬂ).
O a<p

Given a Koszul left (resp. right) A-module N (resp. M) of initial degree s (resp. t), define the ribbon
Schur module S, 4 y as the kernel of the natural map

Shan = Ker((M Or A®RN)(1)a-(s) = @ (M ®rA®r N)ﬁ)-
(1)-a-(s)<p

Remark 4.33. Notice that if « is the empty partition, we use the convention that
SY =M, S 4 n=M®rN
AM — 7D M,AN — Mt IR Vs

Notation 4.34. The definition of Sj; , , may be extended to disconnected ribbon diagrams by using
the convention that disconnected portions of the diagram correspond to tensor products of the respective
Schur modules. We will use this convention for the remainder of the paper, since it drastically simplifies
notational issues in the following proofs/constructions.
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Example 4.35. Let o := (3,1, 1) and 8 = (2, 2). Then by the convention of Notation 4.34, there is an
equality

Sgﬁtﬂj = 5@y s =57 g, §2.
Example 4.36. Let A be any Koszul algebra and o a composition. Recall that every truncation of A is
Koszul by Corollary A.21, whence A’ is a Koszul (left and right) A-module for all r > 0. By definition,
there are equalities

a _ qma @)
S oAl = Sy .

The following definition is an evident extension of Definition A.10 to allow for both left and right
A-modules:

Definition 4.37. Given a Koszul left (resp. right) A-module N (resp. M) with initial degrees s and ¢,

respectively, define the collection SI’",[’A’N’I, N S]’(,I’A’N’nfl C M, ®r A?”_l ®pr N forn > 2 via
M ®r A" 2 ®g N, ifi =1,
Shani=10M@r AP T ®r 05 @AY T @ N, if2<i<n—2,
M, ®g AS" 2@ OV, ifi=n—1.

If n = 1, use the convention that SIIVI,A,N,O =0.
Recall the notation of p; for a subset / as established in Definition 4.11 in the following:

Definition 4.38. Let A be a Koszul algebra and M any left A-module of initial degree s. Given any
{-partitioned composition «, view the concatenation « - (s) as (£ 4 1)-partitioned via Convention 4.14.

Then, for any subset I C [£] write pu;(a - (s)) = a'U-- Uat M asa disjoint union of compositions

al, ..., a7 Ml where at~I has length g. Then we define

|1
<g-1

AM_ - .
Mgt

1 2 o
Sﬁfﬁ) =S% ®rSY ®r---®OrS
As a quick example let @ = (2, 1) - (3, 4) - (4, 3, 3) be a 3-partitioned composition and I = {1, 3} C [3].
Then for any Koszul algebra A and left A-module M of initial degree s, there is an equality

wi(e) . (2,44 (4,3)
SA{M = SA QR SA,M;H_g

Remark 4.39. The slight technicality in defining S‘;{ 1(13) when taking account of a module input stems
from the fact that M has its own initial degree, in which case we should be defining the corresponding
ribbons with respect to the composition « - ().

The following observation is an immediate consequence of the identification of the ribbon Schur
functors with the modules of Definition 3.11, noted in Observation 4.42.

Observation 4.40. Let A be a Koszul algebra and M any left A-module. Given an £-partitioned compo-
sition o and subsets I C J C [£], there is a canonical morphism of R-modules

gxl (@) — SIA'«J (01).
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The following observation is a direct consequence of the definition of a ribbon Schur functor, but will

be very useful later on:

Observation 4.41. Let «, B, and y be any (possibly empty) compositions. Given a Koszul algebra A and
a Koszul left (resp. right) A-module N (resp. M), there is an equality

SO&?XTN = (S(])&?A ®r Sy y) N (S 4 Ok Sg.,);v)’
where the intersection is being viewed as taking place in (M ®r A Qg N)g.g.y -

Finally, we are able to tie ribbon Schur functors to the modules introduced in Definition 3.11.
This reformulation combined with the equivalence of Proposition 3.14 will yield quick proofs of the
concatenation/near-concatenation formulation of Koszulness.

Observation 4.42. Let o be any composition of length £. Given a Koszul algebra A and a Koszul left
A-module M, there is an isomorphism of R-modules

« _pol@

n n ’
AM SA,M,I""’SA,M,n—I

where the map ¢ is the isomorphism of posets of Definition 4.4 and the module LZIWI

.....

Definition 3.11. The analogous statement for right Koszul modules also holds.
Likewise, given a Koszul left (resp. right) A-module N (resp. M), there is an equality

o _ 7o' @
M,AN =

We arrive at the statement and proof of the relevant properties for ribbon Schur functors associated to
Koszul algebras/modules; again, the proof here is deceptively short, but the proof combines all of the
machinery developed thus far. Recall the notation for the reversal operator rev from Observation 4.6.

Lemma 4.43. Let A be a Koszul R-algebra and M (resp. N) a Koszul right (resp. left) A-module. Then:

(1) For all compositions «, the ribbon Schur module S%’M (resp. S‘}‘V’A) is a flat R-module. If A and M
are R-projective, then S ; (resp. Sy ,) is also R-projective.

(2) For any two compositions o and B there is a short exact sequence of R-modules
0— SZ"’?W — S% ®r Sﬁ’M — S‘fﬂg —0 resp. 0— S%‘FA — S¥.4 ®r Sﬁ — S‘f\,(?f — 0.

Conversely, if the sequences

: o) : o)
0— §Zﬁu}d — S% ®r §ﬁ,M;d — S‘Z‘ﬁ?d —0 resp. 0— St}Vf{z,A — SCIIV),;,A Qr Sﬁ — S‘])lv;’A — 0.

are exact for all integers d > 0 and compositions a, B, then M (resp. N) is a Koszul left (resp. right)
A-module.
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(3) There is a canonical isomorphism of R-modules

~ crev(al) ~ crev(a’)
(S%’M)* = SM!,A! resp. (S‘}‘V,A)* =~ SA!’N! .

Remark 4.44. There is a convention here that is important to take note of in the short exact sequence
of (2): if the composition B is the empty composition, write @ = ' - (o, ); the short exact sequence (2)
then reads

o o o
0— Sy u—>Sa®rM — Sy ., =0

There is a similar convention in the right module case: if « is empty, write 8 = (81) - 8’. Then the short

exact sequence reads
0—>§§,7A—>N,®R§’f‘—>§ﬁ/ ’A—>0.

N>ryp

Notice moreover that the reason Lemma 4.23(3) does not have the reversal rev(a’) is because there is by
1
construction a canonical isomorphism S% = S for any composition a.

Proof. Proof of (1). This just combines Lemma 3.16(1), Theorem A.19, and Observation 4.42.

Proof of (2). This is precisely the short exact sequence of Proposition 3.14, so again the result follows
from Theorem A.19 combined with Observation 4.42.

Proof of (3). This just combines Lemma 3.16(3), Theorem A.19, and Observation 4.42. O

The case of having double module inputs in the associated Schur functor has to be treated separately,
since the distributivity criterion cannot be used directly:

Corollary 4.45. Let A be a Koszul R-algebra and N (resp. M) any left (resp. right) Koszul A-module.
Then:

(1) For all compositions o, the ribbon Schur module S5, ,  is a flat R-module. If A, M, and N are
R-projective, then Sy, , y is R-projective.

(2) For any two compositions a and B there is a short exact sequence of R-modules

0— S(;/fA,N - S%,A QR Slf},N - S(I)(/I(?Aﬁ,N — 0.

(3) There is a canonical isomorphism of R-modules

o * ~ rev(a’)
(SM,A,N) - N!,A!,M!'

Proof. Notice that (3) follows from Lemma 3.16(3) combined with Observation 4.42.
Proof of (2). As noted in Remark 3.15, the sequence

0—>§%{3A’N—> S‘}{,,’A Qr Sﬁ’Nagﬁ?ﬁ’NeO
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is exact at the left and rightmost terms, so it suffices to prove exactness for the middle term. Assume first
that £(«) = 1 and £(8) = 0. Then there is a commutative diagram:

0 0 0

~N ~N J/

0 ? Sﬁ&jl\,N ? 551(21)4 ®r Ny ——— M; Qg Nyyoy — 0

0 —— M ®rSYY, —— M, ®r Agy ®r Ny —> M; ®g Nyjoy — 0

~N

~

0 —— Mi1o, QR Ny =——— M;;o, ®r N;
0 0

The middle row and column is exact by Lemma 4.43(2), and the last row and column are evidently exact.
Let ® denote the surjection

®: Sy ®r Ny — M; ® Ny,
A quick diagram chase shows that

Ker(®) C (55‘3% ®r Ny) N (M; ®r ng,lzif)’

and by Observation 4.41 this intersection is precisely the Schur module Sg&‘i\ n- Since the reverse

inclusion evidently holds, the top row is exact.
Assume now that £(«), £(8) > 0. Write 8 = 8" - (Bx) for some composition 8" with £(8") = £(8) — 1.
Then there is a commutative diagram:

0 0 0

~N ~ ~N

0 ” gll)ll/fA,N > S%LA Qr Sﬁ N > S ?ﬁ,N > 0

~N ~ ~N

0 s S(])ll/[é; ®r S(,Bk) NS A®R SA Qr S(ﬁk) s Sa@ﬁ Qr §(I3k) s 0

~N ~ ~N

0 s SOK G(ﬁk) s SMA®R Si.?\/(ﬁk) s SaGﬂ OB s 0
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The bottom two rows and the rightmost two columns are exact by induction (combined with the flatness
proved in Lemma 4.43), and an identical diagram chase as above shows that the top row must also be
exact.

Proof of (1). Proceed by induction on the length £(«), where the base cases £(«) =0 or 1 are evident
since S?,,’ AN =M Qg Ny and there is a short exact sequence

0— Sgljj,)A,N — M; ®r giﬁl}%} — M; 14, ®r Ny — 0.

The latter two terms in this sequence are flat (resp. projective) by Lemma 4.43, so SE&"A’ w 1s flat (resp.
projective) by Observation 2.12.

Assuming now that £(«) > 2, write @ = 8 - y for two compositions 8, y with £(8), £(y) > 0. Then
by (2) there is a short exact sequence

0— S‘}{,I’A’N—>§f4’A ®R§Z,M_>S§/]®,X,N_>O'

The latter two terms are flat (resp. projective) by the induction hypothesis, whence Observation 2.12
again implies that S, , y is flat (resp. projective). (I

Definition 4.46. Let « be any ¢-partitioned composition. Given a Koszul algebra A and a Koszul left
A-module M, define the cochain complex (H 4,y (o), §) whose i-th term is

H;(a) = @ SZ{I(S),
1<[e):
[1|=i

with differential
dMam |§u,<a) = Z sgn(j, Dpr ;-
j¢l
Remark 4.47. Note the difference between the components of the modules for the complex of
Definition 4.46 versus Definition 4.28: in the first case, the direct sums are parametrized by subsets

of [£] because of the additional component coming from the module M, whereas the components of
Definition 4.28 only range over subsets of [£ — 1] since there is no additional module M.

Finally, we conclude this section with the analog of the Hamel-Goulden type complexes from
Definition 4.28 for ribbon Schur functors admitting a module input. Recall the notation of Definition 4.38
in the theorem below:

Theorem 4.48. For all {-partitioned composition o, the complex H p (o) is a cochain complex with

HOHam(@) =SS .

and which is exact in positive cohomological degrees.
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Proof. First, observe that the statement that H%(H 4 () = S%.um 1s evidently true. Proceed by induction
on ¢, with the base case £ = 2. In this case, write @ = § - y; the complex H 4y (o) simply becomes the
length 1 complex

Ham(@ : SherSh, — Sio —o0.

These are the last two terms of the short exact sequence from Lemma 4.43(2), so the statement holds.
Assume now that £(«) > 2. Write @« = ' - py(«). Then there is a short exact sequence of complexes:

0— Ha (@ © pe@)[—11— Ha (@) > Ha(@) @k ST — 0.

By the inductive hypothesis, both of the complexes H 4 (e’ © pe(e)) and Ha(e') ®r Sﬁ{ 5{;) are exact in

positive cohomological degrees; taking the long exact sequence of cohomology yields
0S4 — S @r S — S5 > H (Ha m(@) — 0.

The map S% ®z S’ @ §ng‘3 @) i precisely the map of Lemma 4.43(2), which is of course surjective.
Thus H'(H A.m(a)) =0 and the result follows. O

Recall that Example 4.31 gives an explicit example of the complex of Theorem 4.48 when just using
the Schur modules S.

Example 4.49. As a more concrete example of Theorem 4.48, let A := S(V) = k[xy, ..., x,] be the
symmetric algebra (viewed as a polynomial ring) and m := (xy, ..., x,) the homogeneous maximal ideal.
Given any composition « and integer d > 1, notice that by definition there is an equality

_ qu(d)
S‘;‘\ S,

md T

Consider the composition « := (1#) for any integer. Then we can see the difference in the complex of
Theorem 4.48 based on how we view the composition «. Viewed as a 3-partitioned composition, the
complex of Theorem 4.48 yields:

Ay Q@r A1 ®r Ay A3 ®Qr Ayg
& &
AIQrAI®AI®rA1 — AI®rA2®rA; — A2®rAur1 —  Augs
& &
Al ®Qr AL ®r Adyi AL ®r Aut2

This is simply the degree d + 3 homogeneous strand of the Bar complex on m?. If we instead view o as
2-partitioned via (1%) = (1%) - (1), we obtain something distinct from a strand of the Bar complex:

12
1% Sﬁ\ )®R Adri (1,d+2)
Sy ®rAI®rA; — @ - Sy

5541’2) ®r Ag
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3
Finally, we can also view (1%) as I-partitioned; recalling that SS ) = /\3 V in this setting, Theorem 4.48
implies that there is a short exact sequence

3
05T o AVersi(v)—s{ ) - o.

Note that Sf’d) and ng’dﬂ) are equal to the classical defined Schur modules S@-1) (V) and S@+11 (),
respectively, in which case the above short exact sequence recovers the well-known description of hook
Schur modules as arising from homogeneous strands of the Koszul complex; see [Buchsbaum and
Eisenbud 1975]. Thus Theorem 4.48 yields a family of complexes that interpolates between the full
strands of the Bar complex and homogeneous strands of the Koszul complex.

5. Multi-Schur functors

In this section, we define multi-Schur functors. As mentioned in the introduction, the intuition behind
these objects is that they are obtained by taking kernels of the defining ribbon Schur module relations
diagonally; they will be particularly helpful for describing canonical equivariant decompositions of the
derived invariants over Segre subalgebras.

Definition 5.1. Let !, ..., a" be a sequence of compositions of fixed length £ and Al .., A"bea
1 n
sequence of Koszul R-algebras. The multi-Schur module SZI’“"“ is defined to be the kernel of the

-
Given a sequence of Koszul left A’-modules M’ of initial degree t' for 1 <i < n, the multi-Schur module

5‘()‘ A’,"‘}";’]) .... (an.an) 18 defined to be the kernel of the natural map

.....

.....

i=1

The definition for a right A-module is analogous. Assume now that £(a') > 2. Given Koszul right (resp.
left) A-modules M LI ¥ (resp. N L...,N ") of initial degrees t (resp. s%), the multi-Schur module

1 n
MV ALNY. ... (M7 A7 N7) is defined to be the kernel of the natural map

.....

.....

i=1
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In a similar way to the ribbon Schur functors for single inputs, the multi-Schur modules can also be
described as modules of the form wal M, for some collection of submodules, but the translation is a
little more subtle.

Construction 5.2. Adopt notation and hypotheses as in Definition 5.1, and recall the notation for the
R-submodules Siﬁ, v.; and SK,L a.n.; as introduced in Definitions A.18 and 4.37, respectively. For each of
the compositions ', there are isomorphisms of R-modules
A @ N M, @ A @ N,
1 R .S and (Ml ®RA ®RN)(tt)al (S)— ! R R .
Slall S‘Ol ‘
\/j€¢‘1(0ti) A,N,j \/jéab"(ai) M.A.N.j

(A" @R N')gi.(si) =

By the assumption that each o' has length ¢, each of the sets
Lo'| = 1\¢ ™ (&)

has length £ — 1.2 Let ¥, : [|o’| — 11\¢ "' (o)) — [£ — 1] denote the unique order-preserving isomorphism
between these two sets and consider the induced collections

@ . gl | o gl
427 SA]‘NWJU) " SAz’Nz"/’;zl(ﬂ R
1 1 2 2 n
C (A1®|0l | ®R Nsll) ®R (A1®|Ol | ®R NSZZ) ®R . ®R (Alil®|0l | ®R N;l,,),
b = sl 2| gl
SM,A N.j SMI ANy 1) + SM2 A2 N2 1/,71 N R SMn AN G)

C (Mll ®r A1®|a '@k N 1) ®r (M r A2®|a ‘®RN2) ®r---®Qr (M ®r An®‘a '@r N N;).

In the above, we are abusing notation for sake of clarity: the module S‘:f INI is defined as an R-submodule
of A’®|°’ '® rN ’,, but in the above expressions we are viewing each of these submodules as the i-th tensor

factor of
1 2 n
(A5 @r N ®r (AT @r N3) @& - ®r (AT @ NIL).

The running flatness assumption implies that inclusion into the i-th tensor factor is actually a well-defined

injection. The same abuse of notation is used for S\ o ; A, NI

Observation 5.3. Adopt notation and hypotheses as in Construction 5.2. Then there are isomorphisms of

R-modules
o
—— ~ Njete-1Sam
(AT N1),...,(A" N") = | I
Vigo1@h Satw ;T Vg1 Sanvnj
gl ~ /\Je[z 1] SMAM

(Ml,Al,Nl) ’’’’’ (Mn,An’Nn)_ | ‘ .
Vigs 1) St w7 F Vigst@n Sy e N

Zput more informally, quotienting by the module S" ; has the effect of deleting the i-th comma in the composition (1 lely and
replacing it with addition; if « is £-partitioned, that means there are £ — 1 commas not deleted from (11%1).
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An interesting aspect of multi-Schur modules is that one can define the multi-Schur modules when the
input compositions have different sizes; to make sense of this, the inputs need to be £-partitioned into the
same number of parts, instead:

Definition 5.4. Leta!, ..., o” be a sequence of £-partitioned compositions and A', ..., A” be a sequence
1 n
of Koszul R-algebras. The multi-Schur module SZ, ....... ‘Z,, is defined as the kernel of the natural map

—1
1 2 n (] (2 ey
St @S @r - @R ) > P SN @ S @k - @ I
i=1

1 n
If o :=a! =a? = .- =a" then the more concise notation S . will be used to denote S‘Zl"”’“

..... A LAl

Likewise, given a Koszul left A-module M, define the multi-Schur module S

Cll ’’’’’ o

AT M), (An gy 38 the

kernel of the natural map

14

o' 1o (a?) 1o @) pia) 1i(e?) i (e
St OR Sz a2 Or -+ O& S(inam = ED S{ 41, ®& Sl ) ®R -+ O San pin)-
i=1

Finally, given a Koszul left (resp. right) A-module N (resp. M), define the multi-Schur module

Sal,...,a"
(M',AL,NY),...,(M™ A" ,N™)

as the kernel of the natural map
1 ¢ 1
no(a) o (") Hia’) i ()
S(1‘41",41’1\/1) ®R te ®R S(M",A",N") — @ S(MI,AI,NI) ®R s ®R S(M",A",N")'
i=l1

The following is the evident analog of Observation 4.41 for multi-Schur modules:

Observation 5.5. Let o/, 8/, and ' be £ (resp. j, k)-partitioned partitions. Given a collection of Koszul
algebras A’ and left (resp. right) Koszul A’-modules N; (resp. M;) for 1 <i < n, there is an equality

Oll',B]')/l ’’’’’ an.an_yn (X1~,31 .... an"Bn )/] ..... yn
S(MI,AI,N‘) ,,,,, (M A" N") (S(M‘,AI,NI) ,,,,, (M",A",N") ®r S(Ml,AI,N‘),-..,(M”,A",N"))
al,.. o Blyl,.. . .pry"
N (§(M1,Al,Nl),...,(M”,A",N") ®R S(]‘41,141,]\]1) ’’’’’ (anAn’Nn))‘
The following properties are immediate from the definition of multi-Schur modules:

Proposition 5.6. Let o', ... o be a sequence of L-partitioned compositions and A', ..., A" be a
sequence of Koszul R-algebras. Then:

(1) Let T € X,, be any permutation of [n]. Then there is a natural isomorphism

(1) ar(n)

1 n
o ..., o ~ o,
S An T SAr(l) Ar(n)'

.....

1 n 1 n
a,.., a’ ~ Qo o
SAl An: A1®R®RSA”

.....



806 Keller VandeBogert

(3) Ifeach A' admits the structure of a R[G']-module for some group G' (where 1 < i < n), then the
= admits the structure of a R[G! x --- x G"]-module, and all of the
above isomorphisms are G' x - - - x G"-equivariant.

multi-Schur module Sill

In view of Observation 5.5, the notation for multi-Schur modules can quickly become overwhelming.
For this reason, we introduce the following shorthand notation:

Notation 5.7. Let o', ..., a" be a collection of £-partitioned compositions. Given a collection of Koszul
algebras A’ and left (resp. right) Koszul A’-modules N; (resp. M;) for 1 <i < n, use the more concise
notation

L cal, o
Syan =S

(MI,A],N'),...,(M”,A”,”)'

I= R

For given tuples of compositions « and j, extend the operations of Definitions 4.4 and 4.1 by applying
them coordinatewise to the tuples. With this identification, we have the equalities

a={a', ... 0", M:={M'. .., M"), A:={A',... A"}, N:={N' ... ,N"}.

The following lemma is the multi-Schur analog of Lemma 4.43, but the proof is actually a little more
subtle due to the added difficulty of allowing compositions of different sizes.

Lemma 5.8. Let o and B be sequences of k-partitioned and £ — k-partitioned compositions, respectively,
for some fixed 1 <k < L. Let A={A', ..., A"} be a sequence of Koszul R-algebras and M a sequence
of Koszul left A-modules. Then:

(1) Every multi-Schur module is R-flat.

(2) There is a canonical short exact sequence
a-p B a®p
0— SZM — SQA ®R§Z,M — SZM — 0.
If all Koszul algebras/modules are R-projective, then every multi-Schur module S%’  is also R-projective.
The analogous statement for right modules holds as well.

Proof. 1t suffices to prove (2), since (1) is a consequence of (2) combined with Observation 2.12.

Proof of (2). Let p := max{€(p;(a/)) | 1 <i <k, 1< j <n}anddefine ¢ :=|{i | £(p;(a!)) = p}|.
The proof is by a double induction on the values p and g. Notice that when p =1 and ¢ is arbitrary,
recall that A @ - - - ®x A" is a Koszul algebra and the tensor product M 'Qr - Qg M" is a left Koszul
module over A! ® - -- ®g A" by Corollary A.23. By Observation 5.3 combined with Proposition 3.14,
the sequence of (2) is exact.

Assume now that p > 1 and ¢ = 1. This means that there is some element of one of the compositions
o or B whose largest part is strictly greater than 1. Reversing the order of « and S, it is of no loss of
generzllity to assume that o contains a part of size p. Moreover, for simplicity of notation, let us assume
that the first element of ¢ has size p (the general case is identical but notationally more cumbersome).
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Write @ = (a) - o/, so that by construction ¢’ has all parts of size < p. There is a commutative diagram:

0 0 0
a-p o aOp
0 ——— 53 ———— Si®rSLy > Shn > 0

(@O o (@O0
O—>SA£,MQE ST) Q®R§£,M ——— Sym 0
0 0 0

In the above diagram, notice that the bottom two rows and the last two columns are exact by the
inductive hypothesis. We may also assume by induction on p that the map

(a) o B (@)od-B
©:S, ®rS, = Say
is a surjection. We claim that with this information the first column of the above diagram is exact. It is
evident just by definition that the map

(@) o B a B
Sam 7 Sa®rS;u
is always an injection, so it remains to prove exactness at the middle term S% ®r Sg - However, a

diagram chase employing exactness of the middle column shows that

Ker © C (S, ®r 55@) n (S(f) ®r 5%,5)»

. . . . o-B . . .
and this latter intersection is precisely equal to S, 7, by Observation 5.5. Since the reverse containment

evidently holds, exactness of the first column follows, and hence all columns of the above diagram are
exact. Employing the long exact sequence of homology, it follows that the first row is exact.

For the inductive step on g, the argument is actually identical. After choosing a similar decomposition
of «, there is an identical commutative diagram. By construction, the bottom two rows and rightmost two
columns are exact by induction on g. A verbatim argument works for showing that the first column is
exact, and hence the long exact sequence of homology yields the statement in general. (Il

Corollary 5.9. Let a and B be a collection of k and £ — k-partitioned compositions, respectively. Let Al
be a collection of Koszul algebras and N; (resp. M;) a collection of left (resp. right) Koszul A’ -modules
for 1 <i < n. Then:
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(1) Every multi-Schur module S%J,A,N is R-flat.
(2) There is a canonical short exact sequence

aOp

0— gﬁ‘jiﬂ T, Sgﬂ > Syhy = 0.

If all the Koszul algebras/modules are R-projective, then every multi-Schur module Si’ v is also R-

projective.

Proof. This proof is formally identical to the proof of Corollary 4.45 but with the multi-index notation of
Notation 5.7 used instead. [l

Finally, we have the generalization of the complexes H(«) of Definition 4.46 for the multi-Schur

setting.
Definition 5.10. Let o', ..., o be a sequence of ¢-partitioned compositions. Given Koszul algebras A’
and left Koszul modules M' for 1 <i < n, define the cochain complex HEAl,M‘) _____ (A,,’M,,)(ozl, oo
via
i 1 ny .__ wr@h), ey (@™
Hear ... (A",M")(O‘ e 00 = @ S(Al,Ml),...,(An,M")
[I|=i
with differential
H n pn . 7
d (AlyMl) ,,,,, (A" M™) Sﬂl(al)wneﬂl(a") = ngn(], I)pI,IUJ'
Al Al J¢1
Corollary 5.11. Let !, ..., a" be a sequence of {-partitioned compositions. Given Koszul algebras A'
and left Koszul modules M' for 1 < i < n, the cochain complex HEAl MY)....(A" M,l)(ozl, ..., a")is exact
in positive cohomological degrees and
07 e 1 n alan
H (H(AI,MI) ..... (A",M”)(a a---aa ))=§Al ..... An®

5.1. Some generalities on filtrations. We now turn our attention to the task of filtering the multi-Schur
modules S%l,,’ 4. for given choices of o. This section collects a few general results on “splicing” filtrations
together; these results are essentially trivial, but it will be useful to refer to them explicitly. First, let us
recall the definition of a filtration.

Definition 5.12. Let M be an R-module. A (ascending) filtration of M is a chain of R-submodules
O=FCcFC---CF,_1CF,=M.
The successive quotients F;/F;_ are called the associated graded pieces.

The following observation is likely a common first exercise on properties of filtrations, but we state
and prove it here for completeness. The intuition here is that filtrations whose graded pieces admit further
filtrations may be refined to a single filtration of the larger object with the same graded pieces.
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Observation 5.13. Let M be an R-module equipped with a finite filtration
F: 0=FCcFC---CF,1CF,=M.
Suppose that for all i > 1, the i-th graded piece G; := F;/F;_; admits a finite filtration
F': 0=F,CF/ C---CF,_CF, =G,

with graded pieces G; =F j’ /F ;71 for each j > 1. Then the filtration F' of M may be refined to a filtration
F’ of M with associated graded pieces G; for1<i<n, 1< j<n;.

The above observation may be used to understand how to filter tensor products of modules, each
equipped separately with their own filtrations; this is the content of the following corollary.

Corollary 5.14. Let M', M?, ..., M* be a collection of R-modules equipped with filtrations
F': 0=F,CF/ Cc---CF,_CF, =M,

and assume that each associated graded piece Gj. = F; / F]tl is a flat R-module. Then each of the
R-modules M' is flat and there is a filtration of M' @ g M?* ®g - - - @ g M with associated graded pieces
of the form

Gill ®Rr G,-22 ®Rr -+ QR Gf,z,

where 1 < iy < nyg foreach 1 <k < /L.

Proof. Proceed by induction on £, with the base case ¢ = 1 being vacuous. Assume ¢ > 1 and let F’ be a
filtration of M' ® g M> ®k - - - @ M ™! with associated graded pieces of the form

G} ®r-®r G|

lg—1"

By the flatness assumption, the induced filtration F’ ® g M* has associated graded pieces of the form

Gl-ll ®r--®rG; | ®r M".

Le—1
Further filtering each graded piece by the filtration F* of M, we may employ Observation 5.13 to deduce
the result. O

5.2. A canonical filtration of multi-Schur functors. The following short exact sequence, when combined
with some of the other filtration results proved in this subsection, will be the essential ingredient for
proving Theorem 5.20. It will be used to place an object we want to understand in the middle of a short
exact sequence whose outer terms have a well-understood filtration.

Lemma 5.15. Leta!, ..., a" and B', ..., B" be sequences of k-partitioned and £ — k-partitioned compo-
sitions, respectively, for some fixed 0 < k < £. Let A, ..., A" be a sequence of Koszul R-algebras and
N' (resp. M') be Koszul left (resp. right) A'-modules for 1 <i < n. Then there is a canonical short exact
sequence

1,41 n—1_ gn—1 _n n 1,51 n gn 1 1 n—1 n—1 _n_pn
o B, a o a-B,..., ol a' Op,..., o ,al
0— SM,ﬁ,N ’ QR gf/[",A",N” - SM,/fx,N " M,(?f,szv o " o
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In the above, the sequences of &' - B!, ..., a" 1. " a" anda' © B, ..., " L@ ", o - B" are

being viewed as k and £ — 1-partitioned compositions via the convention of Convention 4.14.

Example 5.16. Let A and B be two Koszul R-algebras and o! = ! = (13), viewed as a 3-partitioned
composition. Then the short exact sequence of Lemma 5.15 takes the form

13,12 13,13 1,2),(13
SYL @ By > SUNI L g(12-0 g

In the above, (1) is being viewed as the 2-partitioned composition (1) - (12) in the first term of the
sequence, and likewise for the last term in the sequence.

Proof. For simplicity of notation, we will prove the theorem only for Koszul algebra inputs (otherwise
the relevant diagrams are too large to display). The proof follows by examining the commutative diagram
of Figure 3; the base case and the inductive step are outlined in the caption. (I

The next lemma can be seen as a “first approximation” of the filtration in Theorem 5.20.

Lemma 5.17. Leta!, ..., " be a sequence of £-partitioned compositions and A", ..., A" be a sequence
of Koszul R-algebras and N' (resp. M') be Koszul left (resp. right) A'-modules for 1 <i < n. Then the
multi-Schur module S%,I’ AN admits a canonical filtration with graded pieces of the form

or@"),...or@"h vien (@)
S(MI,AI,NI) ..... (Mn=1, An=1_Nn—1) ®R S(1\4n’An’Nn)’

where I ranges over all subsets of [£ — 1].

Proof. Proceed by induction on ¢, where the base case £ = 1 is trivial. Assume now that £ > 1 and write
each o' = B’ - y', where y' := py(a'). By Lemma 5.15 there is a canonical short exact sequence

1,1 n—1_,,n—1 gn n 1,1 n,,,n 1 1 n—1 n—1 pgn_,n
OHS@,Z,XI.HIFK Y8 ®R§1){4",A",Nﬂ_>§§4,z,}§l"’ﬂ 't gb ny ,,,,, B LB .

1.,,1 n—1_,n—1 gn
By the inductive hypothesis, the multi-Schur module Sﬁ,["z’}(,”’ﬂ Y F admits a filtration with graded
pieces of the form

1 n—1 n
or(@’),....or(@" ™) vie—1\7 (B™)
SM1LAND (M1, Ar1 N1y OR S(hpn an

1 1 n—1 n—1 pgn_.n . . .
where I C [¢ — 2]. Likewise, the multi-Schur module Sg,,,a’jj\,’ o BTOYTBTYY o dmits a filtration with

graded pieces of the form
os(Boyh)....or (B oy™h vie—1n\J (B"-y")
S(Ml,Al,Nl),...,(M"*,A"*l,N"*l) ®R S(pn an.nm) >
where J C [£ —2]. Note that ranging over all / C [£ —2] as in the first case is the same as ranging over all
I C[£—1] with £ —1 ¢ I, and ranging over all J as in the second case is equivalent to ranging over all
J C [€—1] with £ — 1 € J. Combining both of these filtrations with Corollary 5.14 yields the result. []
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Lemma 5.18. Let o be any €-partitioned composition. Let A be a Koszul R-algebra and N (resp. N) any
left (resp. right) Koszul A-module. For any I C [ — 1], the module Svﬁ,’l(i) y admits a canonical filtration

with associated graded pieces of the form

oy(a)
SM,A,N’

where J C [£ — 1] ranges over all subsets with J C 1.

Proof. Proceed by induction on |/|, with base case I = & being vacuous since there is an equality
SXZ(A“’)N = S(]{Z(X’)N. For [I| > 0, let j € I be the largest element of /. Write « = p_;(«) - p> () and
consider the short exact sequence

v (@) vy () v j(p<j@)Op>;j(a))
0— SMfA’N—>SM’A’N—>SM”A’N’ ! — 0.

Let us consider the filtrations of the outer two terms: by the inductive hypothesis, S;,Il\jfl(alz, has a filtration

with graded pieces of the form
§U K ()
A

’

where K C [£ — 1] ranges over all subsets with K C I\ j. Likewise, the term S0/ 7=/ @OP=/@) pagy

filtration with graded pieces of the form

S%(Pq(“)@ﬂ);(@)
M,A,N ’

where L C [¢ — 2] ranges over all subsets L C s;(/\ j). Notice that p_;(a) © p>;(a)) is the same as
oj(a), in which case ranging over all K and L as above is the same as just ranging over all subsets
J C [£—1] with J C I. The result thus follows from Corollary 5.14. U

Example 5.19. Let A = S(V), the symmetric algebra on some free R-module V. Then A is a GL(V)-
representation and Lemma 5.18 implies that there is a GL(V)-equivariant filtration of the tensor power V&4
with graded pieces of the form S%, where o ranges over all compositions of d (since V&4 = S;l(d‘};J(ld)).

Assuming R is a field of characteristic 0, the ring R[GL(V)] is semisimple and hence this yields a
GL(V)-equivariant direct sum decompositions

vel= P s
|or|=d

Finally, we arrive at the main result of this section; this result furnishes the multi-Schur functors with a
canonical filtration whose associated graded pieces are easily described as tensor products of the ribbon
Schur functors of Section 4.

Theorem 5.20. Leta!, ..., o" be a sequence of £-partitioned compositions and A", . . ., A" be a sequence
of Koszul R-algebras and N' (resp. M') be Koszul left (resp. right) A'-modules for 1 <i < n. Then the

multi-Schur module S%,[ 4N admits a canonical filtration with graded pieces of the form

o1, (a') o1, (a?) o, (@)
S(MI,AI,NI) QR S(MZ’AZ’NZ) ®Rr---Qr S(]Mn",L‘n’]\/n)v

where the subsets 1., ..., I, C [£ — 1] range over all choices such that L N I,N---N I, = &.
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Remark 5.21. Notice that the parametrizing set for the associated graded pieces is inherently symmetric
under permuting the tensor factors, which is expected by the invariance of the multi-Schur module on the
ordering of the inputs.

In general, the number of ways to choose n subsets of [£ —1] with no common intersection is (2" — Dt
so the number of associated graded pieces grows exponentially with respect to both n and £.

Remark 5.22. The adjective “canonical” used in Theorem 5.20 means that this filtration is really true at
the level of functors; in other words, the functor S¢ which takes as inputs n-tuples of Koszul R-algebras
and outputs the associated multi-Schur module admits a canonical filtration whose associated graded
pieces are given by the functors of the form

son @) R gL (@) Qp---®QpSTh@),

Proof of Theorem 5.20. Proceed by induction on n (the number of Koszul algebras), with base case
n = 2. To prove the base case, we induct on £ (where the case £ = 1 is vacuous). Let £ > 1 and write
a=0a - pe(a)and B =B - pe(B). By Lemma 5.15 there is a short exact sequence

0— Si’g Qr ng(ﬁ) — SZ’% — SZ/%pZ(Q)’ﬁ — 0.

By the inductive hypothesis, the outer 2 terms admit filtrations with graded pieces of the correct form.
This establishes the base case.

Assume now that n > 2. By Lemma 5.17 the multi-Schur module Si]{"_""’f’zﬂ admits a canonical filtration
with associated graded pieces of the form

.., n—I1 ) (a”)
S”’(“ )07 (0 )®R SA[’l;]\[ i

or(@h),..or (@™

where I ranges over all subsets of [({—1]. By the inductive hypothesis, each of the modules S ;™ “/)

admits a canonical filtration with associated graded pieces of the form

o1, (a!) o1, (a?) or,_, @)

SAII ®RSA22 ®R®R5Anfll 9
where the above ranges over all choices of Iy, ..., I, with Iy N---N[,_; = I. On the other hand, the
module S'1, "™ @) admits a canonical filtration with associated graded pieces of the form S @ where

I,, ranges over all subsets I, C [¢ — 1] such that I, N I = &. This is overall the same thing as ranging
over all choices I{,...,I, C[£—1]suchthat | N---NI, = 2. O

Example 5.23. Let A and B be Koszul algebras. Let us use the argument of Theorem 5.20 to filter the
3 3

multi-Schur module SS’ ;’(1 ) helping to illustrate the idea of the proof in a concrete setting. Recall by

Example 5.16 that we have the short exact sequence

1%),(12 1%),(13 1,2),(13
S{20D @p By — SYNIY L (20
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Iteratively applying this sequence to the outer two terms yields
3 2 2
0— A3 @z (BN — Sy "7 — STV @r S @k B — 0,
2 3 3
0—>Sy? @ Bi®rSY’ — Sy — A3@r Sy — 0.

The terms involving B appearing on the ends of these short exact sequences are precisely the filtra-
tion factors of Lemma 5.17, and are filtered further by Lemma 5.18, yielding the filtration factors of
Theorem 5.20.

Remark 5.24. Let 2/~ denote the Boolean poset on n elements. Then the product (21~ " is naturally
a ranked poset (in fact, isomorphic to the Boolean poset 21¢~11%["1) and the set S of all tuples (11, ..., I,)
with I; N---N 1, = & is a ranked subposet. Choosing any total order < refining the partial order on this

filtration is of the form
{Fuy....ipb. . 1)ess
with
Fityoooty) Fored(hony) = Sy ) ®---®r S,
In the above, pred denotes the predecessor function (i.e., the largest element strictly smaller with respect

to <).

Example 5.25. Leto = (1,2)-(2)- (1) and 8 = (3) - (4, 2) - (2) be two 3-partitioned compositions and
let us compute the composition factors of the multi-Schur module SZ’FB for any two Koszul algebras A

[2])><2

and B. The subposet (in fact, meet semilattice) of (2 that parametrizes the filtration factors has

Hasse diagram:

({1.2}, @) ({1},{2})%15@,{1,2})
({1}, @) ({2}, @) } (@, {2})
(@, 2)

This translates to filtration factors of the following form:

§f41’5) Rk gg,4,2,2) 82’4’1) Ok 82,4,4) SS,Z&) R Sg,Z,Z) SS,Z,Z,I) Ok Sg,4)

> i

1,4,1 4,2,2 1,2 4,22 1,2,2,1 2,2 1,2,2,1 4.4
SUAD @832 (2D g, 5042 g122D g, 02D gl22D g, GG

I e

1,2,2,1 4,2,2
SX’”@@?"’)
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If for instance A = B = S(V), the symmetric algebra, then the above filtration is also GL(V) x GL(V)
equivariant (and in characteristic O yields a direct sum decomposition).

6. Applications

The following section is the reward for enduring the technical details of Sections 4 and 5; we are able
to arrive at the other end with a rather robust theory that allows us to give elegant and simple closed
form descriptions of higher derived invariants associated to (Veronese/Segre subalgebras of) Koszul
algebras; see also [Barcdnescu and Manolache 1981]. In Section 6.4 we show how to use this theory to
build a large class of Koszul modules over an arbitrary Koszul algebra A, and specialize to the case of
a polynomial ring to prove a uniform, characteristic-free regularity result for certain classes of vector
bundles on projective space.

6.1. Tor and Ext. In this section we prove the following theorem, which gives some concise descriptions
of Tor and Ext between pairs of Koszul modules in terms of ribbon Schur functors.

Theorem 6.1. Let A be a Koszul algebra and M (resp. N) a Koszul right (resp. left) A-module of initial

degree t (resp. s). Then there is a canonical isomorphism of A-modules
Tor (M, N) =S}, \ foralli>0.
If M is instead a Koszul left A-module, then there is a canonical isomorphism

i @)
Exty(M,N) = SM,A (N,

foralli > 0.
In particular, both of the above modules are flat R-modules annihilated by A .

Proof. By the definition of Tor combined with Theorem A.25, the module Torl’-“ (M, N) may be computed
by looking at the homology of the complex

i—1
_>M®R§f41N —>M®RSSN—>M®RS§‘1’N)—>
Splitting this complex into graded pieces, there is a commutative diagram:

1 (i) jvi+s 111
M®R§() - > ;+1®R§ )

\ /

MjQrAI®r S(l )

/

) ai=h
SM>, A ®R SA,N

This implies that there is an equality

—1
Ker(di)itj+s = (M; ®r SS ) )N (S(l) .4 ®R 5(1 ))
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By Observation 4.41, this latter intersection is precisely S&Z, 4.n)- On the other hand, by definition of
the Priddy differential there is also a commutative diagram for all j > s:

@Yy ig1) jtiss

li
Mj—1®rSy M; ®r Sy}
li 1i—|
Sy, an — M;®rAI®& S} y'

This implies that there is also an equality

. It

lm(di+1)j+i+s = S(M;_,.,A,N-
Putting both of the above equalities together, it follows that

sUD if =y,
Tor?(M,N),-+j+s={ MaN I =0
0 otherwise.

To prove the isomorphism for Ext, recall first that there is a canonical isomorphism
Ext',(M, N) = (Tor (N*, M))*.

By Observation A.22, the graded dual N* is a Koszul right A-module, and by the isomorphism just
proved for Tor there is an isomorphism

Tor (N*, My =S, .
Dualizing and using the isomorphism of Corollary 4.45(3), the result follows immediately. ]
Example 6.2. Assume that A is any Koszul algebra and recall that
s, =s{".

By Theorem A.25, the minimal free resolution of Ai thus has the form

R A®Rquli’d)—> A®RSS41H’d) —> o> AQr Ay —> Afl‘_.
The ribbon Schur module Sgi’d) may be presented as the cokernel of the composition

(A!)?Zrz ®rAg—2 — (A!)TH QrAIQrAg—2 — (A!)TH ®r Ag—1,
in which case we see that there is an isomorphism with the ribbon Schur functor

Sgi’d) =L

where the module LiA+1, 4—1 18 defined as in [Faber et al. 2021]. Thus Theorem 6.1 at least recovers the
minimal free resolution of powers of the maximal ideal of a Koszul algebra constructed in [loc. cit.].

Corollary 6.3. Let A be any Koszul algebra such that S(Ali) =0 foralli > 1. Then every Koszul module
over A is a flat R-module. If A is R-projective, then every Koszul module over A is R-projective.
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6.2. Veronese subalgebras. Recall the definition of the Veronese subalgebra as in Definition 2.4. The
following observation shows that the operation (—)“ on compositions as defined in Definition 4.1
interacts functorially with the formation of the ribbon Schur functor:

Observation 6.4. Let A be any Koszul algebra and M (resp. N) any Koszul right (resp. left) A-module.
For any integer d > 0 and integers i, j € Z there are isomorphisms

@ @
o _ Qo o ~ Qo
A = S and §M<d>,A<d>,N(d> = SM,A,N-

Combining Theorem 6.1 with Observation 6.4 immediately yields:

Corollary 6.5. Let A be any Koszul algebra and M (resp. N) any Koszul right (resp. left) A-module. For

any integer d > 0 there is an isomorphism
Torl-A(d) (M(d), N(d)) = S%)A N>
where t (resp. ) is the initial degree of M (resp. N). In particular, there are canonical isomorphisms

Tor! ' (ACTD, ACT Dy = gd"r)

Remark 6.6. The isomorphism

TorA” (AT ACGTDy 2= '),

was originally proved in the case A = S(V) (the symmetric algebra) in the work [Almousa et al. 2024].
However, one notices that the original proof of this isomorphism does not invoke anything more than the
Koszulness properties of the symmetric algebra (and its truncations), which leads to the generalization
presented in Corollary 6.5.

6.3. Segre subalgebras. In this subsection, we apply the construction of multi-Schur modules and their
filtrations to study Segre products of Koszul algebras. The following observation is a straightforward
translation of the quadratic dual for a Koszul R-algebra:

Observation 6.7. Let A', ... A" be a collection of Koszul algebras and M’ a Koszul left A’-module for
1 <i < n. Then there are isomorphisms of R-modules

1 ! 1 1 ! 1
(A'o-oamhr =S . and (M'o---o M) =Sy} 1 him-

Example 6.8. Let A be any Koszul algebra and consider the filtration of Theorem 5.20 applied to

3
computing (A?! !)g‘ = SS 2\. The poset parametrizing the filtration terms are the same as those of
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Example 5.25, which yields the filtration factors:

3 13 2,1 1,2 1,2 2,1 13 3
g(q ) ®R S(Q ) S(q ) ®R S(q ) S(q ) ®R S(q ) §(§ ) ®R S(q )

) , ) \ W | |
5(4 1) ®R S(ql ) 8(11’ ) ®R S(ql ) S(ql ) ®R S(q D S(ql ) ®R S(ql’ )

~ | =

(1% (1
Sa ®rSy

Suppose now that A = S(V'), the symmetric algebra on a vector space V. If R is a field of characteristic 0,
this induces a GL(V) x GL(V)-equivariant direct sum decomposition of (A2 !)§ into irreducibles

3 3 3 D4 3 D2
(AR = (/\ ve /\ v) ® (/\ V®Rs<2’l>(v>) O (/\ V®53<V)> & (S*(v)es* (V)2

Observation 6.9. Let « € C(d) be any composition of some integer d > 0and A', ..., A" a sequence of
Koszul R-algebras admitting a compatible G'-action for each 1 <i < n. Assume that M’ (resp. N') is a
Koszul right (resp. left) A’-module admitting a compatible G'-action. Then the multi-Schur module

admits a G! x - - - x G"-equivariant filtration with associated graded pieces of the form

1 n
o o
(M',AI,NI) ®R cce ®R S(M”,A",N”)’

I ..., a" range over all compositions of || satisfying @' A--- Aa" = a.

where o
In particular, if each of the group rings R[G'] is semisimple, then there is a G! x - - - x G"-equivariant
decomposition

1 n
o ~ o o
(M, AV, NY),...,(M", A" N") = @ m1.a1 N1 OR - OR Sun, an nmy-
(@',....,aMeC@d)*"
al Ana=a

Proof. This is just a retranslation of Theorem 5.20 combined with the fact that the refinement poset on
« is isomorphic to the Boolean poset on [£(a) — 1], and the meet operation corresponds to intersection

under this isomorphism. O

Remark 6.10. The appearance of compositions ranging over the refinement poset as filtration factors is
likely related to the connection between Segre products and internal cohomomorphisms as discovered by
Manin [1987; 1991]. Indeed, another perspective on the filtration given in Theorem 5.20 is as a canonical
filtration of the graded pieces of the cohomomorphism algebra.

Next, we use Theorem 5.20 to prove a symmetric function identity; we first need to recall some notation
related to Schur polynomials and establish some multi-index conventions.
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Notation 6.11. Let n > 1 be any integer and consider sets of indeterminates x!, ..., x". Recall that the
Schur polynomial associated to a skew shape A/u is the polynomial

Sy = Y xr,

TeSST(A/)

where x7 denotes the multigraded character of the semistandard tableau 7. If « is a composition, the
notation s, (x) denotes the Schur polynomial corresponding to the ribbon shape determined by «. The
complete symmetric polynomial /4(x) is defined to be s)(x).

Given a tuple of compositions o = (!, ..., &™), use the notation

S (X) := 51 (x1) 550 (X%) - - - 50m (7).
In particular, for a single composition @ = (o1, . . ., @) there is the equality
ha(X) = hoy (81) - hay (67) - - hg, (x").

Corollary 6.12. With notation as in Notation 6.11, there is an equality of symmetric polynomials

d
haia@ =Y Y (=D haip (x) - spa(X).
i=1 ﬁl B"

1B [==| B =i

[31/\~-'/\ﬁn=1i
Remark 6.13. In the statement of Corollary 6.12, if § = (B', ..., B" is a tuple of compositions and
a=(oy,...,0,) is a composition, then we use the convention

Bra:=(B"(a), B (@), .... 8" (an)).

Proof. Assume R =k is a field of characteristic 0 and let A = S(V) for some vector space V. Note that
Aand Ay = A’i are polynomial functors for all d > 1. Taking Segre products, this means that A" and
A% =AY 0 AT o--- 0 AY" are also polynomial functors, and hence there is an equality

Ch(AY) = Ch(A") - 3" (1) Ch(Tor™ (A%, k). (6.13.1)
i0
where Ch(—) denotes the multigraded character. By definition there are equalities
Ch(AD) =) harra(x). Ch(A") =3 hae(x).
d>1 d=0
On the other hand, by Theorem 5.20 there is an equality

Ch(Tor!" (A% k)= Y spal).

Bl...B"
B! [==Ip" =i
ﬂl/\---/\ﬂ"=1[
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Combining all of these expressions and comparing degrees on each side of the equality (6.13.1) yields
the result. ]

Remark 6.14. When n = 1, this reduces to the well-known classical character identity

d
hava(®) =Y (=1 hy i (X)s(1i ) (X).
i=1

Moreover, taking s-th Veronese powers of the polynomial ring and performing an identical argument
yields the same identity, but every composition is replaced with its s-th rescaling (i.e., apply the operation
(—)® to all compositions).

Example 6.15. Letn=2,d =2, and o = (1, ap) be any composition. Then the identity of Corollary 6.12
reads
Ry D210y (87) = ha1 (D1 (6*)5(1,00) ()51, (67)

1 2 1 2 1 2
—s(lz’al)(x )s(lz’az)(x )—S(IZ’QI)(X )S(z’az)(x )—S(z’al)(x )s(lzﬂaz)(x )

Our next corollary is an evident consequence of Theorem 6.1 combined with Observation 6.9 (by
setting @ = (1%)).

Corollary 6.16. Let A', ..., A" a sequence of Koszul R-algebras admitting a compatible G'-action for
each 1 <i < n. Assume that M' (resp. N') is a Koszul right (resp. left) A'-module admitting a compatible
G'-action. Then the module

Tord' A" (M1 0. .o M", N o-- o N")

admits a G' x - - - x G"-equivariant filtration with associated graded pieces of the form

1 n
o o
M1 Al NI ®R c '®R SM”,A",N”’

where the compositions range over all tuples (a', ..., ") € C()" witha' A--- Ao’ = (19).

Likewise, the module
TorlgAlo...oA")<d>((M1 0 oMM D (N'o...o NTY@D)
admits a G' x - - - x G"-equivariant filtration with associated graded pieces of the form
i‘,,ll’Alle QR Or §l]x‘;n’An’Nn7
where the compositions range over all tuples (a!, ..., a") € C(di)*" witha' A--- Aa" = (d').

Example 6.17. Let A be any Koszul algebra and let us compute the filtration factors of (A[S]!)j = S%?

(unfortunately, trying this for SSQ yields 49 filtration factors, which is too big of an example). The poset
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parametrizing the filtration factors is:

{13, {11, 2) ({1}, 2. (1h (@, (1}, {1)
> >
{1}, 2, 2) (@, {1}, 2) (@, 2, {1)
T~
(2,9, )

This yields filtration factors:

2 2 2
S @rSP @r S SP @rS| @rSY S!V ®rS? @k SY

= =

2 2 2 2 2 2
§£\2)®R§S)®R§S) Sg)(@Rgf)@RSS) SS)@)RSS)@RSEE)

2 2 2
sy ®rSy ®rSY’

Example 6.18. Let A be any Koszul algebra and let T (V) denote the tensor algebra on some projective
R-module V. Then by definition the R-module s¢ A, T (v admits a filtration with graded pieces of the form

S‘;“ ®R ST(V)’

with o' A @? = (17). Note that the only choice of o for which ST(V) is nonzero is for o> = (i). Thus
o' = (1) and we find

S1) 0, =S @k SU,) = (A); @ V.
In particular, after dualizing and collecting graded pieces, there is an isomorphism of R-algebras
(AoT (V) =A'oT(V*).

Of course, this could be verified using more direct methods, but the point is to demonstrate the utility of
Theorem 5.20.

Example 6.19. Let A = S(V), B = S(W) be symmetric algebras on free R-modules V and W both
of rank 2. Let M = A, oBand N = Ao Bi, viewed as modules over the Segre product A o B. By
Corollary 6.16 there is an equality

Tor/*B (M, N) = s
! ’ (A,A7)o(B,BY)’

The module SS\)A’ Jo(B,B) has a GL(V) x GL(W)-equivariant filtration with associated graded pieces of
+

the form
SA A" QR SB

Br
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where a and f range over all partitions with e A 8 = (1?). Notice that since V and W have rank 2, we are
really only ranging over all partitions & and B such that all parts of o’ and B’ are at most 2, and such that
a' v B' = (i). Retranslating this in terms of subsets of the Boolean poset, this is asking for all ways to
partition the set [i — 1] into the union of two totally disconnected sets I, U Ig, where 1 € Ig and i — 1 € I,.
One quickly sees that there is no such decomposition if i — 1 is odd and only 1 such decomposition when
i —1iseven:

i—1=1{24,...,i—1}U{l,...,i—2}.

Retranslating this in terms of compositions, we find there is a GL(V) x GL(W)-equivariant isomorphism

TordB (M, N = {Sr_l(V) Qg det(V) D2 Qp S, (W) @ det(W)(+D/2 1fz >0 %s odd,

0 if i > 01is even.
6.4. Koszul modules built from ribbons and general skew shapes. In this section we apply the Koszulness
criterion of Lemma 4.43 to deduce that a large class of modules parametrized by ribbons are Koszul
modules. This immediately yields interesting Koszul modules over any Koszul algebra (generalizing
powers of A, ), and in the case of the symmetric algebra we are able to give a quick and much more
general proof of the Koszulness of certain classes of modules formed by attaching rows to a fixed Schur
functor associated to a skew-partition. We conclude with an application of these results that allows us to
compute the regularity of the sheaf S*(R) in arbitrary characteristic.

Notation 6.20. Let A be any Koszul algebra and « any fixed composition. Define the right A-module
S5°* via
.. o)
S5 =P sy,
d=0

with right A-module action induced by the canonical surjections S§ ®g Ay — S‘f\@(d). Similarly, the
right (A')*-comodule S‘j"(l.) is defined via

a(l ) @Sa (1d)

d=0

with comodule action induced by the canonical injections S‘z'(ld) — SY ®r (Aii)*. The left A-modules
S'AG“ and left (A')*-comodules SS.)'“ are defined identically, but with the appropriate concatenation/near-
concatenation appearing on the left.

Example 6.21. If o« = (e) is a single integer, then the module Sf:)Q'

is simply (A4)¢, viewed as a
right A-module. More generally, let Q; i (R) denote the i-th syzygy of the A-module R,? truncated past

degree ] Then
Q' 1 1, ) Oe

3That is, the image of the i-th differential in any A-projective resolution of R.
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Theorem 6.22. Let A be any Koszul algebra and o any composition. Then the right A-module S‘;“@' isa
Koszul A-module, and the minimal free resolution over A has the form

o 8 W @p A=) > S5 T @p A=+ 1) > - > ST D @ A(—1) > S @k A

In particular, the quadratic dual of S‘Z@' is precisely the left A'-module S:Srev(at) .

Proof. Let o be any fixed partition and set M := §Z®’. We use the criterion of Lemma 4.43(2). Letd > 0
be any integer and observe first that
B od-g
S Mg, A = Sy

Thus for any compositions S, y the exactness of the sequence
By B 14 BOY
0— SM%A — §M>J’A ®r S, — §M>J’A —0
is equivalent to the exactness of the sequence
0— Si” — S‘;@RSK —>Si\®y — 0,

where § = o © (d) - B. This latter sequence is evidently exact, since the algebra A is assumed to be Koszul,
whence the module M is Koszul. The latter statements are trivial consequences of the Priddy complex
associated to a Koszul module (see Theorem A.25). O

The modules S‘;‘XO' are constructed in such a way that they are totally compatible with any kind of
ambient group actions, and the naturality of this construction leads one to wonder if there are classes of
Koszul modules in the literature that are “secretly” of the form SZQ‘ for some . We pose this question
formally.

Question 6.23. Are there interesting examples of Koszul modules in the literature of the form §Z®’ for
some composition «? (One such class of examples arises as in Example 6.21.)

For the remainder of this subsection, we assume that A = S*(V) (the symmetric algebra) or /\" V (the
exterior algebra), where V is any free R-module (R is still assumed to be a commutative ring). In this
setting, we have access to the classically defined Schur functors S? (V) of Akin, Buchsbaum and Weyman
[1982], where D = A/u is a skew partition. For a composition «, the notation D ® « will denote the
skew partition obtained by attaching the bottom row of « to the top row of the diagram D. Likewise, the
notation D -« is defined to be the skew partition obtained by concatenating the ribbon diagram associated
with « to the top row of D.

Example 6.24. Let D = (3, 3,2)/(1) and o = (2, 2). Then:

DOa= | and D.a=
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Remark 6.25. The concatenation/near-concatenation of arbitrary diagrams D and D’ is defined in
[Almousa et al. 2024, Definition 3.4], but we will not need this level of generality here.

Definition 6.26. Let D = A/ be a skew-partition. The notation SP®*(V) will denote the S*(V)-module
with
d>0

with multiplication induced by the canonical surjections
SP(V)®gr $U(V) - SPOY (V).
Likewise, the notation S?*!")(V) denotes the /\" V-comodule with

sP-U9(yy .= @ SD-(I")(V)
d=0

with comultiplication induced by the natural inclusions

d
sPUD vy s SP(V) @5 AV

The analogous definitions for S” replaced by the Weyl functors WP” will be used, with the tacit knowledge
that the module W”®*(V) is instead a /\* V-module. Likewise, the modules $*®? (V) (resp. W*®P(V))
and SUVP (V) (resp. WP (V)) are defined analogously.

Remark 6.27. A simple way to define the module structure on SP®*(V) is to take advantage of the short
exact sequence, see [Almousa et al. 2024, Proposition 3.6],

0—SPW(V) 5 8PV — SPO(v) -0,

and then define SP®*(V) to be the quadratic S*(V)-module induced by the above short exact sequence,
there is always a standard way to do this; see, for instance, [Polishchuk and Positselski 2005].

Theorem 6.28. Let A := §°(V), the symmetric algebra on a free R-module V. For any skew partition
D := A/, the S*(V)-module SP®*(V) is Koszul, and the minimal free resolution over A has the form

5 SP U L A(—i) = SPUT(VY@p A(—i +1) = - — SPO V)Y@ A(=1) = SP(V) @5 A.

In particular, the quadratic dual of SP®*(V) is precisely the )\* V*-module W*©P (V). The analogous
statement for the A = /\" V-module WPO(V) also holds.

Proof. Define M := SP®*(V) and notice that by identical reasoning to the proof of Theorem 6.22, for
any integer d > 0 and composition « there is an equality

g(]){/[}d’A — SD@(d).ot(V)’
whence the sequences of Lemma 4.43 read

0 — SPOD-B () _, gPOWa(yy g, gi — §POD@0B () _, .
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By [Almousa et al. 2024, Proposition 3.6], this sequence is exact; in the notation of [Almousa et al. 2024],
the diagram denoted D is the diagram D © (d) - « in our notation and D’ is the ribbon diagram associated
to . By Lemma 4.43(2), the module M is Koszul, and the latter statements are again an immediate
consequence of the Priddy complex (see Theorem A.25). ]

As a further application, we conclude this section with a characteristic-free computation of the regularity
of a certain class of vector bundles on projective space by using the resolution of Theorem 6.28.

Notation 6.29. Let V be any k-vector space and [°(V') denote projective space on V. The tautological
subbundle R on P(V) is the twisted sheaf €2(1), where €2 denotes the cotangent bundle. More concretely,
R is defined via a twist of the Euler sequence

0— R — V& Opwy)— Opw)(l) — 0.
For convenience, recall that a sheaf F on some variety X is r-regular if
H'(X,F(r—i)=0

for all i > 0. The regularity of a sheaf F is defined to be the minimal integer r such that F is r-regular.
We conclude our applications with a characteristic-free regularity computation for a canonical class of
vector bundles on projective space.

Theorem 6.30. Let V be a k-vector space and R the tautological subbundle on P(V'). Given any partition
A= (A1, ..., Ay) (Where n = dim V), there is an exact sequence of vector bundles of P(V')

o SHIT (V) @ Opyy(—hp — i) = - = SHPUV) @ Oy (=1 — 1)
— SMM (V) @ Opeyy(—ri) = SHR) — 0. (6.30.1)

Moreover, writing A = (A, ..., Al) (where M|, > 0),* there is an equality

In particular, the sheaf S*(R) has regularity Aj.

Remark 6.31. Theorem 6.30 generalizes a theorem of Gao and Raicu [2024, Theorem 2.2], where the
authors used the Kempf-Weyman geometric technique [Weyman 2003] to construct the above resolution
in the case A = (a); they used this to prove that the regularity of the sheaf $%(R) is precisely a.

The subtlety of needing to concatenate the partition A on the rightmost column was not present in [Gao
and Raicu 2024], since concatenating a column of the left/right of the diagram for the partition (a, a)
yields isomorphic representations.

“4In other words, AL, is the length of the rightmost column of the tableau associated to A.
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Example 6.32. Consider the partition

ri=(3,3,2,1) =

so that A' = (4, 3, 2). Then Theorem 6.30 implies that there is a resolution of the form

= A® Opw)(=5) = A®k Opw)(—4) — FE®k Opv) (=3) — ST*2V(R),
]

where in the above complex a Young diagram for shape A/ corresponds to the Schur module $*/#(V).
By stripping off the rightmost column of the shapes appearing in the above complex, Theorem 6.30 also
implies that there is an isomorphism

HZ(P(V), 8(3’3’2’1)(72)) — 8(2’2’2’2’1)(‘/).

This is particularly evident if the ambient vector space V has dimension 4, since the above resolution
becomes the short exact sequence

0— S@222D (V) @y det(V) @k Op(v)(—4) > SC32D(V) @ Oy (=3) - SE+2D(R) — 0.

Proof of Theorem 6.30. The complex (6.30.1) arises by taking sheaves associated to the resolutions of
Theorem 6.28 for the partition A. The sheaf associated to the module $*®* (V) is precisely S*(R), whence
the sequence (6.30.1) is indeed an exact sequence of vector bundles.

Observe that it is of no loss of generality to assume that A, = 0, since if A, > 0 we may write

S*(R) = det(R)" @0y, SH A t2hmba1 = O)(R)

Using the fact that det(R) = Opv)(—1), we see that it indeed suffices to prove the statement of
Theorem 6.30 with A,, =0.
Twist the complex (6.30.1) by 4| — Al, — 1. The cohomology of each of the terms

——
=—Ai—i+1—2,—1)
isOunless i =n — AL, — 1, sinceif i <n—2} —1then 0 > —i — A, —1 > —n and hence the
twists Op(yy(—i — A/, — 1) have 0 cohomology identically. If i > n — 1!, — 1, then the Schur module

§(M’A)'(1"_A""_l) (V) is identically 0, since the rightmost column has length strictly greater than n (which
is the rank of V). It follows that

SED T Yy @ det(VF) if j=n— 1,

HI(P(V), S(A"M'(lnimil)(‘/) ®k Opvy(—n)) = { .
0 otherwise.
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Combining the fact that SO 1" (V)= S((“*I)M’ZH*’“""'A")(V) ®x det(V) with the above equality,
the hypercohomology spectral sequence implies that

t
{g((ll—l)Am+l,kl—1,kz ,,,,, MV if j= AL,

HI(P(V), S*(R)(hi — AL, — 1) = otherwise

The fact that H' (P(V), S*(R)(r —i)) = 0 for all r > A; is an immediate consequence of the complex
(6.30.1), since twisting by any s > A — A/, — 1 will yield a complex of vector bundles whose terms have

at most global sections. ([l

Appendix: Koszul algebras and modules over commutative rings

The purpose of this appendix is to define Koszul algebras/modules and their quadratic duals and recall
Backelin’s theorem in the generality established in Section 2. After developing the machinery of refinement
complexes, we relate Backelin’s theorem to the exactness properties of these complexes. Much of
the material in this section follows from straightforward extensions of the material of [Polishchuk and
Positselski 2005], but since we assume that R is an arbitrary commutative ring and our algebras are only flat
R-modules in each homogeneous component, there are some additional details/technicalities to be verified.

A.1. Generalities on quadratic algebras and modules.

Definition A.1. Let A be any quadratic algebra and M any graded (left) A-module M of initial degree ¢.
There is a canonical multiplication map A?d ®r M; — M, for every d > 0O; the kernel of this map will

be denoted Qﬁ d

The module M is called guadratic if
(1) the canonical map A?d ®pr My — M, 44 is surjective for all d > 0, and
(2) for every d > 0, there is an equality

O, =0 QrAY TP @r M+ + AV @ Q8 ®r AP TP @r M+ -+ AP @ QM.

(i+1)-th position

Definition A.2 (quadratic duals). Let A be a quadratic R-algebra and M any quadratic left A-module of
initial degree ¢. The quadratic dual A' C Ext},(R, R) is defined to be the subalgebra

@D Ext, (R, R); C Ext}(R, R).
ieZ
Notice that this is indeed a well-defined subalgebra, since the Yoneda product respects both the cohomo-

logical and internal grading. Viewing ExtiA (M, R) as aright A'-module (via Yoneda composition), define
the quadratic dual M* C Bxt,, (M, R) to be the A'-submodule

€D Ext, (M. R)i4, C Exty (M, R).
ieZ

The quadratic dual M' of a right A-module M is defined analogously and is a left A'-module.
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Remark A.3. The above definition is indeed well-defined for right A-modules, since a right A-module is
equivalently a left A°’-module, and it is evident that there is an isomorphism of algebras

Extyop (R, R) = Ext}; (R, R)P.
Thus Ext (M, R) is a right Ext}, (R, R)°’-module, and hence a left Ext}, (R, R)-module.

Remark A.4. The notion of a quadratic dual is typically only reserved for Koszul algebras. The modules
A' and M' as defined in Definition A.2 are sometimes referred to as diagonal subalgebras and diagonal
submodules of the Ext algebra/module, but in view of the observation below it seems appropriate to use
the name quadratic dual for the general construction.

Observation A.5. Let A be a quadratic R-algebra and M any quadratic left A-module of initial degree 7.
Then the quadratic dual A' is a quadratic algebra, and likewise the quadratic dual M is a quadratic right
A'-module.

Proof. Dualizing the Bar complex Bar® (A), the n-th graded piece of the quadratic dual A' is by definition
defined to be the cokernel of the map

n—1

@ AT®1_1 Qr A; Qg AT®n_1_l N AT®n'

i=1
Moreover, the Yoneda product is induced by the tensor algebra product on the cobar construction, in
which case the algebra A' is by definition a quadratic algebra. Similarly, dualizing the bar complex
Bar? (M) implies that

‘ M7, ®r ATW_I_I B
M, = Coker S — M/ @k A>1k®n '
@;1:—11—1 Mt* Rr AT@i—l Qr A; ®r AT@n—t—i—l
Again, the right Yoneda module structure is induced by the right tensor algebra structure on the cobar
complex, in which case M is a quadratic right A'-module. (I

Finally, we conclude this section by defining a Koszul algebra/module:

Definition A.6. Let A be a quadratic R-algebra. The algebra A is Koszul if there is an isomorphism of
R-algebras

A' = Exty (R, R).

Likewise, let M be any left A-module. Then the module M is Koszul if there is an isomorphism of right
A'-modules

M' = Exty (M, R).

In other words, the inclusions of Definition A.2 are actually equalities.
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A.2. Refinement complexes. In this section, we recall the notion of refinement complexes; it should be
noted here that the terminology is new, but such complexes (often unnamed) have been studied before;
see for instance [Polishchuk and Positselski 2005, Chapter 2.8]. These complexes may be understood as
(subquotients of) homogeneous strands of the augmented bar complex associated to a quadratic algebra A.

Throughout this section, we will use the notation for compositions and the standard operations between
them established in Section 4.1.

Definition A.7 (refinement complexes). Let o = (¢, ..., @,;) be a composition of some integer d. Define

the refinement (chain) complex R.A’M (o) to be the chain complex with

R = @ (ah or M)
pza
LB —Ll(w)=i

and differential induced by the cobar differential on CobarA!(M . Likewise, define the refinement
(cochain) complex Ry () to be the cochain complex with

Riy@= P (A®xM)y,
Bza
LB)—L(a)=i

and differential induced by the bar differential on Bar?(M). The notation Rl.A (@) and RI.A () will be
shorthand for RZ.A ’A+(a) and R;’ a, (@), respectively.

Example A.8. If A = S(V) is the symmetric algebra on some free R-module V, then
9 N VoAV 3 2 4
R34 AV - @ - AVeAve V.
N VNV

Likewise, using the notation of Definition 4.15,

A5,4,3) A9,3)
) )
R;‘(3, 2, 4, 3) . A(3,2’4’3) —> A(3,6’3) —> A(5,7) —> A12.
©® ®
A32.7) A3

A.3. Koszulness and distributivity. In this section, we recall Backelin’s theorem for Koszul algebras.
For convenience, we state explicitly the following equivalent conditions for Koszulness, which are trivial
retranslations of the definition.

Observation A.9. Let A be any quadratic algebra. Then the following are equivalent:
(1) The algebra A is Koszul.

(2) For all j > i, one has Ext’A(R, R); =0.

(3) For all j > i, one has Torl’.‘\ (R,R); =0.
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Definition A.10. Let A be a quadratic R-algebra. Given positive integers n, i > 0, use the notation
SZ’Z' = A?l_l ®R Q? ®R Ai@n_i_l C A(]X)n

The following crucial observation ties all the machinery introduced in Section A.2 to the theory of
distributivity developed in Section 3.

Observation A.11. Let A be a Koszul R-algebra with n,i > O positive integers. Then there is an
isomorphism of R-modules
AP
_
Vier Sh.i

In particular, with notation as in Definition 4.4 and Construction 3.5 there are isomorphisms of complexes

= A

-1
RMo)=CI @A 8y | Sk, ) and Ry(@)=Cyy o (AT S 1 Sh ).

Finally, we state and prove the generalization of Backelin’s theorem. Notice that the proof is deceptively
short, but relies on the entirety of the material developed thus far in the paper.

Theorem A.12. Let A be any quadratic R-algebra. Then
Ais Koszul <= the collection S} |, ..., Sy ,_, C AY" is distributive for all n > 0.

In particular, the refinement complexes R’ (a) and RA(a) are exact in positive (co)homological degrees

for all compositions .

Remark A.13. Notice that it is clear that distributivity implies that A is Koszul, since this means that
the complex R;{(ld) is in particular exact in positive cohomological degrees. It is not obvious at all
that Koszulness should be sufficient to imply exactness of the refinement complexes for all choices of
compositions.

Proof. This is an immediate consequence of Backelin’s theorem combined with Observation A.11. [

Remark A.14. Notice that with the distributivity perspective of Koszul algebras,
®n ®
AS ae
Siat-+S_ia S?,Av+”'+srrf—l,Av

A, «~— Ail corresponds to

This is another quick way to see that A = (A')' as R-algebras.

Corollary A.15. Let A be a quadratic R-algebra. Then A is Koszul if and only if AD is Koszul for every
d>0.

Remark A.16. Of course, the nontrivial direction of Corollary A.15 is the fact that A is Koszul implies
that A is Koszul for all d > 0. The distributivity criterion makes this a trivial consequence; it is worth
mentioning that this was originally proved by Barcanescu and Manolache [1981].
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A.4. Koszul modules over Koszul algebras. The following section makes some additional observations
about Koszul modules that will be useful to reference explicitly in earlier sections. We start with an
analogous observation on equivalent conditions for Koszulness of a module:

Observation A.17. Let A be a Koszul algebra and M any quadratic left A-module of initial degree .
Then the following are equivalent:

(1) The module M is Koszul.
(2) For all j > i, one has Ext/, (M, R),;; = 0.
(3) For all j > i, one has Torl’.“ (M, R);+j=0.
The following submodule collections are the evident analog of the collection in Definition A.10 for
quadratic modules:

Definition A.18. Let A be a quadratic algebra and M any quadratic left A-module of initial degree ¢.
Given positive integers n, i > 0, use the notation
AY T @pr Q@R AT @r M, ifi<n—1,

C A" '@ M,.
APl @ OM ifi=n—1 rooERT

n . —
SA,M,i T {

The submodules Sy, , ; C M; Qg A?”*I for a right A-module M are defined analogously.
Theorem A.19. Let M be a left (resp. right) A-module of initial degree t, where A is a Koszul R-algebra.
Then
M is Koszul <= the collection S} 4 1. ..., Sk oy C AY" ®r M, is distributive for all n > 0.

The analogous statement for right A-modules holds as well. In particular, the refinement complexes
R} (@) and RAM () are exact in positive (co)homological degrees for all compositions a.
Proof. The proof is identical to the proof of Theorem A.12. ([l

The following observation is immediate upon applying —®z M to the augmented bar complex Bar (A):

Observation A.20. Let A be a Koszul R-algebra. Then any flat R-module is a Koszul A-module by
viewing the R-module as a left (or right) A-module concentrated in some fixed degree.

Corollary A.21. If M is a Koszul left (resp. right) A-module, then the truncation M=y is a Koszul left
(resp. right) A-module for alld € 7.

Proof. Let t denote the initial degree of M, and proceed by induction on the difference d —¢t. When
d —t =0, it is by assumption that M, = M is Koszul.
Let d —t > 0. There is a short exact sequence

0> Msgy > Msy_y—1 > My__; — 0,

where M;_,_; is a flat R-module viewed as being concentrated in degree d — ¢t — 1. By the inductive
hypothesis, the truncation M>,4_,_; is Koszul and by Observation A.20 the A-module M,;_,_; is Koszul.
By the long exact sequence of cohomology, the truncation M>,_; must also be Koszul. U
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Observation A.22. If M is a Koszul left A-module over a Koszul algebra A, then the graded dual M* is
a Koszul right A-module.

Proof. It is clear by definition that each graded component of M* is a flat R-module, so it remains to
prove that Ext’,, (M™, R) is generated in minimal internal degree. There is a string of isomorphisms of
algebras

Ext}, (M, R)°P = Ext}o, (R, M) = Tor™ (R, M*)*.

Since Ext} (M, R) is generated in minimal internal degrees, so is Tor.AOlD (R, M*). This implies that M* is
Koszul. O

We conclude this subsection with a statement about the Koszulness of tensor products of Koszul
algebras. This will be most useful when dealing with multi-Schur functors.

Corollary A.23. Let A and B be two Koszul algebras and let M (resp. N) a left A (resp. B)-module.
Then the tensor product A ®g B is a Koszul algebra and M ®pg N is a Koszul left A @ g B-module.

Proof. Recall that for any (left) A-module M and B-module N, the shuffle product
V: BarA(M) Rr BarB(N) — BarA®RB(M Qr N)

is a well-defined morphism of complexes. The complex Bar*®*8 (M ®x N) is a flat resolution of M @ N,
and by the assumption that all the modules A, B, M, and N are flat as R-modules the tensor product
Bar® (M) ®g Bar® (N) is also a flat resolution of M ®g N. Since R ® 4 Bar® (M) and R ® 3 Bar? (N)
both have homology concentrated in minimal degrees, so does R ® g, Bar*®*8(M @g N). U

A.S. The Priddy complex. In this section, we recall the well-known construction of the Priddy complex
(originally proved in the work of Priddy [1970]) for our setting. The definition is identical to that of the orig-
inal definition over fields, but we include the definition along with the relevant properties for completeness.

Construction A.24. Let A be a Koszul R-algebra and M a left Koszul module. For each i > 0, there is a
canonical inclusion of left A-modules

A®r (MY, = A®g A ®g M, = Bar’ (M),

where the left A-module structure on A ®z (M')* comes from only allowing A to act on the leftmost
tensor factor. This inclusion thus lifts to an inclusion of complexes

A®g (M")* < Bar(M).
The differential on the complex A ®x (M")* is induced by the Bar complex differential (this is indeed
well-defined).
Theorem A.25. Let A be a quadratic algebra and M any left A-module. Then the following are equivalent:
(1) The left A-module M is Koszul.
(2) The complex A @g (M")* is a flat resolution of M over A.



Ribbon Schur functors 833

Proof. (2) = (1): This implication is clear, since if A Qg (M "* is a flat resolution of M over A, tensoring
with R over A implies that TorLA(R, M) is concentrated in degree i + ¢ (recall that Tor may be computed
using flat resolutions).

(1) = (2): Lett: A®g (M')* be the inclusion of Construction A.24 and consider the mapping cone
Cone(t). There is the tautological short exact sequence of complexes

0— R®, Bar®(M) — Cone(R ®4 1) — (M')*[—1] — 0.

The assumption that M is Koszul implies that R ® 4 ¢ is a quasiisomorphism, so that Cone(R ® 4 ¢) is an
exact complex of flat R-modules. However, this implies by Nakayama’s lemma Cone(t) must be an exact
complex, whence A Qg (M "Y* is an A-flat resolution of M. Il
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