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ABSTRACT. We use tori and Hilbert schemes of K3 surfaces to construct explicit bases
for the real, complex, and quaternionic versions of rational symplectic and rational Spin
bordism. The key input to our work is a theorem of Oberdieck, Song, and Voisin on
the Milnor genus of Hilbert schemes of K3s.

1. INTRODUCTION

Symplectid]] bordism is complicated. Thanks to hard work by many mathematicians
including Novikov [Nov62|, Liulevicius [Liu64|, Stong [Sto67]|, Ray [Ray70, Ray71al
Ray71b|, Segal [Seg70], Kochman [Koc80, Koc82, [Koc93|, Vershinin [Ver80, Ver83],
Botvinnik [Bot90, Bot92], Botvinnik-Kochman |[BK94, BK96|, and Anisimov—Vershi-
nin [AV12|, the symplectic bordism groups have been computed through degree 100, but
a general description is not known. The situation is much simpler rationally, where the
bordism ring is isomorphic to an infinite polynomial ring with generators given by the
dual symplectic Pontryagin classes. From this, one can count ranks to show that rational
symplectic and rational oriented bordism are isomorphic.

Thanks to foundational work of Anderson, Brown, and Peterson [ABP67|, we have a
complete description of Spin bordism groups (although the ring structure is still not
completely known). Rationally, the Spin bordism ring is isomorphic to the oriented
bordism ring, again by counting characteristic classes.

Thom proved that rational oriented bordism ring is generated by the projective spaces
CP*" [Tho54), Corollaire IV.18]. Despite the aforementioned isomorphisms, CP*"* admits
neither almost quaternionic nor Spin structure, so this basis for Q5° @ Q does not induce
a basis for 2% ® Q or Q%P @ Q.

In this article, we construct manifolds that generate rational Sp and Spin bordism, along
with their complex and quaternionic counterparts. In contrast to previously known
generating sets (see , our manifolds are hyperkéhler (in dimensions 4n) or are the
product of a hyperkéhler manifold with a 2-torus (in dimensions 4n + 2). We will state
our main theorem after introducing some notation.
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Given two groups G, K with chosen central subgroups {£1} C G and {£1} C K, let
G - K denote G x K modulo the diagonal subgroup (+1,41). With this notation, set

Sp"(n) = Sp(n), Spin”(n) := Spin(n),
(1.1) Sp®(n) = Sp(n) x U(1), Spin®(n) = Spin(n) - U(1),
Sp”(n) == Sp(n) x SU(2), Spin”(n) := Spin(n) - SU(2),

where Sp and Spin denote the symplectic and spin groups, respectively. Here, {+1} C
Spin(n) is the kernel of the double cover Spin(n) — SO(n), and {£1} is the subgroup
generated by the matrix —I in U(1) and SU(2). For z € {r, ¢, h}, let Sp” := colim Sp®(n)
n—oo
and Spin® := colim Spin®(n). (See for an explanation of the lack of parallelism between
n—oo
Sp® and Spin®.)

In , we describe a group homomorphism ]?:NSp — Spin, which we call a “forgetful
map.’ Using it, we can define forgetful maps f*: Sp® — Spin” for x € {¢, h} to be the
compositions

(1.2) 720 9p7 = Sp x G& L Spin x G %5 Spin - 67,

where G¢ = U(1), G" = SU(2), and ¢ is the quotient by the diagonal subgroup (+1, +1) :==

Given a complex algebraic surface S and n > 1, let S denote the Hilbert scheme of n
points on S. Fogarty proved that if S is smooth and projective, then so is SI" [Fog68].
Beauville proved that if S is also hyperkihler, then S is hyperkihler [Bea83, Théoréme
3]. In particular, Hilbert schemes of points on K3 surfaces are always smooth and admit
an Sp-structure.

Let P(n) denote the set of partitions of n. Let K3 denote any complex K3 surface (all
of which belong to the same diffeomorphism class). Let 7" denote the n-torus, which is
complex in even dimensions n.

Notation 1.3. For x = ¢, equip 72" with a framing, which exists because 72" is a Lie
group. Then consider the line bundle

(1.4) Lo, — T,

which is defined as the n'" external power of a complex line bundle L — T? with Chern
number 1. We denote the torus with this structure by 72"

For x = h, we keep the framing and define a principal SU(2)-bundle as follows. For any
choice of metric, the unit sphere bundle inside the line bundle Ly, is a U(1)-bundle Sy, —
T%", whose isomorphism type is independent of the choice of metric. The associated

SU(2)-bundle (see §1.2)) is
(15) Q4n = S4n Xu@) SU(Q) — T4n.
2This map, and the induced map on bordism, are both well-known but not necessarily clearly spelled

out in the literature. For example, one can factor f as a map Sp — SU, which was described by
Conner—Floyd [CF66, §5], followed by a map SU — Spin, discussed in e.g. Stong [Sto68, Chapter XI].
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We denote the torus with this structure by T,

Theorem 1.6. The forgetful map induces an isomorphism
(1.7) F7: Q% Q= 0% g Q

of rings for x € {r,c} and of QO ® Q-modules for v = h. Moreover, the (non-trivial)
graded pieces of Equation (1.7)) admit the following bases BE:

By, = {H K3l (ny, ... ng) € P(n)} )
i=1

B = {Tf(”m) X HKB[””] :0<m<nand (my,...,m,) € P(m)} )

i=1

=1

B, 1o = {Tf("_m)Jr2 X HKS[mi] :0<m<nand (my,...,m,) € P(m)} ,

i=1

B! = {T:("m) X HKB[””] :0<m<nand(my,...,m,) € P(m)} .

By [EGLOI, Theorem 0.1|, the bordism classes of these basis elements do not depend on
the choice of K3 surface.

Our proof of Theorem consists of the following steps.

(i) Put both a Sp® and a Spin® structure on the elements of B?. This is done in
Section (3| and relies on an observation of Beauville [Bea83).

(ii) Construct the maps F* : Q5" @ Q — Q™" © Q (see (I.7)), prove that these are
isomorphisms for all n, and deduce that |B¥| = rank QP". This is done in Section
and relies only on standard techniques from homotopy theory.

(iii) Prove that the elements of B are linearly independent in Q5°" ® Q. This is done
in Section [6] and relies on work of Oberdieck, Song, and Voisin [OSV22)].

We do not know how far B? are from being bases of Q¢ /(torsion) or Q¢ ® Z[1/2],
where G € {Sp, Spin}.

Question 1.8. For G € {Sp,Spin} and = € {r,¢,h}, does the set B generate either
Q" /(torsion) or Q" ® Z[1/2]?

Remark 1.9. Technically, the title of this article is a lie. The elements of B, ,, are
not hyperkihler, because T is not hyperkihler. A more cumbersome but accurate title
would be “Hyperkéhler bases for four rational bordism theories, and a near miss for two
more.”
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1.1. Context. For bordism theories with sufficiently simple structure group, the bor-
dism groups are characterized in terms of certain characteristic classes via the Pontryagin—
Thom theorem. For example, the unoriented bordism ring is isomorphic to Fa[z; :
i # 2" — 1], where z; is dual to a product of Stiefel-Whitney classes; z; is represented
by RP’ (for even i) or a Dold manifold [Dol56] (for odd z) The oriented bordism
ring is generated over the integers by duals of Pontryagin classes and Stiefel-Whitney
classes, which makes constructing manifold representatives more complicated, though
see [Wal60l, [And66], [F1ih22] for some sets of generating manifolds. The situation is sim-
pler after rationalizing, in which case the oriented bordism ring is just generated by duals
of Pontryagin classes, represented by CP? [Tho54, Corollaire IV.18].

Though Sp® and Sp" bordism have not been studied before to our knowledge, there is
prior work finding manifolds generating the other four bordism rings and modules that
we study, sometimes after tensoring with Z[1/2] or Q.

Spin: Stong [Sto66] gave a generating set for Q5P @ Z[1/2]. Milnor [Mil63] found
some low-dimensional generators over Z. Stolz [Sto92, Theorem B| showed that
over Z, most generators can be taken as total spaces of HP?-bundles. While
Anderson-Brown—Peterson [ABP66], p. 258] provides a semi-explicit description
of manifold representatives for generators of rational Spin bordism in each degree,
these representatives are in turn defined in terms of manifolds that are known to
exist but are not explicitly described in most cases.

Spin®¢: Stong [Sto66] gave a generating set over Z[1/2]. Granath [Gra23| showed
that, over Z, the generators may be chosen to be the point and the total spaces
of HP?- and CP*-bundles. See also Abdallah-Salch [AS25] for recent work on the

multiplicative structure over Z.

Spin™: Hu [Hu23, Appendix A| finds generators over Z in degrees < 5; Buchanan—
McKean [BM23| §10] also study this question. Debray—Krulewski [DK25, Theo-

rem 4.13] show that over Z[1/2], a set of generators for Q"™ such as Stong’s,

induces a set of generators of ;7" .

Sp: Stong [Sto67| gave a generating set over Z[1/2]. Ray [Ray72, Ray86] and
Laughton [Lau08, §7| give partial results over Z; see also Gigli [Gig25, §6| for
work towards generators of a motivic analogue of symplectic bordism.

Our goal of building a set of generators with nice geometric properties also has an-
tecedents, including Oberdieck—Song—Voisin’s work [OSV22] as mentioned above, as well
as that of Limonchenko-Lii—Panov [LLP18|, who construct generators for Q5V ® Z[1/2]
that are Calabi—Yau hypersurfaces in toric varieties.

1.2. Conventions. If M is a manifold and k is a characteristic class, then we use the
notation k(M) = k(T M).

3See [Mil65al, [And66l, [O'R77, [Roy 77l [And87, [Gsc96] for additional constructions of generating sets of
manifolds for the unoriented bordism ring.
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We choose an inclusion of R-algebras C < H: unlike for R < C, there is not a unique
choice. We select the unique algebra homomorphism C < H obtained by extending
R-linearly from 1 — 1 and ¢ — 7. None of our constructions depend on this specific
choice, but it is helpful to make one.

From this homomorphism, we obtain forgetful functors from left H-modules to complex
vector spaces and from manifolds with an Sp-structure to almost complex manifolds. We
also obtain injective group homomorphisms Sp(n) < U(2n) for all n (and can then forget
further to O(4n)). Restricting C < H, we also obtain an injective group homomorphism
U(1) < SU(2), which is the standard maximal torus of SU(2).

Remark 1.10. There is an unfortunate conflation of the term symplectic in the litera-
ture: there are two distinct types of groups known as symplectic groups, and hence two
distinct notions of symplectic structures on manifolds. Confusingly, symplectic for us
will mean the compact symplectic group, which is arguably the more obscure variant of
the two.

The symplectic group Sp(2n,R) is the subgroup of SL(2n,R) of linear transformations
preserving a non-degenerate, skew-symmetric bilinear form, while the compact symplec-
tic group Sp(n) is the subgroup of GL(n,H) of linear transformations preserving the
standard hermitian form.

A 2n-manifold M is said to be almost symplectic if it admits a non-degenerate 2-form w.
The structure group for this sort of symplectic structure is Sp(2n, R). If w is also closed,
then w is called a symplectic form and M is said to be a symplectic manifold.

On the other hand, a manifold M having structure group contained in Sp(n) corresponds
to the stable normal (or tangent) bundle of M admitting the structure of a quaternionic
vector bundle. In analogy with almost complex structures, it would seem reasonable to
use almost quaternionic structure as a pithy replacement for Sp-structure; unfortunately,
almost quaternionic already means something slightly different.

A Riemannian 4n-manifold with holonomy contained in Sp(n) is necessarily a hyper-
kdhler manifold [Cal79l p. 292|. Hyperkéhler manifolds are holomorphically symplectic
(meaning that they admit a symplectic form that is holomorphic), and conversely, a com-
pact kéhler manifold with holomorphic symplectic form is hyperkihler [Bea83| p. 758|.
Still, not every symplectic manifold is hyperkéhler, since a holomorphic symplectic form
trivializes the canonical bundle of the manifold. Consequently, CP" is symplectic but
not hyperkéhler.

The clash of the symplectics even extends to bordism, as there are well-known construc-
tions in symplectic geometry known as symplectic cobordisms (see e.g. [EH02, [EM23]).
We will never mean this sort of cobordism when we say symplectic bordism.

So to be clear, outside of this remark, we only work with the compact symplectic group.
In particular, symplectic means that the stable normal bundle admits the structure of a
quaternionic vector bundle, not the existence of a symplectic form on our manifold.
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2. CHARACTERISTIC CLASSES

We recall a few well-known facts about characteristic classes for our convenience. Perhaps
the quickest way to define the classes we need are in terms of the cohomology of classifying
spaces. To begin, we have an isomorphism

(2.1) H*(BU; Z) 2 Zey, ca,. .,

where |¢;| = 2i [Borb3l, p. 183]. The generators ¢; are known as Chern classes. Given a
real vector bundle E, we can then define

(2.2) pi(E) = (—1)icoi(E @g C).

This yields the Pontryagin classes py,po,... € H*(BO;Z), with |p;| = 4i. Although the
Pontryagin classes do not generate the integral cohomology of BO, there is an isomor-
phism [BH59, §30.2]

(2.3) H*(BO; Q) = Qlpi, p2, - . ]-
Since a complex bundle F satisfies
(2.4) E®RC=E@E,

the Whitney sum formula implies that

(2.5) > (—Lp(E) = (Z ci(E)> <Z(—1)i0z(E)> :

i=0 i=0
Expanding this out, we find that
k—1

(2.6) Ph(E) = (B + 23 (~1) ey (B)ey(E).

1=0

Remark 2.7. The relationship between Chern and Pontryagin classes is nicely packaged
in terms of the Chern and Pontryagin characters. These are rational classes

(2.8) che [[E"(BU;Q), poe]]H"(BO;Q)

n=0 n=0
that represent ring homomorphisms from KU-cohomology and KO-cohomology, respec-
tively. These homomorphisms are in turn induced by the Chern—Dold characters

(2.9) cdp: E — Eg,

where £ = KU or KO and Ep denotes the rationalization of E. This relies on the fact
that

KUg ~ HQ[e4],
KOg ~ HQ[p:].
See [LSW20, §2.1| for some nice exposition on the story of Chern-Dold characters.

(2.10)
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The graded pieces of the characters ch and po can be computed by the Newton—Girard

polynomials si(x1,...,2x), which are characterized by their generating series
2.11 — 1) tsp(zy, ... ) — =log | 1+ xit' | .
21 S (-t = (143

The first few examples are
51 = T,
So = a:% — 219,
(2.12) s3 = 2} — 3129 + 313,
S4 = :Ui‘ — 435%1’2 + 4x1x35 + 21‘% — 4y,
S5 = xi’ — 5x2x? + 5x3:cf + 51’33:1 — bxyx1 — Dx379 + DI5.

With this notation, we have

(2.13a) ch=>" seler -0

k!
k>1
k>1 ’

By definition of Pontryagin classes, the Chern and Pontryagin characters satisfy
(2.14) po = ch(— ®g C).

In terms of the graded pieces of these characters, we have po, = chgy(— ®g C). In
particular, for all £ > 1, we have

(2.15) se(P1,- -, k) = Sar(c1, .-, Con),

which is amusing to verify directly in terms of Equation (2.6) and the explicit formulas
for sy (c.f. [MS74, Problem 16-CJ).

We will need the following characteristic class computation.

Lemma 2.16.

/ Cl(Lgn)n =n!
T2n

Proof. Recall (from Notation that L, is the external tensor product of the n factors
of L — T? The first Chern class is additive in tensor product, so in H*(T?";7Z) =

Z[eb f1> D) fn]/(ef, ff), we have

(2.17a) ci(Lan) =Y _eufe.

=1
By the binomial theorem, we have

(217b) Cl(LQn)n =n! ﬁ egfg.

(=1
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The generator of H?"(T?";Z) corresponding to the canonical orientation is ey fi - - - e fo,
SO [on €1(Lan)™ = nl. O

The quaternionic analogs of Chern classes are the symplectic Pontryagin classes q; [BH58,
§9.6], which generate the integral cohomology of BSp:

Their degrees are given by |¢;| = 4i. Not only do the classes p; and ¢; have the same
degree, but they also coincide rationally in the following sense:

Proposition 2.19. Let Bf: BSp — BO be the forgetful map and (Bf)*: H*(BO;Q) —
H*(BSp; Q) be the pullback map in cohomology. Then

(i) (Bf)* is a Q-algebra isomorphism, and
(i) there are numbers a; € Q* such that (Bf)*(p;) = a;q;.

Proof. Part directly implies , so we focus on . Borel-Hirzebruch [BH58, §9.7]
show that, in rational cohomology, both p; and ¢; satisfy the same Whitney sum formula.
That is, suppose {r;} is either of {p;} or {¢;} and E, F — X are vector bundles (with
Sp-structures if {r;} = {¢;}). Then

(2.20) rm(E® F)= > ri(E)r(F) € H"(X;Q).

i+j=n
Thus if we can show for ¢« = 1, it holds for all 7 courtesy of the splitting principle
for Sp (see [May05, Example 9] or [BG10, Theorem 5.3.10]). So, we want to show that
(Bf)*(p1) = a1q for some a; € Q*. Since H*(BSp; Q) = Q, generated by ¢, it suffices
to show (Bf)*(p1) # 0, i.e. to exhibit any Sp-structured vector bundle with nonzero first

Pontryagin class. An example such bundle is the tautological quaternionic line bundle
over HP" (see, e.g., [Ale04] or [FH21, Remark 5.11]). O

By considering the Chern—-Dold character
(2.21) cdksp: KSp — KSpg ~ HQ[q1],

we obtain a symplectic Pontryagin character sy € H*(BSp; Q) representing the ho-
momorphism on cohomology induced by cdksp,. The Chern and Pontryagin character
formulas derive from the Whitney sum formula (as the associated Chern-Dold characters
are homomorphisms out of K-theory). Since the Whitney sum formula holds rationally
for both p; and ¢;, we likewise deduce that

o Sk(Q1a~-7Qk>
(2.22) sy = Z —
k>1
However, this is where we hit a snag. We know that

(2.23) (Bf) (po) =3 Sk(alfhal-f!- L k)

k>1
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but comparing this to sy would require an explicit calculation of the units a; in order to
determine the relationship between sg(z1,...,zx) and sg(a1z1, ..., axzg).

We now compute another requisite characteristic class, namely the first Pontryagin class
of the SU(2)-bundle Q4, — T*". The first Pontryagin class of an SU(2)-bundle is defined
to be the first Pontryagin class of the associated quaternionic line bundle, i.e. for the
defining representation of SU(2) on H.

Lemma 2.24. Let P — X be a U(1)-bundle. Then the first Pontryagin class of the
induced SU(2)-bundle P xy1y SU(2) is

(2.25) p1(P xua) SU(2)) = —2¢1(P)* € HY(X;Z).

Proof. 1t suffices to prove this for the universal bundle P = EU(1) — BU(1). The class
p1(P Xy SU(2)) equals the pullback of p; from BSU(2) to BU(1), so we want to show
this equals —2¢2, where ¢; € H*(BU(1);Z) denotes the first Chern class of the defining
representation of U(1).

To compute the pullback map, first restrict H from an SU(2)-representation to a U(1)-
representation along the map sending an element z € U(1) to the matrix (g le ), which
is how z acts on H on the left in the basis {1, j} for H as a C-vector space, where scalar
multiplication by C is on the right. Then H pulls back to O(1) & O(—1): the associated

bundle to the direct sum of the defining representation of U(1) and its conjugate.

By definition, p; (V) = co(V ®g C). Since V = O(1) & O(—1) has a complex structure,
implies that
(2.26) pi(H[su)) = 2((O(1) ® O(-1)) ©r C)

‘ =c(01)d O0(-1)® O(—-1) @ O(1)).

By definition, ¢;(O(1)) is the standard generator ¢; of H*(BU(1);Z), and since O(1) &
O(—1), we have ¢;(O(—1)) = —c;. Apply the Whitney sum formula to (2.26]) and plug
in the values of ¢;(O(=£1)) to conclude p (H|gy()) = —2¢f. O

Combining Lemmas and we immediately deduce:

Corollary 2.27.
/ P1(Qun)" # 0.
T4n

3. Sp” AND Spin® STRUCTURES ON HYPERKAHLER MANIFOLDS

In this section, we use the hyperkihler structure on K3 to define Sp” and Spin” struc-
tures on the manifolds in the generating sets B¥, for x € {r,c,h}. As is standard in
bordism theory, we need to fuss, at least to a minor degree, about whether we consider
stable tangential or stable normal structures.
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Let O := colim O(n), the colimit of the orthogonal groups. Then BO classifies virtual

n—ro0
vector bundles up to stable equivalence (i.e. identifying F and E@R), so for every virtual

vector bundle £ — M one has an associated principal O-bundle Pgr — M.

Definition 3.1. Let p: G — O be a homomorphism of topological groups

(i) A G-structure on a virtual vector bundle £ — M is the data of a principal G-bundle
Pg — M and an isomorphism of principal O-bundles

(ii) A (stable) tangential G-structure on a manifold M is a G-structure on 7M.

(iii) By work of Whitney [Whi44] and Wu [Wu5§]|, for N >> 0 there is a unique isotopy
class of embeddings M < S™; let v denote the normal bundle to this inclusion,
which is well-defined up to isomorphism. Composing with the equatorial inclusion
SN s SN+1 appends a trivial summand to v, so the stable equivalence class of v
is independent of N. A (stable) normal G-structure on M is a G-structure on v.

As usual, there is a homotopy type of each of these kinds of G-structures on a given
bundle or manifold, and we consider two G-structures equivalent if they lie in the same
connected component.

Stable tangential structures are more natural in the geometer’s lens, but bordisms of
stable tangential structures are modeled by Madsen—Tillmann spectra rather than Thom
spectra. In the course of showing that certain forgetful maps between our bordism
spectra are highly structured, we found it more convenient to work with Thom spectra
and thus with normal bordism, although similar structure should exist in the tangential
case. The results of this section imply that Theorem [1.6]is true for both types of bordism.

To define our normal Sp* and Spin” structures, we begin with some basic definitions and
facts about hyperkéahler structures.

Definition 3.3. An almost quaternionic structure on a manifold M is the data of three
almost complex structures I, J, K such that I? = J?> = K? = [JK = —1. If in addition
M admits a Riemannian metric g such that I, .J, K are each kidhler with respect to g,
then (g, 1, J, K) is called a hyperkdhler structure on M.

Every almost quaternionic manifold is Spin”, but such manifolds need not be Spin in
dimensions 8n + 4 [Bar99, Lemma 3.9]. However, we can say more about hyperkiahler
manifolds.

Proposition 3.4. A hyperkihler manifold has a canonical normal Sp-structure.

Proof. The holonomy of a hyperkihler manifold is contained in Sp(n) by [Cal79, p. 292|,
which induces a tangential Sp(n)-structure by [Joy99, Proposition 1.9]. Stabilizing gives
us a tangential Sp-structure, and the perp map V + V+ sends this tangential Sp-
structure to a normal Sp-structure. U
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Construction 3.5. For all &, the tangent bundle to the torus 7% may be canonically
trivialized using the Lie group framing, as T* = U(1)*. Therefore, for any manifold M,
there is an isomorphism of stable vector bundles

(3-6) VprxTk — PV,

where p: M x T* — M is projection onto the first factor. Thus if M is hyperkihler, the
normal Sp-structure on M defined in Proposition and the Lie group framing on T
combine to define a normal Sp-structure on M x T*.

In dimension 4, the only compact hyperkihler manifolds (up to diffeomorphism) are
T* and K3. In higher dimensions, Hilbert schemes of points on T* and K3 are again
hyperkahler, as proved by Beauville.

Theorem 3.7 (Beauville [Bea83, Théoréme 3|). For all n, K3 is hyperkdihler.

Using the hyperkihler structure on K3 we now define normal Sp®-structures on the
elements of BY.

Definition 3.8. For = € {r,c, h}, we define normal Sp®-structures on the elements of
B as follows:

(i) By Theorem [3.7, all elements of B! are hyperkihler; give them the Sp” = Sp-
structures from Proposition [3.4

(ii) An Sp°-structure is an Sp-structure and a principal U(1)-bundle. All elements of
B¢ are products of hyperkithler manifolds with 7% for some k; give them the Sp-
structures from Construction and the principal U(1)-bundle induced from the
line bundle (1.4)).

(iii) The case © = h is completely analogous to & = ¢, except that, instead of a U(1)-
bundle, we use the SU(2)-bundle (]1.5).

We can then put a new spin on Definition [3.8} the holonomy of a hyperkdhler manifold of
dimension 4n is a subgroup of Sp(n) [Cal79, p. 292], so the inclusion Sp(n) C Spin(4n )]
provides a canonical Spin structure on every hyperkdhler manifold (see e.g. [Joy99,
Proposition 1.9]). Combining this with the framing on T* like in Construction and
passing through quotients, we have:

Corollary 3.9. For x € {r,c,h}, the normal Sp®-structures defined on the elements of
B? in Definition[3.§ induce normal Spin® structures on those manifolds.

Proof. For x = r,c, h, the canonical Spin structure on the hyperkiahler manifold K3,
together with the framing on T* and the bundles we placed on it in Notation , induces
normal Spin, Spin x U(1), and Spin x SU(2) structures, respectively, on the elements
of Bf. We are done if z = r. If x € {¢, h}, then we pass through the quotients
Spin(n) x U(1) — Spin‘(n) and Spin(n) x SU(2) — Spin"(n) (see (L)) to finish. O

“In fact, this is an instance of the forgetful map ];vn that we will define in Construction
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4. JUSTIFYING Sp”

Readers with aesthetic sensitivities might bristle at the discrepancy between Sp® =
Sp x U(1) and Spin® = Spin - U(1) (and likewise for Sp”" and Spin”). The reason for this
difference is that there are no suitable connecting maps

Sp(n) - U(1) = Sp(n + 1) - U(1),

4.1
(41) Sp(n) - SU(2) — Sp(n+ 1) - SU(2),

as we will shortly explain. As a consequence, we cannot form a colimit to christen Sp-U(1)
or Sp - SU(2), so there is no notion of an Sp - U(1) or Sp - SU(2) structure on a stable
vector bundle. This forbids us from defining Sp - U(1)-bordism and Sp - SU(2)-bordism
in the usual sense.

We will see in Lemma that the quotient map G x K — G- K is a rational homotopy
equivalence. Therefore, when there is a well-defined notion of G- K-bordism, a generating
set for rational G x K-bordism yields a generating set for rational G - K-bordism. This
is our justification for defining Sp® = Sp x U(1) rather than Sp - U(1), and likewise for
Sph.

Assume for the purposes of contradiction that we did have connecting maps of the
desired form for Sp(n) - U(1) structures. To define stable tangential structures, the maps
connecting dimensions 4n and 4(n+ 1) should commute with the maps from the unstable
structure groups to the appropriate orthogonal groups. However, a diagram of the form

Sp(n) - U(1) —— Sp(n+1) - U(1)

(4.2) l l

O(4n) ——— O(4n + 4)

cannot commute. Let us first look at the left and bottom arrows in the diagram. In
order to be compatible with the quotient inherent in the definition of Sp(n)-U(1), a pair
(M, z) of a 4n x 4n symplectic matrix (i.e. matrix preserving the standard hermitian
form on H) and a complex number z € U(1) must map to an orthogonal transformation
that takes a vector v € H" to the vector Mwvz € H". Composing with the bottom map,
we end up with the orthogonal transformation mapping v ® y € H" @ H to the vector
M(vz@®y) € H". That is, 2 must map to a transformation that preserves the (n -+ 1)
quaternionic component.

Meanwhile, any pair (N, z) in the top right must be sent to an orthogonal transformation
sending a vector w € H""! to the vector Nwz. In particular, the complex number z acts
nontrivially on the (n + 1)st component.

The argument for Sp(n) - SU(2) structures is similar. Intuitively, the reason these con-
structions fail is that —1 is not in the kernel of the map Sp — O. Meanwhile, Spin-U(1)
and Spin - SU(2) give well-defined stable tangential structures in part because —1 is in
the kernel of the map Spin — O.
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Remark 4.3. While it is not possible to form a stable notion of bordism for Sp(n) - K
(where K = U(1) or SU(2)), the Madsen—Tillmann spectrum associated to the maps
Sp(n) - K — O(4n) does provide an unstable notion of bordism. The 4nth homotopy
group of this spectrum classifies manifolds with (tangential) Sp(n) - K-structure up to
bordism, where X is bordant to Y if there exists a (4n + 1)-manifold Z such that

(i) 0Z = X 1Y (with respect to the Sp(n) - K-structures on X, Y, and Z) and

(ii) there is a nowhere vanishing vector field on Z that restricts to the inward and
outward normal vector fields on X and Y, respectively.

To define an Sp(n) - K-structure on Z, we use the fact that the vector field splits a trivial
summand off of 77 and so reduces its structure group from O(4n + 1) to O(4n), which
we then want to lift across Sp(n)- K — O(4n). See [BS14, [HSV25] for papers discussing
this sort of bordism.

5. ISOMORPHISMS OF RATIONAL BORDISM

In this section, we will prove that for x € {r,c,h}, the forgetful map Q" ® Q —
Q%P & Q is an isomorphism. We begin with a lemma that allows us to pass from
rational bordism to the rational homology of the classifying space.

Lemma 5.1. Let G be a topological group together with a map to SO, so that bordism
groups QF of manifolds with G-structure (on the stable normal bundle) are defined.
If G is finite type, then there are natural isomorphisms Q5 @ Q 5 H,(BG;Q) =N
(H"(BG;Q))Y (as Q-vector spaces) for all n, where (-)" denotes the Q-linear dual.

Proof. Recall that given a stable tangential structure G, we have a natural isomorphism
0¢ =~ 1,(MG), where M denotes the Thom spectrum functor. By the rational Hurewicz
theorem, we have a natural isomorphism

(5.2) m.(MG) ® Q = H,(MG; Q).
The Thom isomorphism then gives natural isomorphisms
(5:3) H.(MG;Q) = H.(BG; Q)

(see e.g. [MR&I]). Finally, we wish to establish a natural isomorphism H,(BG;Q) =
(H™(BG;Q))Y for all n. We will use the universal coefficient theorem, which gives us
natural short exact sequences

(54)  0— Extgy(H,-1(BG;Q),Q) — H"(BG; Q) — Homg(H,(BG;Q),Q) — 0
for all n. The Ext' term vanishes, as higher Ext terms always vanish over a field, so there
is a natural isomorphism H"(BG; Q) = (H,(BG;Q))Y. Since G is finite type, H,(BG; Q)

is a finite dimensional Q-vector space, so the canonical map H,(BG; Q) — (H"(BG;Q))"
to the double dual is an isomorphism. O

Soon, we will apply Lemma to G € {Sp”, Spin®}. Before we do so, we need to say a
few words about the classifying spaces of these groups.
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Lemma 5.5. Let G, K be two path-connected topological groups with {£1} as a central
subgroup. Then the map m: BG x BK — B(G - K) induced by the quotient

(5.6) GxK— (GxK)/[{£1} =G K

1 a rational homotopy equivalence.

In particular, 7 is an isomorphism on rational homology and cohomology, and this iso-

morphism is natural in G and in K. One can prove this using the transfer map, but we
give a spectral sequence argument.

Proof. To begin, recall that B(G x K) ~ BG x BK. The classifying space functor
converts the short exact sequence

(5.7a) 1 —{+l} - GxK—G-K—1

into a fiber sequence

(5.7b) B{+1} — BG x BK — B(G - K).

Apply the Q-coefficients homological Serre spectral sequence to . The FEs>-page is
(5.8) E;, =H,(B(G - K); H.(B{£1};Q)).

For any finite group H, Maschke’s theorem implies that H*(BH; Q) vanishes in positive
degrees; the universal coefficient theorem implies that the same is true for the positive-
degree Q-homology of BH. Thus collapses, implying that the edge homomorphism
H.(BG xBK;Q) — H.(B(G- K);Q), which is exactly the map 7 induces on homology,
is an isomorphism. Since G and K are connected, so are G X K and G - K, implying
BG x BK and B(G - K) are simply connected, so this rational homology isomorphism
upgrades to a rational homotopy equivalence. U

After some preparation, we will prove in Proposition that the maps of spectra
MSp® — MSpin® are rational homotopy equivalences. We will then use this to prove
that the forgetful map Sp — O induces isomorphisms Q%" @ Q — QP @ Q.

Construction 5.9. Because Sp is connected, the forgetful ma]ﬂ f:Sp — O lands in the
connected component of the identity in O, which is SO. Since Sp is simply connected,
the map Sp — SO lifts uniquely as a group homomorphism to the universal cover of SO,
which is Spin. That is, we have a group homomorphism f: Sp — Spin. In exactly the
same way we obtain forgetful maps ﬁ: Sp(n) — Spin(n).

Remark 5.10. We are going to use the forgetful map f : Sp — Spin to construct rational
homotopy equivalences F* : MSp® — MSpin® (Proposition [5.13|) and subsequently ring
(or module) isomorphisms Q5P @ Q — Q5Pn" @ Q (Corollary [5.28)). As we mentioned in
Footnote [2] these ideas are not original to us, as the forgetful map from Sp bordism to
Spin bordism goes back at least to Conner—Floyd [CE66] and Stong [Sto68], and these

5The composition Sp — U — O given by the choice of embedding C — H from followed by the
usual forgetful map from complex-valued to real-valued matrices, equals f: Sp — O.
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rational homotopy equivalences are known. However, the details have never been written
down as far as we can tell, and these details are necessary for the proof of Corollary

Lemma 5.11. The map Bf: BSp — BSpin induced by forgetting from an Sp-structure
to a Spin structure is a rational homotopy equivalence.

Proof. Because BSpin and BSp are simply connected, it suffices to show that the pullback
map Bf induces on rational cohomology is an isomorphism.

Recall from that H*(BSp;Z) is a polynomial ring on the symplectic Pontryagin
classes ¢;, so the universal coefficient theorem implies that H*(BSp; Q) = Qlq1, ¢o, - - -]
with |¢;| = 4i. The map Spin(n) — SO(n) induces an isomorphism H*(BSpin; Q) =
H*(BSO;Q) [Tho62, §1]. By e.g. [MS74, Theorem 15.9], we then have H*(BSpin; Q) =

Q|p1, P2, - - .|, where p; is the i® Pontryagin class with |p;| = 4i. Thus we are done if
(Bf)*(pi) = a;q; (with a; € Q%) for all ¢, which is Proposition 2.19| d

Recall the forgetful maps fc and fh from (|1.2)).

Corollary 5.12. The forgetful maps Bf‘”: BSp® — BSpin®, forx € {r,c, h}, are rational
homotopy equivalences.

Proof. By the Kiinneth formula and Lemma the maps (Bf, idy): BSp x X —
BSpin x X, for X = BU(1) or BSU(2), are rational homology equivalences. Then
compose with the isomorphism in Lemma to conclude that fo is also a rational
homology equivalence. Since the domain and codomain of vax are both simply connected
for x € {r,c, h}, this lifts to imply sz is a rational homotopy equivalence. O

Proposition 5.13. For x € {r,c,h}, the forgetful map f’”: Sp® — Spin® induces a
rational homotopy equivalence

(5.14) F®: MSp® — MSpin®.

Proof. Let H be a topological group with a map p: H — SO. The Thom isomorphism
H.(BH;Q) — H,(MH;Q) is natural in (H, p),ﬁso the rational homology equivalences

implied by Corollary [5.12] imply that the respective forgetful maps induce isomorphisms
(5.15) H.(MSp®; Q) AGRIN H.(MSpin®; Q)
of graded Q-vector spaces. The rational Whitehead theorem then finishes the proof. [

Definition 5.16. Let G(n) be either of Sp(n) or Spin(n). Define the map
®°: G(m) x U(1) x G(n) x U(1) — G(m +n) x U(1)

5.17
( ) (A17ZI7A2722) — (AI@A272122)'

6See, for example, [Mil65bl Proof of Lemma 6.3]: naturality of the Thom isomorphism follows from
naturality of the Thom class.



16 BUCHANAN, DEBRAY, KRULEWSKI, AND MCKEAN
When G(n) = Spin(n), the reader can check that if A\, u € Z/2, the elements
(5.18a) (=D (DA (=DF, (=1)")

are in the kernel of the composition
(5.18b)  Spin(m) x U(1) x Spin(n) x U(1) <5 Spin(m + n) x U(1) % Spin‘(m + n),
so @ descends through the quotient by these elements to define a map

(5.18¢) @°: Spin“(m) x Spin‘(n) — Spin“(m + n).

The map @° induces the standard Spin® structure on the direct sum of Spin® vector bun-
dles V and W, whose determinant line bundle is the tensor product of the determinant
line bundles of V' and W.

Next, we will prove that the maps Fe: MSp”* — MSpin® are compatible with the relevant
ring or module structures in Proposition [5.26]

Lemma 5.19. Let f,: Sp(n) — Spin(4n) be the forgetful map from Construction .
If (z,y) € {(r,7),(r,¢), (r,h), (c,c)}, the following diagram of Lie groups commutes:

*

Sp®(m) x Sp¥(n) ——=——— Sp¥(m +n)
(520) (ﬁn,fn)l fm+n

Spin®(4m) x Spin?(4n) —Z— Spin¥(4(m + n)).
Here, ®* = @ unless x = y = ¢, in which case ®* = &° (as defined in (5.18¢)) ).

Proof. Differentiate to a commutative diagram of Lie algebras, where it asks,
does df,: sp(n) — 0(4n) commute with direct sums? This map is the inclusion of
the quaternionic skew-hermitian 4n x 4n matrices into all 4n X 4n matrices, so yes, it
does commute with direct sums. Differentiation defines an equivalence of categories of
connected, simply connected Lie groups and finite-dimensional Lie algebras, which means
we can lift to connected, simply connected Lie groups. This settles the (x,y) = (r,7)
case.

The (r,c) and (r, h) cases are essentially the same: it suffices to verify that
(5.21) (defn,id): sp(n) g —>0(n) B g

commutes with direct sums in the first component, where g € {u(1),su(2)}. There is
slightly more to say because Sp®(n), Spin®(n), and Spin™(n) are not simply connected, so
in all cases we exponentiate to the universal covers, obtaining maps Sp x R — Spin x R,
resp. Sp”" — Spin x SU(2) commuting with direct sums in the first term. The reader can
then directly check that these descend to the groups we are actually interested in.

This leaves only the (¢, ¢) case. Differentiating the group operation on U(1) gives addition
on u(1) = iR, so on Lie algebras we have the map

(5.22) (defn, +): sp(n) @ u(l) — o(n) G u(l),
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which certainly commutes with direct sums in the first variable. Then proceed as before,
lifting to the universal cover and quotienting down to Sp“ and Spin®. O

Let 2,: Sp(n) < Sp(n) x U(1) = Sp°(n) be the inclusion of the first factor. Similarly, let
in: Spin(n) — Spin®(n) be the inclusion of the first factor in Spin(n) < Spin(n) x U(1),
followed by the quotient by (=1, —1) to obtain Spin®(n).

Proposition 5.23. The following diagram commutes:

Sp(m) x Sp(n) : »Sp(m+mn)
Im—4n
o (zm\ . ) . | — .
(frmrfn) Sp(m) x Sp(n) lf » Sp°(m +n)
m—+n
Spin(4m) x Spin(4n) ¢ P > Spin(4(m +n)) ferin
Zm’ éfn z4(m+n)
(i4m . @° \) )
Spin®(4m) x Spin©(4n) > Spin®(4(m + n)).

Proof. The idea is to split this diagram into two subcubes. Factor the top face of the
cube as

imsin) o e . idid) o . .

Sp(m) x Sp(n) 4 Spe(m) x Spf(n) “2% Spe(m) x Sp°(n)

(5.24) l@ l@c (5.17) l@c .17
Sp(m +n) SN Sp°(m +n) ——9—— Sp°(m +n).

Similarly, factor the bottom face of the cube as
(5.25)
Spin(4m) x Spin(4n) < Spin(4m) x U(1) x Spin(4n) x U(1) @9 Spin®(4m) x Spin‘(4n)
@l l@c (5-17) l@c (5-184)
Spin(4(m 4 n)) —————— Spin(4(m +n)) x U(1) ———— Spin‘(4(m + n)).
Both and commute directly by the definitions of &, 72,,, ®°, and ¢. This

takes care of the top and bottom faces of the cube; the remaining four faces commute
either by definition or by Lemma [5.19 O

Proposition 5.26.
(i) The map ET: MSp — MSpin from (5.14)) is an E-ring map.

(ii) The map Fe: MSp® — MSpin® from (5.14) is an E-algebra map over the E.-ring
map MSp — MSpin.

(iii) The map Fh MSp" — MSpin” from (5.14) is a module map over the Eo,-ring map
MSp — MSpin.
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Proof. Schwede [Schl18|, §6.1] constructs the Thom spectra MO, MSO, and MU as com-
mutative monoids in the symmetric monoidal category of orthogonal spectra.ﬂﬁﬂ It is
straightforward to generalize his construction as follows: given a natural number k& and
a sequence of groups p,: G(n) — O(kn) for all n with maps i,,: G(n) — G(n + 1) such
that the diagram

G(n) —=— G(n+1)
(5.27) l,,n lpnﬂ
O(kn) — O(k(n + 1))

commutes, one obtains an orthogonal spectrum model for the Thom spectrum MG, and
this is natural in the data (G(n), i,, p,). Moreover:

e Suppose that we have strictly associative direct-sum maps &: G(n) x G(m) —
G(n-+m) commuting with p, and the direct-sum maps on O(kn), and suppose as
well that we have maps G(m+n) — G(n+m) covering the maps O(k(m+n)) —
O(k(n+m)), etc., witnessing the symmetric monoidality of the direct sum. Then
MG has the structure of a commutative monoid object in orthogonal spectra, and
this is natural in (G(n), iy, pn, D).

e Given (G(n), i, pn, @) as above, another collection of data (H (n), i, p!.) as above,
and direct-sum maps @ : G(n)x H(m) — H(n+m) commuting with the maps
Pe, P, and the direct-sum maps on O(kn), MH has the structure of an MG-
module spectrum, and this is natural in the data (G(n), in, pn, ®), (H(n), 4, pl),
and @%H .

Thus the proposition follows from Lemma [5.19] and Proposition [5.23] which provide the
necessary maps and commutative diagrams. O

Corollary 5.28. For x € {r,c, h}, the forgetful map F® induces an isomorphism
(5.29) 0% QS O @ Q
of rings (if x € {r,c}) or of Q3P @ Q-modules (if x = h).

"Schwede constructs a more complicated object called a global orthogonal spectrum, but this induces
the structure of an orthogonal spectrum, and therefore we can ignore the additional global structure:
see [Schi8l §4.1]. See also Bohmann [Bohl4l Example 1.8] for another construction of MU in this
manner.

8Mandell-May-Schwede-Shipley [MMSS01), Theorem 10.4] construct a functor from the category of
orthogonal spectra to the usual category of spectra, and likewise for commutative monoids in orthog-
onal spectra and E.-ring spectra (ibid., Theorem 0.5), and for modules over a commutative monoid
R and modules over the corresponding E..-ring spectrum (ibid., Corollary 0.6). Thus making these
constructions in the world of orthogonal spectra suffices for our purposes.

9The first construction of Thom spectra as orthogonal spectra is due to May-Quinn-Ray [May77,
§IV.2]. We use Schwede’s more recent construction so that we can more easily apply Lemma
and Proposition
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Proof. A rational homotopy equivalence (as given in Proposition [5.13]) induces an iso-
morphism on rational homotopy groups. The isomorphism of ring or module structures
then follows from Proposition [5.26] O

Using Lemmas [5.1] and [5.5] and Corollary [5.28 we obtain a quick proof of the ranks of
these bordism groups (c.f. [ABP67, BM23]).

Corollary 5.30. Let G € {Sp,Spin}. Let P(n) denote the set of partitions of n, and
let P(n) = |P(n)|. Then we have

(5.31a) rank QS = P(n),

(5.31b) rank Qf, = rank QF, , = rank Qf: = Z P(m).
m=0
Moreover, all degrees not listed above are of rank 0.

Proof. By Corollary [5.28] it suffices to treat the case of G = Sp. By Lemma 5.1}, we need
to compute the rank of H*(BG®; Q) in each degree. Due to the isomorphism

(see Proposition [2.19)), the real case amounts to counting the number of monomials (in
P1, P2, - - .) of degree 4n, which is exactly P(n).

For the complex and quaternionic cases, we first apply Lemma [5.5| and the Kiinneth
formula to write

(5.33) H,(BSp*;Q) = € H;i(BSp; Q) ® H;(BK";Q),
i+j=k

where K¢ = U(1) and K" = SU(2). Now by the isomorphisms H, (BA; Q) = H"(BA; Q)
for A a topological group satisfying the conditions of Lemma [5.1], it follows that the rank
of H*(BG?;Q) is equal to the rank of

(5.34) & H'(BSp; Q) ® H(BK™; Q).

i+j=k

This rank is in turn equal to the number of monomials of degree k in

($:C> Q[plaan"']®@[cl]7
For k = 4n or 4n + 2, computing these ranks thus amounts to counting the number of
monomials in pq, p, . .. of degree at most 4n, and then shifting up to degree 4n or 4n + 2

by multiplying by powers of ¢; and p. O
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6. LINEAR INDEPENDENCE

We proved the first statement of Theorem in Corollary The next part of this
theorem that we will prove is that Bj is a basis for Q}? ® Q. For this, we need an
auxiliary definition. We begin by recalling Milnor’s computation of the rational complex
bordism ring.

Let ¢ € Ho;(BU;Z) denote the dual of the i Chern class ¢;, so that H,(BU;Q) =
Qlé1, Cay - - -]

Theorem 6.1 (Milnor [Mil60]). There is a ring isomorphism
(6.2) QY ®Q = Qlar, &, . ]

sending the rational bordism class [M] of a stably almost complex manifold M to the
image of the rational fundamental class of M in H.(BU;Q) under the classifying map
M — BU.

Milnor actually obtained an isomorphism to a polynomial ring over Z, though we will
not use this stronger statement.

Definition 6.3. Under the isomorphism (/6.2)), let
QU @ Q = Qéy, &4, - - - |

denote the subring of QY ®Q consisting of (rational complex bordism classes of ) manifolds
whose odd Chern classes are all trivial.

Our proof of Theorem [I.6]will begin by forgetting Sp-structure for a moment and working
in the rational complex bordism ring. This will allow us to use [OSV22], which will imply
that the elements of Bj, span Qig ® Q. Linear independence will then follow from the
fact that |B; | = dim Q2 @ Q.

Lemma 6.4. The set By, = {[[\_, K3 : (n1,...,n,) € P(n)} is a basis of Q> @ Q.

Proof. To begin, we will consider Bj, as a set of elements in er;even ® Q. Consider the
forgetful map[l

(6.5) fOP Q- 2Q

given by forgetting the Sp-structure of a manifold and only remembering the underlying
complex structure determined by our choice of inclusion C < H (see §1.2). We claim that
f is injective. Indeed, Equation implies a surjection in cohomology H*(MU; Q) —
H*(MSp;Q), so the dual map H,(MSp; Q) — H,(MU;Q) (which is precisely the map
f) is injective.

Next, note that Q5" ® Q has dimension |P(n)|, since as a ring we have
(6.6) QU @ Q = Q[éy, éy, - - ..

10This map is well-defined, as all odd Chern classes of Sp manifolds vanish.
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Thus Q57" @ Q and Q}° ® Q have the same rank by Corollary [5.30 Since f is an
injection, it follows that f is an isomorphism of Q-vector spaces. The claim now follows
from [OSV22, Theorem 1.1(a)|, which states that f(B} ) generates Q**" ® Q, and the
fact that |Bj, | = dim Q5" ® Q. O

We have already seen in Corollary that |Bf, | = dim Q)" ® Q (for z € {c, h}) and
| B, 0| = dim 92212 ® Q. To complete our proof of Theorem , it suffices to show
that the elements of each of these sets are linearly independent. We will do this in three
steps.

Lemma 6.7 (Step 1). For x € {c,h}, let 1*: QP @ Q — Q%" @ Q be the map induced
by the inclusion Sp — Sp”. Then " is injective.

Proof. The inclusion Sp < Sp” induces an injective group homomorphism

(6.8) Hy(BSp; Q) — Hy(BSp*; Q)
for each k (e.g. by Equation ((5.33))). The injectivity of :* now follows from Lemma

0

Notation 6.9. For a partition A = (my,...,m,) € P(n), let py € H"(BO; Q) be

(610) Px = PmiPms " Pmg-
Under the identifications
(6.11) (QF ® Q)Y = (Hi(BSp; Q)" =2 H™(BSp; Q),

the class py corresponds to the functional ¢y: Q5 ® Q — Q sending M — Joy PA(M).
Now let

(6.12) d,: 0P ®Q > Q-P(n)
be the function sending M to the vector whose entry at A € P(n) is p,(M), which by
Corollary is an isomorphism.

Lemma 6.13 (Step 2). Consider the functions

(6.14a) 7R e Q- Oy, @ Q
' [M] — [M x T%].

and
h
(6.14b) 7';3 Qi‘i ®Q — Qig+4y ®Q
[M] — [M x T,).

Then 1, and Té‘ are injections for all n,y > 0.
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Yty

Proof. We will show that for 7 = 7¢, 7", the isomorphism ®,, from Notation factors
as the composition of 7 and another map, which implies 7 is injective.

For an Sp® manifold M, let L,; denote the determinant line bundle, i.e. the complex line
bundle induced from the U(1)-bundle that is part of the Sp® structure. Let W,,: Qig 42y ®

Q — Q- P(n) be the function sending an Sp® manifold M to the vector whose entry at
A€ P(n)is

We claim that W, o 77 = (y!)®,. As discussed above, proving the claim will finish the
proof for Sp°. Unwinding the definitions of ®, and V¥, for all partitions A of n we want
to calculate

(6.16) / c1(Lyypzn)'pA(M X T2Y)
MxT?2y

and show that it equals (y!) [,, px(M). The pieces in the integrand of (6.16]) simplify:

e Since the tangent bundle of T% is trivializable and the Pontryagin classes are
stable, px(M x T?¥) equals the pullback of py (M) along the projection M x T?Y —
M.

e By construction, in the Sp® structure we placed on M x T, the bundle L MxT2

is the pullback of Ly, along M x T — M; therefore the Chern class also pulls
back from T%.

Therefore the Fubini theorem implies

(6.17) 610 = | ) [ non.

so it suffices to show that the first integral equals y!, which we did in Lemma[2.16| The ar-
gument for T; is essentially the same, except that instead of reducing to [, ¢1(Lay)? # 0,
the proof reduces to the assertion that [, p1(Quy)? # 0, which we showed in Corol-

lary O

Lemma 6.18 (Step 3). The set BE, is linearly independent in Q32" @ Q for x € {c, h},
and Bj, ., 1s linearly independent in 92212 ® Q.

Proof. Lemmas [6.7| and imply that elements of 7. (.*(B})) are linearly independent
for each x,y, * (as long as fo; ® Q # 0). By definition, we have

(6.19a) By, = UT%(Lz(BZ(n—i)))a
i=0

(619b) an.;.z = U 7—202'+1(LC( Z(n—z)))
=0
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2o 0 0 0

* 0 0

5 * Ay 0

* x * c<15p>\
N 7\ ~ " ~~ N ~~ g
P(0) . P(n—1) P(n)

FIGURE 1. Characteristic numbers of By, 55

Let 2 = c and ¢ € {0,1}. Adapting Notation[6.9] the proof of Corollary gives us an

isomorphism

UNPE Qigjrza Q> Q- U P(m)
(6.20) m=0

G @ py [M *—>/ T @ py ()
M

of Q-vector spaces. In order to verify that Bf . is a linearly independent set in QESL 55
it thus suffices to show that the "  P(m) x Y. _, P(m) matrix

m=0 m=0
2(n—1)+6 T
(C%n+5’cl ®p17"'7pna"'7p711) :
N A ~~ NS -~ >
P(0) P(1) P(n)

(6.21)

[
~ -~

P(0) P(1) P(n)

(T4n+25, T K3l K3 K3 <L x K3“]>

of characteristic numbers of elements of B, 55 is invertible. We will do this by showing
that the matrix in (6.21)) is block lower-triangular, with invertible diagonal P(m) x P(m)
blocks for m = 0,...,n (see Fig. [I).
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We work with P(i) x P(j) blocks, each of which consists of the characteristic numbers

(6.22) / Z=IHE o (M) = / e1(Lagnegyr20) "% / pa(M),
M M

TA(n—j5)+28
with M = T2 5 119, K3V for A € P(i) and (j1,. . ., ja) € P(j). (This equality of
characteristic numbers is given in (6.16)).) If i < j, then 2(2(n — 1) 4+ 0) > 4(n — j) + 24,

in which case

(623) / Cl(L4(n,j)+25)2(n_i)+6 =0
T4(n—35)+26

for dimension reasons. Thus (6.22)) is 0 for ¢ < j, which proves block lower-triangularity.

For m = 0,...,n, there is a diagonal P(m) x P(m) block. By Lemma [2.16| and ([6.22)),
the entries of this block take the form

(6.24) (2(n — m) + 6)! / pa(M),

M

with M = T2+ o 15, K3I™ for A = (my,...,m,) € P(m). The determinant of
this block is non-zero if and only if the determinant of the matrix consisting of entries
J3; PA(M) is non-zero. But this follows from the fact that .°(Bj,,) is linearly independent

(Lemmas [6.4] and [6.7)).

The case of z = h is completely analogous. We form a matrix of characteristic numbers
(6.25) / P @ pA(M) = / Pl(Q4(ni))n_i/ pa(M),
M T4(n—1) M

where this equality holds by the paragraph following (6.17). Since [ju-s P1(Qamn—i))"""
is non-zero by Corollary [2.27, invertibility of each P(m) x P(m) diagonal block follows
from the fact that ."(Bj,,) is linearly independent (Lemmas [6.4] and [6.7). O

We can now wrap up the proof of Theorem [1.6]

Proof of Theorem[1.6. The statement about isomorphisms of rational bordism theories
was proven in Corollary [5.28] The set Bj,, is a basis of Qig ® Q by Lemma . The
remaining candidate bases are linearly independent by Lemma [6.18] and are therefore

bases by Corollary [5.30] O

REFERENCES

[ABP66] D. W. Anderson, E. H. Brown, Jr., and F. P. Peterson. Spin cobordism. Bull. Am. Math.
Soc., 72:256-260, 1966.

[ABP67] D.W. Anderson, E. H. Brown, Jr., and F. P. Peterson. The structure of the Spin cobordism
ring. Ann. of Math. (2), 86:271-298, 1967.

[Ale04] S. Alesker. A topological obstruction to existence of quaternionic Pliicker map. In Geometric
aspects of functional analysis, volume 1850 of Lecture Notes in Math., pages 1-7. Springer,
Berlin, 2004.

[And66]  Peter G. Anderson. Cobordism classes of squares of orientable manifolds. Ann. of Math. (2),
83:47-53, 1966.



[Ands?7|
[AS25)
[AV12]

[Bir99)]
[Bea83]

[BG10]

[BH58)
[BH59]
[BK94]
[BK96]
[BM23]
[Boh14]
[Bor53]

[Bot90]

[Bot92]

[BS14]
[Cal79]
[CF66|
[DK25]

[Dol56]
[EGLO1]

[EHO2]
[EM23]

[FH21]|
[Fog68]

[Fiih22]
[Gig25]

HYPERKAHLER BASES FOR SIX RATIONAL BORDISM THEORIES 25

Mark Stanley Anderson. On the dimensions of manifolds and Stiefel-Whitney classes. PhD
thesis, University of Virginia, 1987.

Hassan Abdallah and Andrew Salch. Products in spin®-cobordism. Int. Math. Res. Not.
IMRN, (18):Paper No. rnaf291, 19, 2025.

Aleksandr L. Anisimov and Vladimir V. Vershinin. Symplectic cobordism in small dimensions
and a series of elements of order four. J. Homotopy Relat. Struct., 7(1):31-152, 2012.
Christian Bér. Elliptic symbols. Math. Nachr., 201:7-35, 1999.

Arnaud Beauville. Variétés Kéahleriennes dont la premiére classe de Chern est nulle. J. Dif-
ferential Geom., 18(4):755-782, 1983.

Robert R. Bruner and J. P. C. Greenlees. Connective real K-theory of finite groups, volume
169 of Mathematical Surveys and Monographs. American Mathematical Society, Providence,
RI, 2010.

A. Borel and F. Hirzebruch. Characteristic classes and homogeneous spaces. 1. Amer. J.
Math., 80:458-538, 1958.

A. Borel and F. Hirzebruch. Characteristic classes and homogeneous spaces. II. Amer. J.
Math., 81:315-382, 19509.

Boris I. Botvinnik and Stanley O. Kochman. Singularities and higher torsion in symplectic
cobordism. Canad. J. Math., 46(3):485-516, 1994.

Boris I. Botvinnik and Stanley O. Kochman. Adams spectral sequence and higher torsion in
MSp,. Publ. Mat., 40(1):157-193, 1996.

Jonathan Buchanan and Stephen McKean. KSp-characteristic classes determine Spin® cobor-
dism. arXiv:2312.08209, 2023.

Anna Marie Bohmann. Global orthogonal spectra. Homology Homotopy Appl., 16(1):313—
332, 2014.

Armand Borel. Sur la cohomologie des espaces fibrés principaux et des espaces homogénes
de groupes de Lie compacts. Ann. Math. (2), 57:115-207, 1953.

Boris Botvinnik. The geometrical point of view on the Adams-Novikov spectral sequence. In
Proceedings of the Second Soviet-Japan Joint Symposium of Topology (Khabarovsk, 1989),
volume 8, pages 147-161, 1990.

Boris I. Botvinnik. Manifolds with singularities and the Adams-Novikov spectral sequence,
volume 170 of London Mathematical Society Lecture Note Series. Cambridge University
Press, Cambridge, 1992.

Marcel Bokstedt and Anne Marie Svane. A geometric interpretation of the homotopy groups
of the cobordism category. Algebr. Geom. Topol., 14(3):1649-1676, 2014.

E. Calabi. Métriques kiihlériennes et fibrés holomorphes. Ann. Sci. Ecole Norm. Sup. (4),
12(2):269-294, 1979.

P. E. Conner and E. E. Floyd. The relation of cobordism to K -theories. Lecture Notes in
Mathematics, No. 28. Springer-Verlag, Berlin-New York, 1966.

Arun Debray and Cameron Krulewski. Smith homomorphisms and spin® structures. Proc.
Amer. Math. Soc., 153(2):897-912, 2025.

Albrecht Dold. Erzeugende der Thomschen Algebra . Math. Z., 65:25-35, 1956.

Geir Ellingsrud, Lothar Géttsche, and Manfred Lehn. On the cobordism class of the Hilbert
scheme of a surface. J. Algebraic Geom., 10(1):81-100, 2001.

John B. Etnyre and Ko Honda. On symplectic cobordisms. Math. Ann., 323(1):31-39, 2002.
Yakov Eliashberg and Emmy Murphy. Making cobordisms symplectic. J. Amer. Math. Soc.,
36(1):1-29, 2023.

Daniel S. Freed and Michael J. Hopkins. Consistency of M-theory on non-orientable mani-
folds. Q. J. Math., 72(1-2):603-671, 2021.

John Fogarty. Algebraic families on an algebraic surface. Amer. J. Math., 90:511-521, 1968.
Sven Fiihring. Bordism and projective space bundles. Miinster J. Math., 15(2):355-388, 2022.
Pietro Gigli. Generators of the algebraic symplectic bordism ring. 2025. https://arxiv.
org/abs/2502.01404.


https://arxiv.org/abs/2502.01404
https://arxiv.org/abs/2502.01404

26
[Gra23]
[Gsco6]
[HSV25]
[Hu23]

[Joy99]

[Koc80]
[Kocs2]
[Koc93]
[Lau0g]
[Liu64]
[LLP18]
[LSW20]
[May77]
[May05]
[Mil60]

[Mil63]
[Mil65al

[Mil65b]

[MMSS01]

[MRS1]

[MS74]

[Nov62]
[O'RTT]|

[0SV22]

BUCHANAN, DEBRAY, KRULEWSKI, AND MCKEAN

Elliot Granath. Scalar Curvature And Transfer Maps In Spin And Spin¢ Bordism. PhD
thesis, University of Oregon, 2023. https://arxiv.org/abs/2509.02793.

Oswald Gschnitzer. Generators of the unoriented bordism ring which are fibered over prod-
ucts of projective spaces RP(2" — 1). Manuscripta Math., 91(2):235-245, 1996.

Renee S. Hoekzema, Luuk Stehouwer, and Simona Vesela. SKK groups of manifolds and non-
unitary invertible TQFTs. arXiv:2504.07917, 2025. https://arxiv.org/abs/2504.07917.
Jiahao Hu. Invariants of real vector bundles. PhD thesis, Stony Brook University, 2023.
https://arxiv.org/abs/2310.05061

Dominic Joyce. Compact Riemannian manifolds with exceptional holonomy. In Surveys in
differential geometry: essays on Einstein manifolds, volume 6 of Surv. Differ. Geom., pages
39-65. Int. Press, Boston, MA, 1999.

Stanley O. Kochman. The symplectic cobordism ring. 1. Mem. Amer. Math. Soc.,
24(228):ix+206, 1980.

Stanley O. Kochman. The symplectic cobordism ring. II. Mem. Amer. Math. Soc.,
40(271):vii4170, 1982.

Stanley O. Kochman. Symplectic cobordism and the computation of stable stems. Mem.
Amer. Math. Soc., 104(496):x+88, 1993.

Craig Matthew Laughton. Quasitoric Manifolds and Cobordism Theory. PhD thesis, The
University of Manchester, 2008.

Arunas Liulevicius. Notes on homotopy of Thom spectra. Amer. J. Math., 86:1-16, 1964.
I. Yu. Limonchenko, Zhi Lii, and T. E. Panov. Calabi-Yau hypersurfaces and SU-bordism.
Tr. Mat. Inst. Steklova, 302(Topologiya i Fizika):287-295, 2018. English version published
in Proc. Steklov Inst. Math. 302 (2018), no. 1, 270-278.

John Lind, Hisham Sati, and Craig Westerland. Twisted iterated algebraic K-theory and
topological T-duality for sphere bundles. Ann. K-Theory, 5(1):1-42, 2020.

J. Peter May. FE, ring spaces and E, ring spectra. Lecture Notes in Mathematics, Vol. 577.
Springer-Verlag, Berlin-New York, 1977. With contributions by Frank Quinn, Nigel Ray, and
Jorgen Tornehave. http://www.math.uchicago.edu/ may/B00KS/e_infty.pdf.

J. P. May. A note on the splitting principle. Topology Appl., 153(4):605-609, 2005.

J. Milnor. On the cobordism ring Q* and a complex analogue. I. Amer. J. Math., 82:505-521,
1960.

J. Milnor. Spin structures on manifolds. Enseign. Math. (2), 9:198-203, 1963.

J. Milnor. On the Stiefel-Whitney numbers of complex manifolds and of spin manifolds.
Topology, 3:223-230, 1965.

John Milnor. Lectures on the h-cobordism theorem. Princeton University Press, Princeton,
NJ, 1965. Notes by L. Siebenmann and J. Sondow.

M. A. Mandell, J. P. May, S. Schwede, and B. Shipley. Model categories of diagram spectra.
Proceedings of the London Mathematical Society, 82(2):441-512, 03 2001. http://www.math.
uchicago.edu/ may/PAPERS/mmssLMSDec30. pdfl

Mark Mahowald and Nigel Ray. A note on the Thom isomorphism. Proc. Am. Math. Soc.,
82:307-308, 1981.

John W. Milnor and James D. Stasheff. Characteristic classes, volume No. 76 of Annals of
Mathematics Studies. Princeton University Press, Princeton, NJ; University of Tokyo Press,
Tokyo, 1974.

S. P. Novikov. Homotopy properties of Thom complexes. Mat. Sb. (N.S.), 57(99):407—442,
1962.

Daniel F. X. O’Reilly. Cobordism classes of fiber bundles. Pacific J. Math., 69(2):467-475,
1977.

Georg Oberdieck, Jieao Song, and Claire Voisin. Hilbert schemes of K3 surfaces, gener-
alized Kummer, and cobordism classes of hyper-Kahler manifolds. Pure Appl. Math. Q.,
18(4):1723-1748, 2022.


https://arxiv.org/abs/2509.02793
https://arxiv.org/abs/2504.07917
https://arxiv.org/abs/2310.05061
http://www.math.uchicago.edu/~may/BOOKS/e_infty.pdf
http://www.math.uchicago.edu/~may/PAPERS/mmssLMSDec30.pdf
http://www.math.uchicago.edu/~may/PAPERS/mmssLMSDec30.pdf

[Ray70]
[Ray71a]
[Ray71b]
[Ray72]
[Ray86]
[Roy77]
[Sch18]
[Seg70]
[Sto66]
[Sto67]
[Sto68]
[Sto92]
[Tho54]
[Tho62]
[Ver80]
[Ver83]
[Wal60]
[Whid4|

[Wu58]

HYPERKAHLER BASES FOR SIX RATIONAL BORDISM THEORIES 27

Nigel Ray. Indecomposables in Tors M SP.. In Proc. Advanced Study Inst. on Algebraic
Topology (Aarhus, 1970), Vol. II, pages 437-445. Aarhus Univ., Aarhus, 1970.

Nigel Ray. Indecomposables in Tors MSp,.. Topology, 10:261-270, 1971.

Nigel Ray. A note on the symplectic bordism ring. Bull. London Math. Soc., 3:159-162, 1971.
Nigel Ray. Realizing symplectic bordism classes. Proc. Cambridge Philos. Soc., 71:301-305,
1972.

Nigel Ray. On a construction in bordism theory. Proc. Edinburgh Math. Soc. (2), 29(3):413—
422, 1986.

David C. Royster. Aspherical generators of unoriented cobordism. Proc. Amer. Math. Soc.,
66(1):131-137, 1977.

Stefan Schwede. Global homotopy theory, volume 34 of New Mathematical Monographs. Cam-
bridge University Press, Cambridge, 2018.

D. M. Segal. On the symplectic cobordism ring. Comment. Math. Helv., 45:159-169, 1970.

R. E. Stong. Relations among characteristic numbers. II. Topology, 5:133-148, 1966.

R. E. Stong. Some remarks on symplectic cobordism. Ann. of Math. (2), 86:425-433, 1967.
Robert E. Stong. Notes on cobordism theory. Princeton University Press, Princeton, NJ;
University of Tokyo Press, Tokyo, 1968. Mathematical notes.

Stephan Stolz. Simply connected manifolds of positive scalar curvature. Ann. of Math. (2),
136(3):511-540, 1992.

René Thom. Quelques propriétés globales des variétés differentiables. Commentarii Mathe-
matici Helvetici, 28:17-86, 1954.

Emery Thomas. On the cohomology groups of the classifying space for the stable spinor
groups. Bol. Soc. Mat. Mezicana (2), 7:57-69, 1962.

V. V. Vershinin. S. P. Novikov’s algebraic spectral sequence for the spectrum M Sp. Sibirsk.
Mat. Zh., 21(1):26-43, 235, 1980.

V. V. Vershinin. Calculation of the symplectic cobordism ring in dimensions up to 32 and
the nontriviality of the majority of ternary products of N. Ray’s elements. Sibirsk. Mat. Zh.,
24(1):50-62, 191, 1983.

C. T. C. Wall. Determination of the cobordism ring. Ann. of Math. (2), 72:292-311, 1960.

Hassler Whitney. The self-intersections of a smooth n-manifold in 2n-space. Ann. of Math.
(2), 45:220-246, 1944.

Wenjun Wu. On the isotopy of C"-manifolds of dimension n in euclidean (2n+ 1)-space. Sci.
Record (N.S.), 2:271-275, 1958.



28 BUCHANAN, DEBRAY, KRULEWSKI, AND MCKEAN

DEPARTMENT OF MATHEMATICS, MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Email address: jbuch333@mit.edu

URL: https://jonathanbuchanan.net/

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF KENTUCKY
Email address: a.debray@gmail .com

URL: https://adebray.github.io/

DEPARTMENT OF MATHEMATICS AND STATISTICS, DALHOUSIE UNIVERSITY
Email address: ckrulewski@dal.ca

URL: https://cakrulewski.github.io/

DEPARTMENT OF MATHEMATICS, BRIGHAM YOUNG UNIVERSITY
Email address: mckean@math.byu.edu

URL: https://shmckean.github.io/



	1. Introduction
	1.1. Context
	1.2. Conventions
	Acknowledgments

	2. Characteristic classes
	3. Spx and Spinx structures on hyperkähler manifolds
	4. Justifying Spx
	5. Isomorphisms of rational bordism
	6. Linear independence
	References

