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This is the first in a series of papers on counting surfaces on Calabi—Yau 4-folds. To complement the
Hilbert scheme of 2-dimensional subschemes, we introduce two types of moduli spaces of stable pairs.
We show that all three moduli spaces are related by GIT wall-crossing and parametrize stable objects in
the bounded derived category.

We construct reduced Oh-Thomas virtual cycles on the moduli spaces via Kiem—Li cosection localiza-
tion and prove that they are deformation invariant along Hodge loci. As an application, we show that the
variational Hodge conjecture holds for any family of Calabi—Yau 4-folds supporting a nonzero reduced
virtual cycle.
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1 Introduction
1.1 Background

Counting curves on a space X is one of the central topics in modern enumerative geometry. It is a rich
subject with links to many other fields of mathematics as well as physics (string theory). Kontsevich [1995]
introduced the concept of hidden smoothness of moduli spaces of stable maps in order to define algebraic
Gromov—Witten (GW) invariants of X. The mathematical foundation of its virtual cycles was established
by [Li and Tian 1998; Behrend and Fantechi 1997]. When X is a 3-fold, an alternative enumeration
can be carried out using Grothendieck’s Hilbert schemes. This change of perspective represents the
difference between viewing curves on X as being parametrized or cut out by equations. Thomas [2000]
then defined virtual cycles on Hilbert schemes of a 3-fold X, which yields Donaldson—Thomas (DT)
invariants! of X. A remarkable connection between GW and DT invariants for 3-folds was discovered by
mom defines DT invariants for stable sheaves of any rank on Fano and Calabi—Yau 3-folds.

MSC2020: primary 14N35; secondary 14D07, 14F08, 14J35, 14J60, 14L.24.

© 2026 The Authors, under license to MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons
Attribution License 4.0 (CC BY). Open Access made possible by subscribing institutions via Subscribe to Open.


http://msp.org
http://dx.doi.org/10.2140/gt.2026.30.2431
http://www.ams.org/mathscinet/search/mscdoc.html?code=14N35
http://www.ams.org/mathscinet/search/mscdoc.html?code=14D07, 14F08, 14J35, 14J60, 14L24
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://msp.org/s2o/

2432 Younghan Bae, Martijn Kool and Hyeonjun Park

Maulik, Nekrasov, Okounkov and Pandharipande [Maulik et al. 2006]. This correspondence was further
refined by Pandharipande and Thomas [2009b; 2009a; 2010] via stable pair (PT) invariants. We refer the
reader to [Pandharipande and Thomas 2014] for an overview.

It was recently found that a similar relation between curve-counting invariants exists on Calabi—Yau
4-folds X. The structure of GW invariants of X was studied by Klemm and Pandharipande [2008]. On the
sheaf side, the obstruction theories are not 2-term, and a new discovery was needed. Inspired by [Donaldson
and Thomas 1998], Cao and Leung [2014] defined such a virtual cycle in special cases. The general case
was subsequently established by Borisov and Joyce [2017] using methods of derived differential geometry.
The algebraic counterpart was obtained by Oh and Thomas [2023]. Both constructions [Borisov and Joyce
2017; Oh and Thomas 2023] deeply rely on the derived structure of the moduli space — the shifted symplec-
tic structures of Pantev, Toén, Vaquié and Vezzosi [Pantev et al. 2013] and the derived Darboux theorem of
Brav, Bussi and Joyce [Brav et al. 2019]. Another feature of the theory is that it requires orientations. The
existence of orientations was shown by Cao, Gross and Joyce [Cao et al. 2020]. An explicit GW-PT corre-
spondence on Calabi—Yau 4-folds was conjectured by Cao, Maulik and Toda [Cao et al. 2018; 2022b; Cao
and Toda 2021]. Virtual counts of points and curves on Calabi—Yau 4-folds recently attracted quite some
attention. In physics, the magnificent four conjecture [Nekrasov 2020; Nekrasov and Piazzalunga 2019]
provides a formula for counting points on the Calabi—Yau 4-fold C*. For the case of counting points on X
we refer to [Cao and Kool 2018; Park 2021; Bojko 2021; Kool and Rennemo 2025] and for the case of count-
ing curves on X we refer to [Cao and Kool 2020; Cao et al. 2022a; Cao and Toda 2022a; 2022b; Park 2021].

The next natural step in enumerative geometry is counting higher-dimensional objects, such as surfaces
on Calabi—Yau 4-folds — the topic of this paper. It is not clear at present how to define virtual cycles
on the stable map side (e.g., see [Alexeev 1996] for the moduli space and [Jiang 2022] for some recent
developments). On the sheaf side, a natural starting point is the virtual cycle of [Borisov and Joyce 2017;
Oh and Thomas 2023] on Hilbert schemes of 2-dimensional subschemes. However, we will see that for
enumeration of surfaces, this virtual cycle generally does not suffice and has to be modified.

1.2 Counting surfaces

The aim of this project is to count surfaces on Calabi—Yau 4-folds X via sheaf theory. This goal leads to
two immediate challenges:

(A) The Hilbert scheme parametrizes subschemes which are not pure-dimensional, i.e., 2-dimensional
subschemes may have 0- and 1-dimensional components. Informally, Hilbert schemes allow for free
roaming curves and points, thereby obscuring the contribution of genuine surfaces.

(B) A Hodge class of type (2,2) on X generally does not remain of type (2, 2) as the complex structure
of X deforms. When this happens, the virtual cycle vanishes.

The main purpose of this paper is to resolve (A) and (B).
Inspired by Pandharipande and Thomas’s work [2009b] on curves on 3-folds, we settle (A) by con-
structing moduli spaces of stable pairs on X. We find that for 2-dimensional pairs, there is more structure
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than for 1-dimensional pairs, and we obtain two types, which we call PTo and PT; pairs. The stable pair
moduli spaces give smaller compactifications — roughly speaking, PT( pairs prevent free roaming points
on X and PT; pairs prevent free roaming points and curves on X. The Hilbert scheme and two stable
pair moduli spaces each have desirable features and should be studied together.

We overcome (B) by constructing reduced virtual cycles using the cosection localization method of
[Kiem and Li 2013]. This method was generalized to the case of isotropic cosections by [Kiem and Park
2023]. Instead, we use a variant, nondegenerate cosections. For a class y € H?*(X, 9}2() NH*X,Q),
virtual cycles of moduli spaces parametrizing 2-dimensional pairs in class y often vanish. Similar
vanishing for curve-counting theories on surfaces/3-folds led to reduced theories, e.g., [Maulik et al.
2010; Kool and Thomas 2014]. From the perspective of curves on surfaces/3-folds X, reducing is usually
needed when X has a nonzero holomorphic 2-form. However, for compact Calabi—Yau 3-folds satisfying
ho%1(X)=h%2(X) =0, itis of no concern. As we will see, even on compact Calabi—Yau 4-folds satisfying
h%1(X) = h%2(X) = h%3(X) = 0, reducing is necessary for most interesting surface classes y.

1.3 Moduli spaces of stable pairs
There are three types of stability conditions on 2-dimensional pairs.

Definition 1.1 (Definition 2.1) Let X be a smooth projective variety of dimension n > 2. Let F be a
2-dimensional coherent sheaf on X, s : Ox — F a section, and Q := coker(s). The pair (F, s) is called

(1) DT(= PT—1)-stable if s is surjective,
(ii) PTo-stable if To(F) =0 and dim(Q) <0,
(iii) PTy-stable if T1(F) = 0 and dim(Q) < 1.
Here T;(F) denotes the maximal d-dimensional subsheaf of F.

The DT-stable pairs correspond to ideal sheaves. The PT;-stable pairs are natural generalizations
of Pandharipande and Thomas’s stable pairs [2009b], which are a special case of Le Potier’s coherent
systems [1993; 1995]. The underlying sheaf of a PTy-stable pair is usually not pure and this stability
condition appears to be new. We introduce PTy-stability as a bridge between DT- and PT-stability.

Suppose (F,s) is a PT, pair on X with cokernel Q and smooth scheme-theoretic support S, which
generally has O0-, 1-, and 2-dimensional connected components. For ¢ = 0, S has no 0-dimensional
connected components and Q is supported on the 1-dimensional connected components of S. For ¢ = 1,
S has no 0- or 1-dimensional components and the pair (F, s) can be equivalently described by a nested
triple Z C C C S, where C is an effective divisor and Z is a 0-dimensional subscheme (Corollary 2.13).
We give various characterizations of PT, pairs with singular support in Section 2.

Example 1.2 (Proposition 2.6) Suppose (F,s) is a pair which is PTy- and PT;-stable, i.e., F' is pure and
0 is O-dimensional. Then Q is a quotient sheaf of the 0-dimensional sheaf éaxtS’(_l (Os, Kx), which is
supported on the locus where S is not Cohen—Macaulay.
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Our first main result (Section 3) is the construction of projective moduli spaces of PT-stable pairs via

geometric invariant theory (GIT).

Theorem 1.3 (Theorem 3.10) Let X be a smooth projective variety and v € H*(X, Q). Then, for each
q € {—1,0, 1}, there exists a fine moduli space @l(ﬂ)(X) of PT-stable pairs on X withch(F) =v as a
projective scheme. Moreover, there exists a projective scheme M, an action of PGL  on M for some N,
and an SL y -equivariant ample line bundle £9) € PicS'V (M)q foreach g € {—1,0, 1} such that

P50 (X) = [MN(LD)/PGLy] = [M*(LD)/PGLy].
In particular, 954)(X) is the GIT quotient M //;«)SLn .

Theorem 1.3 shows that PT, pair moduli spaces are related by GIT wall-crossing. Since the underlying
sheaves of PTy pairs are not pure, we needed finer arguments than the standard ones for pure sheaves.
This approach is inspired by an analogous result of [2011] on 1-dimensional pairs.

Following [Pandharipande and Thomas 2009b], we show that the moduli space of PT; pairs consists
of open components of the moduli space of perfect complexes. Denote by Perf (X )%’; the moduli space
of simple perfect complexes on X with trivial determinant.

Theorem 1.4 (Theorem 3.19, Proposition 3.28) Let X be a smooth projective variety of dimension n > 4,
ve H*(X,Q), and g € {—1,0, 1}. The canonical map

(1) PD(X) > Perf(X)E,. (F.s)1*=[0x > F],
is an open embedding. Moreover, there is a polynomial Bridgeland stability condition p@ such that the
image of (1) is the locus of ,o(q) -stable objects.

For ¢ = 1, Theorem 1.4 was also shown by Gholampour, Jiang and Lo [Gholampour et al. 2024],
which inspired the connection to the polynomial Bridgeland stability of [Bayer 2009].

1.4 Reduced virtual cycles

Let X be a Calabi-Yau 4-fold, i.e., a smooth projective variety of dimension 4 with trivial canonical bundle.
In particular, X could be a hyperkéhler 4-fold or an abelian 4-fold. Fix a trivialization o : Oy => Q;‘(.

Throughout this section, let ¢ € {—1,0, 1} and let &7 := @éq)(X ) be the moduli space of PT, pairs
(F,s) on X with Chern character

ch(F)=v=1(0,0,y,8,n—y-td2(X)) € H*(X,Q).
By Theorem 1.4, we have an Oh—Thomas virtual cycle [2023]
(2] € Aw(Z?), vd=n— %yz,

which maps to Borisov and Joyce’s virtual cycle [2017] under the cycle class map by [Oh and Thomas
> 2026].2 The Oh-Thomas virtual cycle is constructed from the canonical 3-term symmetric obstruction

2Here A4(—) denotes the Chow group with rational coefficients. We also use the convention that 4; (—) =0 fori € Q \ Z.
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theory
¢ :E:= RHom,(I°,1°)9[3] > Ly, SD:EV[2]=E,

of [Huybrechts and Thomas 2010] and an orientation
0:0p => det(E)

of [Cao et al. 2020]. Then the intrinsic normal cone is isotropic by the derived Darboux theorem of [Brav
et al. 2019], which is necessary to define the virtual cycle. See Section 4 for the precise statements.

For a generic surface class y, the Oh-Thomas virtual cycle [Z?]" vanishes due to the following two
heuristics:

(a) When deforming X, the codimension of the Hodge locus of y in the base is often positive. Therefore

deformation invariance of virtual cycles implies the vanishing.

(b) There often exist nondegenerate cosections given by semiregularity maps. They give trivial factors
O of E which imply the vanishing.

We present a motivating example which reveals the above two phenomena.

Example 1.5 Let X C P> be a smooth sextic hypersurface which contains a plane S € X. Let v =
ch(Og) e H*(X,Q) and g € {—1,0, 1}.

¢ The virtual dimension is —17.

e [Carlson et al. 2009] The codimension of the Hodge locus of y = v, = [S]is 19.

e There are 19 nondegenerate cosections.

We first discuss the codimension of the Hodge locus in (a). By [Bloch 1972] (see Proposition 4.9), the
obstruction to deforming the Hodge class y € H?(X, 9)2() C H*(X,C) is governed by the symmetric

bilinear form
B,: H'(X,Tx)® H (X, Ty) — C, gl®ng/ te e,y Vo,
X

where ¢ denotes the contraction map. In particular, its rank

is the codimension of the Hodge locus of y.3
We now discuss the cosections in (b). By [Buchweitz and Flenner 2003], a perfect complex [/°] € &

gives rise to a semiregularity map
(2) sroExty(I1°,1%)0 — H3*(X,Q)) = H' (X, Tx)", e tr(At(I®)oe),

3Let f : X — B be a smooth proper morphism of smooth analytic spaces such that the fibre Xo over a point 0 € /5 is X" and
B is contractible. Then there exists a unique lift 7 of y € H*(X, Q) as a section of the local system R* £ Q. The Hodge locus
of y is defined as the subset Hdy, :={b e B:y, € H 2:2(Xp)} and has a natural analytic scheme structure (see [Voisin 2013]). If
the Kodaira—Spencer map KS : Tz o — H'(X, Ty) is an isomorphism, then py = dim(7p,0) — dim(7Tna,,,0) by [Bloch 1972].
We will not use the Hodge locus in this paper except for heuristic arguments.
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where At(/°®) is the Atiyah class. This semiregularity map relates the obstructions of deforming the
perfect complex /° and the Hodge class y = ch,(/*®) via the commutative triangle

ob=sr"

HY(X,Tx) Ext%(1°,1%)0

3) x /

HY (X, Tx)Y

The symmetry of the above triangle given by ob = sr¥ is a special feature of Calabi—Yau 4-folds X and
(2,2)-classes y € H*(X, 9)2(). The semiregularity maps sr can be extended to cosections on the moduli
space,

SR:EV[1] = RHomz(I°,1%)0[2] > H (X, Tx)" ® 0.

Then SR? := SRoSRY = By ® 12, which can be shown by extending the triangle (3). See Section 4 for
details.

Choose a nondegenerate subspace V' C H ! (X, Ty ) with respect to the bilinear form By. Then V = VV.
Assume that V' is maximal, i.e., dim(V') = p,.

(a’) From the perspective of Hodge theory, V is a transversal slice to the Hodge locus of y. Heuristically,
we want to constrain virtual cycles to be deformation invariant only on the Hodge locus of y.

(b") From the perspective of cosections, V' induces nondegenerate cosections
S:EVSR HY (X, Tx)V @ 0% — VY Q 0.

Here nondegeneracy means that the square £2 := ¥ o XV is an isomorphism. In particular, we have
a direct sum decomposition
E=E“®(V®0x)l]

and we want to remove the trivial factors from the obstruction theory.

The second main result in this paper achieves (a’) and (b’).

Theorem 1.6 (Theorem 4.5, Proposition 4.19) Let X be a Calabi-Yau 4-fold, v € H*(X,Q), and
q € {—1,0,1}. For any maximal nondegenerate subspace V. C H'(X, Ty) with respect to By, the
composition

AR LS LS WS
is a symmetric obstruction theory such that the reduced closed substack of the intrinsic normal cone
is isotropic (see Section 4 for the precise definition). Consequently, given orientations of E and

H(X, Tx)y :=H (X, Ty)/ ker(By ), there exists a canonical reduced virtual cycle
(2D (X)) € Ana(Z2D (X)), vd=n—1y2+1p,
which is independent of the choice of V.*

4The subspace V depends on a choice, but H1(X, Tx )y is canonically defined. These spaces are identified via the map
VCHY X, Tx) > HY (X, Tx)y.
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We prove that ¢™¢ is an obstruction theory via the algebraic twistor family [Kool and Thomas 2014]
associated to the transversal slice V' and prove the isotropic condition via a variation of the cosection
localization in [Kiem and Li 2013; Kiem and Park 2023] for the nondegenerate cosections X. In contrast
to the isotropic cosections in [Kiem and Park 2023], the nondegenerate cosections considered in this
paper allow us to handle cases where the virtual dimension n — %yz is not an integer, but the reduced
virtual dimension n — %yz + % Py is an integer, which actually occurs quite often (e.g., Example 1.5).

We note that the algebraic twistor method alone does not produce a reduced virtual cycle since the
isotropic condition for ¢ does not imply it for ¢™9. The cosection localization method alone produces the
reduced virtual cycle as a short-cut, but does not give a reduced obstruction theory. Combining the two
methods enables us to directly apply all the known tools for handling Oh—Thomas virtual cycles (torus
localization [Oh and Thomas 2023], cosection localization [Kiem and Park 2023], and virtual pullback
[Park 2021]) to the reduced virtual cycle. We will indeed apply these tools in the sequels to this paper.

We observe that the reduced virtual cycle is closely related to semiregularity. Buchweitz and Flenner

[2003] call a perfect complex [/°] € & semiregular if the semiregularity map sr in (2) is injective.

Theorem 1.7 (Theorem 4.6) Let X be a Calabi—Yau 4-fold, v € H*(X,Q), and g € {—1,0, 1}. For any
PT, pair [(F,s)] € 954)(X ), the associated complex I* is semiregular if and only if the moduli space
ﬂéq)(X) is smooth of dimension rvd = n — %yz + %py at [1°].

As a direct corollary of Theorem 1.7, if all [(F, s)] € 325‘1)()( ) are semiregular, the reduced virtual
cycle equals the fundamental cycle (for a certain choice of orientations). Thus, heuristically, we view the
semiregular case as the ideal situation. Put differently, we view the reduced virtual cycle as the correct
virtual generalization of the fundamental cycle in the semiregular case.

For Calabi—Yau 4-folds, Theorem 1.7 generalizes the results of [Bloch 1972] and [Buchweitz and
Flenner 2003]. Indeed, it is shown in [loc. cit.] that semiregularity implies smoothness, whereas Theorem

1.7 also provides a formula for the dimension and a converse.

Example 1.8 We revisit Example 1.5. All planes S = P2 in a smooth sextic 4-fold X are semiregular
and the moduli space @S_l)(X = @l(,o)(X = 3”51)(X ), with v = ch(Og), consists of isolated reduced
points (Corollary 4.28). Hence the reduced virtual dimension is zero and the contribution of any plane
S C X to the reduced virtual cycle is =[{S}].

More generally, we give a simple description of the semiregularity map for local complete intersection
surfaces. This identification is important for computing p,, and the reduced virtual dimension. Determining
Py 1s an interesting new aspect of the surface-counting theory. For example, p, is only subadditive in y,
e.g., pdgy = py forany d € Zo.

Proposition 1.9 (Proposition 4.24) Let i : S < X be a local complete intersection surface inside a
Calabi—Yau 4-fold X. Then there exists an isomorphism

Os: H'(S,Ns/x) = Bxtz (Is/x. Is/x)o
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preserving nondegenerate symmetric bilinear forms induced by Serre duality. Under this isomorphism,
the sheaf-theoretic obstruction and semiregularity maps (3) match with the ones from the deformation
theory of subschemes.

We identify the dual of the semiregularity map (2) with the obstruction map
obs/x : H'(X,Tx) - H' (S, Ns/x)
for Hilbert schemes, which is easier to determine. This leads to the following corollary:

Corollary 1.10 (Corollaries 4.28 and 4.30) (1) Let X C PV be a smooth complete intersection Calabi—
Yau 4-fold. Suppose S C X is a complete intersection surface in PV, Then Ig /x 1s semiregular.
Moreover, if v=ch(Og) and g € {—1,0, 1}, then @,@(X) is smooth of dimension rvd = hO(NS/X)
atlg /X-

(2) Let X be a Calabi-Yau 4-fold with nondegenerate holomorphic 2-form. Supposei : § — X

is a smooth lagrangian surface and v = ch(Qg). Then rvd = h10(S) — %dim coker(i *), where
i*:HY(X,Qy) > H'(S,Q%).

For Corollary 1.10(1) and X a sextic 4-fold, we show that rvd is often zero, but can be positive in some
cases. For Corollary 1.10(2), we find that lagrangian planes are semiregular with rvd = 0, but we also
consider Schoen surfaces [2007] embedded in their Albanese 4-fold which are semiregular with rvd = 4.
Furthermore, for Corollary 1.10(2), we also consider nonsemiregular cases on hyperkihler 4-folds with
lagrangian fibration and the Hilbert square K3 21, Finally, we show that p, vanishes when #2:9(X) =0
and the class y is a product of two (1, 1)-classes. In this case, nonreduced virtual cycles contain nontrivial
information. See Section 4.6 for a precise list of examples.

1.5 Deformation invariance

Let
f:X—>B

be a family of Calabi—Yau 4-folds, i.e., a smooth projective morphism of relative dimension 4 to a smooth
connected affine scheme B such that w5 = Ox and with connected fibres. Consider a horizontal section

4
b e @ FPHE (x/B).
p=2
where F? Hgf{ (X/B) is the p-th filtered piece of the Hodge bundle H;{{ (X/B). Then ¥y € H*(Xp,C) is
a locally constant family of cohomology classes on the fibres Xp, := X x {b} over b € B. The component
¥, induces a section 7 of R? f*Qi /5" The bilinear forms By, on H L(Ap, Tx,) for b € B extend to a
bilinear form By on the vector bundle R fi(Ty /B)-
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Let @é’” (X/B) be the moduli space of PT,-stable pairs on the fibres of f : X — B. This relative
moduli space fits into the fibre diagram

P (Xy) — 20 (x/B)

| |

me— " .p

for each b € B. We have a relative obstruction theory ¢y /5 : Ex/p — L 29D (x/B)/5"
Our third main result (Section 5) is the deformation invariance of the reduced virtual cycle in

Theorem 1.6.

Theorem 1.11 (Theorem 5.1) Let f : X — BB be a family of Calabi—Yau 4-folds and v € EBP FPHI%’ (X/B)
be a horizontal section, ¥ € T'(B, R? f Q?V/B) the induced section, and g € {—1,0, 1}. Assume that the
function b — pz, on B is constant. Given orientations

0 @ () = det(B i), Op = det(R" £« (T 5)/ker(By)),

there exists a cycle class
(25 (X /B € Anaraime (P (X/B))

such that, for all b € B, we have
(250 ()™ = iy 20 (X /B € Ana( P (X))
for the induced orientation. Here i 1!) denotes the refined Gysin pullback.

In general, reduced virtual cycles given by cosection localization [Kiem and Li 2013] are deformation
invariant only under an additional assumption. In Theorem 1.11, this assumption follows from the fact
that the Hodge locus of ¥ in B is B itself.

The existence of a relative orientation is required in Theorem 1.11. We conjecture (Conjecture 5.7)
that a relative orientation exists after a finite étale base change of the base B and we prove its topological
counterpart (Corollary C.2). The existence of a relative orientation is crucial for deformation invariance
of numerical invariants, but is not needed in the main application below.

Variational Hodge conjecture The Hodge conjecture predicts that for any smooth projective variety X,
all rational (p, p)-classes on X are algebraic. Grothendieck [1966a] introduced a variant of this:

Conjecture 1.12 (variational Hodge conjecture) Let X be a smooth projective variety and y an algebraic
(p, p)-class on X. For any smooth projective morphism f : X — B to a smooth connected scheme B and
a horizontal section v, of FI’HIZDﬁ(X/B) such that Xy = X and (Vp)o = y for some closed point 0 € B,
the cohomology classes (Up)p, are algebraic for all closed points b € B.

Our fourth main result is an affirmative answer to Conjecture 1.12 when there exists a nonzero reduced
virtual cycle.
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Theorem 1.13 (Theorem 5.13) Let X be a Calabi—Yau 4-fold and let y be a (2,2)-class on X. If for
somev € H*(X,Q) withvy, =y, g € {—1,0, 1}, and choice of orientation on @ff”(X) we have

[ZD(X)]* £ 0 € Ara (2D (X)),

then Conjecture 1.12 holds for X and y.

We prove Theorem 1.13 via the deformation invariance in Theorem 1.11. Here we do not require the
two technical assumptions in Theorem 1.11. The function B — Z, b + py, , is lower semicontinuous and
the reduced virtual cycle vanishes if p5, drops at 0 € B (Proposition 5.5). The assumption on orientations
can be removed by working with virtual cycles instead of invariants.

We view Theorem 1.13 as a virtual generalization of [Buchweitz and Flenner 2003] (see also [Bloch
1972]) for Calabi—Yau 4-folds. In fact, [Buchweitz and Flenner 2003] implies that Conjecture 1.12 holds
if there exists a semiregular PT, pair /* = [Ox — F] on X with chy(F) = y. Theorem 1.13 recovers
[loc. cit.] for Calabi—Yau 4-folds, because the reduced virtual cycle equals the fundamental cycle near a
semiregular point (Theorem 4.6).

This application to the variational Hodge conjecture shows that it can be useful to work with the virtual
cycle instead of invariants, because one can restrict to each connected component of the moduli space.

Example 1.14 (Example 5.16) We give a nonsemiregular application of Theorem 1.13. Let X =S xS be
a product of two K3 surfaces. Let 81 € H1(S1), B2 € H'-1(S,) be two irreducible effective classes with
B? >2and B2 =0. Let y = B1 U 2. Then, for any g € {—1,0, 1}, we have WSQ)(X) =|0s, (B1)| x P!
for some v € H*(X, Q) with vy = y. In this case, the reduced virtual cycle is 4°%(Og, (B1)) - [pt x P1].
Therefore Conjecture 1.12 holds for such y. This is a nonsemiregular case since the reduced virtual cycle
differs from the fundamental cycle.

1.6 Moduli stack of semistable sheaves

In Appendix B, we generalize the construction of reduced virtual cycles to Artin stacks (which are global
quotient stacks). In particular, we consider the moduli stack M{,-I’SS (X) of Gieseker semistable sheaves
on X (with respect to a polarization H) with Chern character v € H*(X, Q), rigidified by the action
of BGyy,. The Chern character v is arbitrary so this includes moduli of 2-dimensional torsion sheaves and
moduli of higher rank sheaves.

Theorem 1.15 (Theorem B.6) Let (X, H) be a polarized Calabi-Yau 4-fold and v € H*(X, Q). For any

choice of orientation on Mf’ss (X), there exists a canonical reduced virtual cycle

[Mf’SS(X)]redE A1— lel,SS(X))’

Lyt o,

where y := v; and x(v,v) := [y vV -v-td(X). Moreover, if [/\/III)LI’SS(X)]red = 0, then Conjecture 1.12
holds for X and y.

We construct the reduced virtual cycle as a class in Kresch’s Chow group [1999b] by extending Oh and
Thomas’s construction [2023] and Kiem and Li’s cosection localization [2013] to Artin stacks (which are
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global quotients). If there exist strictly semistable sheaves, this virtual cycle does not provide numerical
invariants since there is no pushforward map for Mf **(X) — Spec(C). Nonetheless, this virtual cycle
is sufficient for applications to the variational Hodge conjecture.

There is a “fixed determinant version” of Theorem 1.15 under the assumption vy # 0 and v; = 0
(Theorem B.10).

1.7 Derived algebraic geometry
In Appendix A, we revisit Theorem 1.6 via derived algebraic geometry. The main result is the following:

Theorem 1.16 (Corollary A.15) In the situation of Theorem 1.6, there exists a (—2)-shifted symplectic
derived enhancement of @1@ (X) inducing the reduced symmetric obstruction theory ¢™.

We first introduce general reduction methods via (—1)-shifted closed/exact 1-forms (Theorem A.1). In
order to apply this to the moduli space &7’5‘1)()( ), we show that the semiregularity maps can be enhanced
to (—1)-shifted closed 1-forms (Proposition A.13). This is achieved by generalizing the integration map
of [Pantev et al. 2013] (Theorem A.6).

As a byproduct, we obtain a new proof of Bloch’s conjecture for surfaces on Calabi—Yau 4-folds
(Remark A.18). The general case of Bloch’s conjecture was shown by Pridham [2024] and Bandiera,
Lepri and Manetti [Bandiera et al. 2023] (and by Iacono and Manetti [2013] when the normal bundle is
extendable).

1.8 Relations to physics

Finding connections between surface counting on Calabi—Yau 4-folds and string theory is an interesting
direction. We briefly point out relations to two (disjoint) parts of the physics literature:

¢ In M-/F-theory, the complex moduli of a Calabi—Yau 4-fold X are fixed by fixing a rational 4-cycle
class called the G4-flux. Then Gukov, Vafa and Witten [Gukov et al. 2000] introduced an associated
superpotential giving rise to a symmetric bilinear form which (up to change of coordinates) coincides
with B,. Explicit bounds on the rank p, of B, appear to be of interest to physicists [Braun et al.
2012; Braun and Valandro 2021; Bena et al. 2021; Graiia et al. 2022; Liist et al. 2022].°

e Nekrasov [2016; 2017a; 2018; 2019; 2017b] studied the moduli space of (noncommutative) instantons
on origami spacetimes in C#. Our choice of K-theoretic insertions for toric Calabi—Yau 4-folds in
the sequels (and the choice in [Cao et al. 2022a; Kool and Rennemo 2025]) are motivated by the
study of SUSY Yang—Mills theory on C# [Nekrasov 2020; Nekrasov and Piazzalunga 2019].

1.9 Sequels

We briefly mention the content of the sequels to this paper:

SWe thank Grimm for pointing us to the physics literature, specifically [Braun et al. 2012].
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e In part II [Bae et al. 2024], we study the DT/PTy correspondence. We conjecture a general
correspondence and provide evidence on toric Calabi—Yau 4-folds via a vertex formalism, and on
compact Calabi—Yau 4-folds via a virtual Lefschetz principle.

e In part III (in preparation), we study the PTo/PT; correspondence in special cases. We consider
virtual projective bundles and Weierstrass 4-folds.

¢ In part IV (in preparation), we compute PT; invariants in some examples including local surfaces
and Calabi—Yau 4-folds with a nondegenerate holomorphic 2-form.

We will also further explore the link between the variational Hodge conjecture and the reduced virtual
cycles.

1.10 Related work

Reduced virtual cycles for curves on hyperkihler 4-folds were studied by Cao, Oberdieck and Toda [Cao
et al. 2024; 2022c¢]. For the moduli space of PT; pairs on X, Theorem 1.4 was independently proven in
[Gholampour et al. 2024]. Correspondences for PT, invariants in the context of Joyce’s wall-crossing
framework [Gross et al. 2022; Joyce 2018; 2021] will be an interesting direction to study.

There are two types of generalizations of cosection localization [Kiem and Li 2013] to Donaldson—
Thomas theory of Calabi—Yau 4-folds [Borisov and Joyce 2017; Oh and Thomas 2023]. Savvas [2022]
showed vanishing of Borisov—Joyce virtual cycles with a nowhere-vanishing isotropic cosection. Kiem
and Park [2023] studied cosection localization for Oh—Thomas virtual cycles [2023].

1.11 Notation and conventions

We use the following notation and conventions throughout the paper:

¢ All schemes and algebraic stacks are assumed to be of finite type over the field C, unless stated
otherwise. A variety is a separated integral scheme. A point x € X in a scheme or an algebraic
stack X means a C-valued point.

¢ A Calabi-Yau n-fold is a smooth projective variety X of dimension n with Ky =~ Ox.

¢ For a coherent sheaf F' on a smooth quasiprojective variety X, we use the following notation for the
various duals:
- FY := RHomx (F, Oyx);
- FD .= &xty (F, Kx), where c is the codimension of F in X.
¢ For a smooth projective variety X, we denote by
— Coh(X) the abelian category of coherent sheaves on X;

— %oh(X) the moduli stack of coherent sheaves on X;
- Dé’oh(X ) the bounded derived category of coherent sheaves on X.

e For a perfect complex F on a scheme X of tor-amplitude (—oo, 0], denote by ¢(F) :=hl/h%(FY)
the associated abelian cone stack [Behrend and Fantechi 1997, Proposition 2.4].
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e An orthogonal bundle on a scheme X is a pair of a vector bundle E and an isomorphism ¢ : E — EV
such that ¢ = ¢"V. By abuse of notation, we also denote by g : E — Agc the corresponding quadratic
function. An orientation of an orthogonal bundle E is an isomorphism o : Oy = det(E) such that
det(q) = (=1)""D/2(p00V)~1, where r = rank(E).

o A symmetric complex on a scheme X is a pair of a perfect complex £ on X of tor-amplitude [—2, 0]
and an isomorphism 6 : EV[2] = E such that ¥ [2] = 6. An orientation of a symmetric complex E
is an isomorphism o : Oy 2 det(E) such that det(9) = (—1)""~1/2p 00V, where r = rank(E).

e For a morphism f : X — Y of algebraic stacks, we denote by ILy/y the full cotangent complex
[Mlusie 1971; 1972; Olsson 2007] and by rZ_l]Lx/y the truncated cotangent complex.

 For any algebraic stack X, we denote by A (X) the Chow group of [Kresch 1999b] with Q-coefficients.
Forany d € Q\ Z, we let A4 (X) :=0.

¢ For a morphism f : X — Y and a coherent sheaf (resp. a perfect complex) E on Y, we denote the
pullback f*E (resp. the derived pullback Lf*E) by E|x.

2 Stable pairs

In this section, we introduce the PT-stability conditions on 2-dimensional pairs for ¢ € {—1,0, 1}, and
present basic properties which will be used throughout the paper and its sequels. The PT_; -stable pairs
coincide with DT-stable pairs (i.e., ideal sheaves), PT-stable pairs are PT-stable pairs (i.e., Le Potier stable
pairs [1993; 1995; Pandharipande and Thomas 2009b]), and PTy-stable pair is a new intermediate notion

DT :=PT_; ~PTy ~ PT; =: PT.
Any PT pair (F,s) on a smooth variety X has an associated complex
I°:=[0x > F]

in Dfoh(X ), the bounded derived category of coherent sheaves on X. We study PT, pairs through these
associated complexes. We provide descriptions of these associated complexes under various assumptions
on the singularities of the support of F. The results in this section provide some insights into the geometric
meaning of PT,-stability. They will also play an important role in the sequels to this paper.

Throughout this section, we fix a smooth projective variety X of dimension n over the complex field C.

2.1 PT,-stability
For any integer ¢ > —1, consider the two full subcategories
Coh<4(X) :={F € Coh(X) : dim(F) < g}, Cohs441(X):={F € Coh(X):T,(F)=0j}.

SThis convention is slightly different from [Park 2021], in which all symmetric complexes are assumed to be equipped with
an orientation.
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Definition 2.1 Let F be a coherent sheaf on X with 2-dimensional support and let s : Ox — F be a
section. For ¢ € {—1,0, 1}, we say that the pair (F, s) is PTy-stable if

F € Coh>44+1(X) and Q := coker(Ox > F) € Coh<4(X).
Abbreviating, we also refer to PT,-stable pairs as PT; pairs.

Example 2.2 The PT,-stability conditions for the following two extreme cases are well known:

(DT) A pair (F,s) is PT_;-stable if and only if s : Oy — F is surjective. Hence PT_; pairs on X
correspond to 2-dimensional closed subschemes of X (which may have irreducible components of
dimension 0 and 1). Thus we refer to PT_ -stability as DT-stability.

(PT) A pair (F,s) is PT;-stable if and only if F is pure and dim(Q) < 1. Hence PT; pairs are exactly
the 2-dimensional stable pairs in the sense of [Le Potier 1993, definition 4.2].7 Their 1-dimensional
analogs are used in [Pandharipande and Thomas 2009b; Cao et al. 2022b] (and many other places).
Thus we sometimes refer to PT-stability as PT-stability.

We present some elementary properties of PT, pairs. We begin with an observation on the supports.

Lemma 2.3 Given a PT, pair (F,s) on X, the scheme-theoretic support of the coherent sheaf F is the
scheme-theoretic support of the section s.

Proof The proof is analogous to [Pandharipande and Thomas 2009b, Lemma 1.6]. Let Ann(s) € Ox be
the ideal sheaf of the support of s. Away from the support of Q = coker(s), the sheaf F is generated
by the section s. Hence Ann(s) - F C F is set-theoretically supported in the support of Q, and thus
Ann(s) - F € Coh<4(X). Since F € Coh>441(X), we obtain Ann(s) - F = 0. a

We note that the PT, pairs have limit descriptions.

Proposition 2.4 Let W C Z C X be closed subschemes such that Oz € Coh>44+1(X) and Ow €
Coh<4(X). Suppose W is reduced and denote its ideal by 3 € Oz. Then PTy pairs (F,s) with
support Z and cokernel Q satisfying Supp(Q)™ C W are equivalent to coherent subsheaves of
li_r)n?-[omX(’Jr, 0z)/0z.

Proof The proof is analogous to [ibid., Proposition 1.8]. Choose a PT, pair (F,s). By Lemma 2.3, we
can form a short exact sequence

“4) 0->0z—>F—Q0—0,

where Z is the support of F and Q is the cokernel of 5. Since Oz € Coh>441(X) and Q € Coh<4(X),
we have Homy (Q, Oz) = 0. Hence the short exact sequence (4) gives us an inclusion

Homx (F,0z) — Homx (Oz,0z) = Oz,

7Equivalently, PT pairs are the 2-dimensional a-stable pairs in the sense of [Le Potier 1995, definition 4.4] for sufficiently
big a(t) € Q[t].
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which is an isomorphism away from the support of Q. Hence Homy (F, Oz) is an ideal such that
J" C Homy (F, Oz) for some integer r. Since F' € Cohx441(X), we have

F € Homy (Homy (F.0z),0z) € Homx (3", 0z) C lim Homy (3", 0z).

r—>0o0

where the last inclusion map follows from Homy (3" /371, 0z) = 0.

On the other hand, choose a coherent subsheaf F C lim Homy (3", 0z) containing Oz. Since F
is coherent, we have F C Homy (3", Oz) for some sufficiently large r. Let s : Ox — Oz < F be
the composition. Consider a subsheaf G € F of dimension < ¢. By adjunction, the inclusion map
G — Homyx (3", Oz) corresponds to a map G ® J° — Oz, which is zero since Oz € Cohsg41(X).
Hence, G = 0. This means that ' € Coh>441(X). Therefore (F,s) is a PTy-stable pair. |

Remark 2.5 Some results in this paper hold for d-dimensional pairs. For a coherent sheaf F on X with
a d-dimensional support, a section s : Oy — F, and any g € {—1,0,...,d — 1}, we define the pair (F, s)
to be PTy-stable if

F € Cohs4+1(X) and Q :=coker(Ox > F) € Coh<4(X).
Then Lemma 2.3 and Proposition 2.4 hold for d -dimensional PT, pairs as well (as is immediately obvious
from the proofs). However, most parts of the paper require d = 2, so we restrict to this case.
2.2 Special cases

Given a PTy pair (F, s) on an n-dimensional smooth projective variety X, we may consider the following

two special cases:
(1) (F,s) is additionally DT-stable, i.e., s : Ox — F is surjective.
(2) (F,s) is additionally PT;-stable, i.e., F' is pure.

Case (1) is very clear. It consists of 2-dimensional subschemes Z C X with no (possibly embedded)
0-dimensional components. Case (2) is more interesting. It depends on the singularities of the support.

Proposition 2.6 Let S be a pure 2-dimensional subscheme of X. Then the following three conditions are

equivalent:
(i) S is not Cohen—Macaulay.
(i) Exty1(0g, Kx) #0.
(iii) There exists a PTg pair (F, s) with support S and nonzero cokernel Q.

Furthermore, for any m > 0, the PTy pairs (F,s) with support S and y(Q) = m are in bijective
correspondence with the closed points of the Quot scheme

Quotx (Exty 1 (Os, Kx), m)
parametrizing length m quotients of the 0-dimensional sheaf é"xtS’(_l (Os, Kx).
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Proof Since S is pure, éaxt& (Os,Kx)=0fori #n—2,n—1 and é"xtj}(_l (Os, Kx) is O-dimensional

[Huybrechts and Lehn 2010, Propositions 1.1.6 and 1.1.10]. Let i : S < X denote the inclusion map.

Since RHomy (Og, Kx) = Rii' Ky, we have éaxt;’(_l (Og, Kx) =0if and only if S is Cohen—Macaulay.
For any 0-dimensional sheaf O, we have

(5) Exty (Q, Os) = Homy (&x 1 (Os, Kx), QP),

where 0P = &Exty (Q, Kx). Hence (iii) implies (ii). On the other hand, if é"xtj,’(_l((’)s, Kx) # 0,
we can always find a closed point P € X in the support of é"xt;’(_l((’)s, Kx) and a nonzero map
é”xtsl(_l (Os, Kx) — Op. By (5), we find a nonsplit extension in Ext)l( (02, 0y) # 0, from which we
obtain a PT pair (F, s) with nonzero cokernel. By Lemma 2.3, the support of this PTy pair is S. This
proves (ii) = (iii).

Finally, it follows from (5) that there exists a bijection between the collections

(|_| Ext}(Q, (’)S))/g, (|_| Homy (x4 (Os. Kx), Q)) >,
0 0

where the union is over all 0-dimensional sheaves on X and we divide out by isomorphisms. This bijection
is obtained by dualizing the short exact sequence 0 - Og — F — Q — 0. Since F is pure if and only if
éoxtsl(_l (F, Kx) is O-dimensional and &xty, (F, Kx) = 0 [Huybrechts and Lehn 2010, Proposition 1.1.10],
it follows that the short exact sequences with F' pure correspond precisely to the surjective morphisms. O

Now consider a PT; pair (F,s). We can similarly consider the following two special cases:
(3) (F,s) is additionally PTy-stable, i.e., Q is O-dimensional.
(4) F is additionally reflexive.

Case (3) is exactly case (2) above. Case (4) is a “dual” version of case (1) above, in the sense of the
following proposition:

Proposition 2.7 Let (F,s) be a pair of a coherent sheaf F on X and a section s : Ox — F.

(1) If (F,s) is PTy-stable and y(F) is minimal among all PT pairs with Chern characters ch,,_, (F)
and ch,—_1(F), then (F,s) is DT-stable.

(2) If (F,s) is PT-stable and x(F) is maximal among all PT; pairs with Chern characters ch,,_,(F)
and ch,_1(F), then F is reflexive.

In Proposition 2.14, we will show that y(F) is bounded below for DT and PTy pairs (F,s) with fixed
Chern characters ch,—»(F) and ch,—; (F), and bounded above in the PT case.

Proof (1) Form the short exact sequence
0->0z—>F—Q0—0,
where Z is the support of F and Q is the cokernel of s. Then we have
chn—2(0z) = chy—s(F), chy_1(Oz) =chy_1(F) and x(Oz) = x(F)—x(Q).
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Since (Oz,1:Ox — Oz) is a PTg pair and y(F') is minimal, Q = 0. Therefore (F, s) is a DT pair.
(2) Consider the canonical map

Op : F — FPD,

The purity of F' implies é"xt}’(_l (F, Kx) € Coh<o(X) and &xty, (F, Kx) = 0 by [loc. cit.]. Moreover, the
spectral sequence
Exty (Exty? (F, Kx), Kx) = F

in [ibid., Lemma 1.1.8] gives us a short exact sequence
0— F — FPP s &xti"1(F, Kx)P — 0,
where co‘”'xtS’(_l(F, Kx)P € Coh<o(X). Hence (FPP,0F os) is also a PT; pair such that
X(FPP) =y (F) + y(&xty™ (F. Kx)P) = x(F).

Since y(F) is maximal, F = FPD. a

2.3 Associated complexes

Let X be a smooth projective variety of dimension n. Given a PT, pair (F,s) on X, we can form an
associated complex

I*:=[0x => F],
b

with Ox in degree zero. We view I ° as an element of D,

(X), the bounded derived category of coherent
sheaves on X. In this subsection, we analyze PT, pairs in terms of the associated complex 7°.
We first note that a PT pair is equivalent to its associated complex.

Lemma 2.8 Assume X is a smooth projective variety of dimension n > 4. Consider two PTy pairs
(F1,s1) and (F2,s2). Then the two associated complexes 1] := [Ox 2Ly Fi] and I3 :=[0x 25 By are
quasi-isomorphic if and only if the two PT, pairs (Fy,s1) and (F», s2) are isomorphic.

Proof The proof is analogous to [Pandharipande and Thomas 2009b, Proposition 1.21]. Since
Extz' (Fi, Ox) = H=""}(X, F1 ® Kx)* =0,
by F; € Coh<z(X), the map
C = Homy (Ox,Ox) — Homy (I, Ox)

is an isomorphism. Therefore, any quasi-isomorphism ¢ : /7 — I can be completed to an isomorphism

of distinguished triangles
s1

17 Ox Fi
J¢ c v
L Ox —=— F,
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for some dotted arrows ¢ and . Since ¢ € I'(X, Oy) = C* is a nonzero constant, cly i Fl— Fis
an isomorphism of sheaves with ¥ (s1) = 5. |

We show that a PTg pair for which the pure part of its scheme-theoretic support is Cohen—-Macaulay
can be expressed by a map from a DT pair to a 1-dimensional pure sheaf.

Proposition 2.9 For any PTq pair (F,s) on X such that S = Supp(F)P"® is Cohen—Macaulay, we have
a natural quasi-isomorphism
(6) I* =[lIg/x — T1(F)].
where T1(F') is zero or pure 1-dimensional and Ig,x denotes the ideal sheaf of S in X.
In particular, when dim(X) = 3, we have Ig,x = Ox(—S) and
I* = [O0x — T1(F)(S)](=S),
which, for T1(F) # 0, is a 1-dimensional stable pair on X as in [Pandharipande and Thomas 2009b].

Proof We may assume T7(F) # 0, because otherwise the result is immediate from Proposition 2.6.
Note that F/T1(F) is a pure 2-dimensional sheaf and 7 (F') is a pure 1-dimensional sheaf. Hence the
support of the PTy-stable pair Oy — F/T1(F) is also pure. Let Z = Supp(F), so S = ZP"®, Since
T1(Oz) = Ig;z by definition, the support of the PTo pair Ox — F/T1(F) is S. By Proposition 2.6
above, we obtain the desired isomorphism Og = F/T;(F). Moreover, since the commutative square

Is)x — T(F)
Ox —— F
is cartesian and cocartesian, we have the desired quasi-isomorphism (6). a

Dually, PT; pairs (with Cohen—Macaulay support) can be expressed by maps between 1-dimensional
pure sheaves and DT pairs.

Proposition 2.10 For any PT; pair (F,s) on X with Cohen—Macaulay support S, we have a natural
quasi-isomorphism
I* = cone(Q[-2] — Is/x).

where the cokernel Q is zero or pure 1-dimensional.

Proof The quasi-isomorphism follows from the canonical distinguished triangle

IS/X Y A Q[—l] _>IS/X[1]-

Thus it suffices to assume Q # 0 and show it is pure 1-dimensional. Applying Homy (7o(Q), —) to the
short exact sequence 0 - Og — F — Q — 0, we obtain a long exact sequence

- = Homy (To(Q). F) — Homy (To(Q). Q) = Extx (To(Q), Os) —---.

By purity of F and Proposition 2.6, we deduce To(Q) = 0, which implies that Q is pure 1-dimensional. O
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For PT pairs with Gorenstein support, we also have the following characterization:

Proposition 2.11 For any PT pair (F, s) on X with Gorenstein support S and nonzero cokernel Q, we
have a natural quasi-isomorphism

@ FY® Kx[n—21=[0s > 0P ® K] ® K.
where QP := é"xtS’(_l (Q, Kx) is a pure 1-dimensional sheaf supported on S. Moreover, this induces an
equivalence between PT pairs supported on S with nonzero cokernel and 1-dimensional PT pairs on S.

Proof Since S is Gorenstein, RHomy (Os, Kx) = Kg[—(n —2)]. Moreover, Q is pure 1-dimensional
by Proposition 2.10. Applying the functor RHomy (—, Kx) to the short exact sequence 0 - Og — F —
Q — 0, we obtain a distinguished triangle

FYQ®Kx[n—2]— Ks — 0P - FY @ Kx[n—1],

which implies the desired quasi-isomorphism (7).

Since Q is pure 1-dimensional, we have Q = QPP and QP is pure 1-dimensional as well. Moreover,
F is pure; hence, the cokernel é"xtgf_l(F , Kx) of the map Ks — QP is 0-dimensional. It is easy to see
that all these operations are invertible, thereby establishing an equivalence. O

The equivalence in Proposition 2.11 implies that PT; pairs on Gorenstein (and smooth) supports have
simple descriptions. Fix a 2-dimensional pure subscheme S of X.

Corollary 2.12 Assume that S is Gorenstein. A PT; pair (F,s) on X with support S and nonzero
cokernel is equivalent to a pair (C,t) where C C S is a pure 1-dimensional subscheme and t : oc —> R
is a 0-dimensional quotient.

Proof By the previous lemma, we may view a PT; pair on X with support S and nonzero cokernel as a
1-dimensional PT pair on S. The support of this stable pair is a 1-dimensional pure subscheme C C §
and the stable pair is determined by a short exact sequence

0->0c—->G— 0 —0,

where G is pure 1-dimensional and Q is O-dimensional. Applying the functor RHoms (—, Ks) and using
é"xtg (G, Kg) = 0 (purity of G), we obtain a quotient

t:wc = 5’)61‘};(05‘, Kg) —> 5xt§(Q, Ks).

Note that applying RHoms (—, Ks) again and using that (’)g D ~ O¢ and (’)g is pure 1-dimensional, we
can recover the original 1-dimensional PT pair on S, and hence PT; pair on X. |

Corollary 2.13 Assume that S is smooth. A PTy pair (F,s) on X with support S and nonzero cokernel is
equivalent to a pair (C, Z) of an (nonzero) effective divisor C C S and a O-dimensional subscheme Z C C.

Proof Since any pure 1-dimensional subscheme C of a smooth surface S is a local complete intersection,
C is Gorenstein and K¢ is invertible. Hence the proof follows directly from Corollary 2.12. O
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2.4 Numerical bounds

Let X be a smooth projective variety of dimension n with fixed very ample line bundle Ox (1). For any
coherent sheaf F' on X, we denote its Hilbert polynomial by

/i
Pp(t) = ZO"'(F)'E’
i>0
where oo (F) = y(F) is the Euler characteristic. In this subsection, we derive boundedness results on
a; (F) for PT, pairs (F,s) which are crucial in the GIT construction in Section 3.2.

Proposition 2.14 Fix rational numbers ap > 0 and o .
(1) Foreachqg € {—1,0, 1}, the set
{a1(F) : PTy pairs (F,s) such that a»(F) = a3}
is bounded below.

(2) The two sets
{x(F) :DT pairs (F, s) such that as(F) = oz, a1 (F) = a1},

{x(F):PTq pairs (F,s) such that az(F) = as, a1 (F) = o1}
are bounded below, and the set

{x(F):PT pairs (F,s) such that az(F) = as, a1 (F) = o1}
is bounded above.

Proof (1) The DT case is shown in [Le Potier 1993, corollaire 2.13]. The PTy case follows directly from
the DT case by considering the short exact sequence 0 - Oz — F — Q — 0 since a2 (F) = a2(0z)
and a1 (F) = a1 (Oz). Finally, the PT; case also follows directly from the DT case by considering the
short exact sequence 0 - Og — F — Q — 0, since a2 (F) = a2(Og) and o1 (F) > a1 (Og).

(2) (DT) Choose a DT pair (Oz,1:Ox — Oz) such that a2 (Oz) = a2, ®1(Oz) = a1, and y(Oz) < 0.
Consider the map

(8) (X \ 2)F%©OD] L Hilb(X, Lont? +art), Wi ZUW,

from the Hilbert scheme of points to the Hilbert scheme of closed subschemes with Hilbert polynomial
v = %aztz —+ a1 t. Since the map (8) is injective and the Hilbert scheme Hilb(X, v) is of finite type, the
Euler characteristic y(Oz) has a lower bound which only depends on X, a2, and o;.

(PTp) Given a PTy pair (F,s), we can form a short exact sequence
0->0z—>F—0—0,
where Z is the support of F and Q is the cokernel of s. Since
w2 (F) =a2(0z), a1(F)=0a1(0z) and x(F) = x(Oz)+ x(Q),
a lower bound in the case (DT) also gives us a lower bound for the case (PTy).
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(PT1) Choose a PT; pair (F, s) and form a short exact sequence
0—->0s—F—0—0,

where S is the support of F and Q is the cokernel of s. By Lemma 2.15(2) below, it suffices to show
that (min(F') is bounded below. Note that there exists a surjective map F —> Fy, to a 2-dimensional
u-semistable sheaf Fui, such that pmin(F) = u(Fnin). We can assume that Fp;, is pure. We can form
an induced short exact sequence

0—> 0z - Fyin—> R—0

for a subscheme Z C S and a quotient sheaf O — R. Note that

Mmin(OS) = /Lmin(OZ) = /J«(Fmin) = ,umin(F)

(see [Huybrechts and Lehn 2010, Lemma 1.3.3]). Since S is pure, the minimal slope pmin(Os) is bounded
below by [Le Potier 1993, corollaire 2.13]. Therefore pmin (F) is also bounded below. O

We need the following lemma to complete the proof of Proposition 2.14(2) for PT; pairs:

Lemma 2.15 Let X be a smooth projective variety with a fixed very ample line bundle Ox (1) and let
0o, o1 be rational numbers such that a, > 0.

(1) The set of integers
{(xo : u-stable reflexive sheaves F on X such that Pg(t) = %aztz +agt + (xo}
is bounded above.
(2) For a fixed rational number C, the set of integers
{oeo : pure sheaves F on X such that Pr(t) = %ozztz 4+ a1t + g and ppyin(F) > C}
is bounded above.

Proof (1) The proof is similar to [Gholampour and Kool 2017, Proposition 3.6(2)]. Choose a p-stable
reflexive sheaf F with Pg(t) = %(xztz + o1t 4 ag. Assume that og > 0. Let Z be the support of F. Let
U C Z"™ be a nonempty smooth connected open subscheme of the reduced subscheme Z™ of Z . After
shrinking U to a possibly smaller nonempty open subscheme, we may assume that F|y = (93’ is a
trivial vector bundle on U.

We first claim that there is a map

@ Ul (X, Jaat® + o)

from the Hilbert scheme of points on U to the moduli space of p-stable pure sheaves on X such that
there is a short exact sequence

9) 0—>d(W)—>F—> 0w —0
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for all W e Ul Indeed, let W € U@l x U  Ul*o] x X be the universal family. Then we have a
surjective map Opyiao) X F |y —> Opiagl 7 —> Oy induced by some projection map (’)(SBr — Oy . Hence
we can form a short exact sequence

(10) O—>F'—>OU[WO]®F—>(9W—>O

of sheaves on U[®0] x X, which are flat over U[®0]. Hence F’ defines the map ® and, by taking the fibres
of (10) over W e U [@0] | we obtain (9). From (9) and the fact that F is reflexive, it follows that ®(W) is
pure 2-dimensional and ®(W)? = FP. Moreover, ®(W) = F € Cohy 1(X) := Coh<(X)/Coh<o(X),
so ®(W) is u-stable.

We then claim that the map @ is injective. Choose two 0-dimensional closed subschemes Wy, W, C U
and let F; = ®(W;) fori = 1,2. Assume that there is an isomorphism ¢ : F; -=> F, of sheaves. Then
we can form a commutative square

=

F—— FPDP = _F

l¢ l¢DD v

P FPP = F
since FIDD ~ DD ~ F2DD and F is reflexive. Since F is pu-stable, F is stable and thus simple, i.e.,
Homy (F, F) = C. Therefore, by replacing ¢ by c¢ - ¢ for some constant ¢ € C*, we may assume that the
dotted arrow  is the identity map idr. Hence F; = F, as subsheaves of F, and thus the cokernels are
isomorphic: Ow, = Ow,. Therefore W; = W, and @ is injective.
Since @ is injective and dim(U [@0]) > dim(U) - g, the Euler characteristic o is bounded above by

the dimension of the finite-type scheme M # (X , %aztz + oclt). This proves (1).
(2) Case 1: We first show that

{ozo : u-stable pure sheaves F' on X such that Pg(¢) = %oeztz +aqt + ao}

is bounded above. Let F be a u-stable pure sheaf with Pg (¢) = %aztz + o1t + op. Since F is pure, we
can form a short exact sequence

FDD

0— F— —-R—-0

for some O-dimensional sheaf R by [Huybrechts and Lehn 2010, Proposition 1.1.10]. Then FPP is a
reflexive p-stable sheaf with Prpop (1) = %aztz +ait + (ag + x(R)). Since ag(FPP) = g + y(R) is
bounded above by Lemma 2.15(1), co(F') is also bounded above.

Case 2: We then show that
{Ol() : i-semistable pure sheaves F on X such that Pr(¢) = %aztz + ot + ao}

is bounded above. Choose a p-semistable pure sheaf F' with Pg(t) = %aztz + a1t + 9. Consider the
Jordan—Holder filtration
O=FhCFHC---CF=F
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of F with respect to pu-stability [ibid., Theorem 1.6.7(ii)]. The length / of the filtration is bounded
from above because the leading term «p of the Hilbert polynomial is fixed. Since F is pure, we can
assume that all F;/F;_; are also pure. Since each F;/F;_; is a j-stable pure sheaf with the slope
Ww(F;/Fi—1) = u(F), case 2 follows from case 1.

Case 3: Finally, we consider the general case. Let F be a pure sheaf with Pr(t) = %aztz + o1t + ap.
Choose a Harder—Narasimhan filtration

O=FCFC---CF=F

of F with respect to the pu-stability [ibid., Theorem 1.6.7(i)]. Since F is pure, we may assume that
F;/ F;_; are p-semistable pure sheaves. If oy (F), a1 (F) are fixed and pumin(F) is bounded below, then
there are only finitely many possible o1 (F;/ Fi—1) (and a2 (F;/ F;j—1)). Therefore

ao(F) =Y _ao(F;/Fi-1)

is also bounded above by the result in case 2. O

3 Moduli spaces

In this section, we construct moduli spaces of PT, pairs via geometric invariant theory and prove that they
are open subschemes of the moduli space of perfect complexes parametrizing polynomially Bridgeland
stable objects.

3.1 Moduli stack of pairs

In this subsection, we introduce the moduli stack of all pairs and prove that the PT,-stability conditions
are bounded and open conditions.

Definition 3.1 Let X be a smooth projective variety over C.
(1) We define the moduli stack of pairs on X as a 2-functor
%r(X ): Sch%) — Groupoid

sending a scheme 7' to the groupoid of (not necessarily 2-dimensional) pairs (F, s) of T -flat coherent
sheaves F on X x T and sections s € I'(X x T, F'). The morphisms (Fy,s1) — (F3, s2) in the
groupoid are isomorphisms ¢ : F; — F» of sheaves such that ¢(s1) = s».

(2) We define the moduli stack of nonzero pairs on X as the substack
Pair(X) € Pair(X)
consisting of the pairs (F, s) such that s; #0e I'(X, Fy) forall t € T.
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The moduli stacks %i/r(X ) and Pair(X) are algebraic stacks. Moreover, they have explicit descrip-
tions as unions of open substacks which are global quotient stacks. We will now review the proofs of
these facts.

Let us first fix some notation. Let X be a smooth projective variety of dimension n with a fixed very
ample line bundle Ox (1). Fix v € H*(X, Q) and let P,(¢) € Q[t] be the associated Hilbert polynomial.
Choose an integer m. Fix a vector space V' of dimension P, (m). Let

(11 Q= Quot(X,V ® Ox(—m), v)

be the Quot scheme of quotients p : V & Ox (—m) — F with ch(F) = v. Let

(12) V®0o®0x(—m) > F

be the universal quotient on @ x X and let 7 : @ X X — Q be the projection map. Consider the open
subscheme

(13) Q°:={(F,p)e Q:V =5 H’X, F(m)) and H (X, F(m)) = 0 for all i > 0},

where V — HO(X, F(m)) is the map induced by p. Then the canonical map
(14) V ® Og — R« (F(m))

induced by (12) is an isomorphism over Q°.

Proposition 3.2 The moduli stack Pair(X) has the following properties:

(1) We have a decomposition
Pair(X) = |_| Pair(X,v)
veH*(X,Q)

by disjoint open substacks Pair(X,v) consisting of the pairs (F,s) on X with ch(F) = v €
H*(X,Q).

(2) We have
Pair(X,v) = U Pair(X, V)m

m>0

for open substacks Pair(X, v),, consisting of the pairs (F,s) on X such that F(m) is globally
generated and H>°(X, F(m)) = 0.

(3) We have a global quotient stack presentation
Pair(X, v)m = [Pge (Rm«F)/PGL(V)],
where Pgo (R« F) := Proj Sym h°((Rm.F)V) denotes the projective cone.
Consequently, the moduli stack Zair(X) is an algebraic stack (locally of finite type).
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Proof Let $oh(X) denote the moduli stack of coherent sheaves on X. Then

Goh(X)= || @on(X.v) and %oh(X.v)= | ) Goh(X.v)m
veH*(X,Q) m=>0

for open substacks Goh(X, v), € Goh(X,v) C Boh(X) such that
Goh(X,v)(C) = {F € 6oh(X)(C):ch(F)=v e H*(X,Q)},
Goh(X,v)m(C) = {F € Goh(X,v)(C) : F(m) globally generated and H' (X, F(m)) = 0 for all i > 0}.

Let F€ be the universal family on Goh(X) x X and let 7€ : oh(X) x X — Goh(X) be the projection
map. Then Rz€ (F€ (m)) is a vector bundle over $oh(X, v)n, and the associated GLp, (m)-bundle is
exactly Q°. Hence we have a global quotient stack presentation (see also [Laumon and Moret-Bailly
2000, théoreme 4.6.2.1])

Coh(X,v)m = [Q°/GL(V)].
By definition, the moduli stack of pairs is the abelian cone
Pair(X) = C(&xt" (F€, Kx)) = Spec Sym &xt" . (FC, Kx)

associated to the coherent sheaf éaxt’;‘r «(FC . Kx)=h°((RETFC)V) on Goh(X), and the moduli stack
of nonzero pairs is the complement

Pair(X) = Pair(X) \ Ogonxy S Pair(X)

of the zero section Og,(x) : Goh(X) — %r(X ). Hence, we have (1) and (2) for the open substacks
Pair(X,v) := Pair(X) Xgnx) Coh(X, v) and Zair(X,v)m := Pair(X) Xgonx) Goh(X, v)m. More-
over, we have a global quotient stack presentation

Pair(X,v)m = [(Coe (Exta(F, Kx)) \ 0g0)/GL(V)] = [Pge (R« F)/PGL(V)]
since PGL(V) = GL(V)/Gy,. |

Proposition 3.3 There exists an open substack @air(q)(X, v) of Pair(X,v), for any g € {—1,0, 1}, such
that the C-points are given by

Pair®D (X, v)(C) = {(F.s) € Pair(X,v): (F,s) is PT-stable}.
Moreover, the moduli stack Pair? (X, v) is an algebraic space of finite type.
We will prove Proposition 3.3 through three steps. We first prove that PT, pairs are simple pairs.
Lemma 3.4 For any PT, pair (F,s) on X, we have
Aut g (x)(F,s) ={1}.
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Proof Consider the short exact sequence of sheaves
0->0z—>F—Q0—0,

where Z is the support of F' and Q is the cokernel of s. By the PT-stability condition, we have
Homy (Q, F) = 0. Hence we have an injective map

(15) Homy (F, F) — Homy (Oz, F) = T(X, F), ¢ ¢(s).

Since Autgy;r(x)(F, s) is the fibre of the map (15) over the point s € I'(X, F'), the automorphism group

Aut g (x) (F, ) is trivial. |
Secondly, we prove that the collection of PT, pairs is bounded.

Lemma 3.5 The collection of sheaves
{F € ¢oh(X,v)(C) : (F,s) is PTy-stable for some s € I' (X, F)}

for fixed X and v is bounded in the sense of [Grothendieck 1966b, definition 1.1].

Proof The boundedness of the DT = PT_; pairs follows from [Grothendieck 1966b, théoréme 2.1] and
the boundedness of the PT = PT; pairs follows from [Le Potier 1993, théoreme 4.11]. Thus it suffices to
consider the PTy pairs.

Given a PTy pair (F,s) with ch(F) = v, let Z be the support of F and Q the cokernel of s. By
Proposition 2.14(2) for DT-stability, y(Oz) is bounded below. On the other hand y(O7z) is bounded above
since y(Q) > 0. Moreover, ch; (Oz) =ch; (F) for i <n. Hence there are only finitely many possible Chern
characters ch(Qz), and the collection of all such Oz is bounded by [Grothendieck 1966b, théoreme 2.1].
Therefore, there exists an integer m such that, for all Oz as above, we have H' (X, Oz(m —i)) = 0 for
all i > 0. For any PTy pair (F,s) with ch(F) = v, we then also have H! (X, F(m —i)) =0 forall i >0
(note H' (X, Q(m —1i)) is automatically zero since Q is O-dimensional). By [Huybrechts and Lehn 2010,
Lemma 1.7.6], we deduce the required boundedness for PTy pairs. |

The proof of Lemma 3.5 also proves the following lemma, which will be used in the proof of
Proposition 3.17 in the next subsection:

Lemma 3.6 The collection of sheaves
{F € 6oh(X,v)(C) : coker(Ox > F) € Coh<o(X) for some s € T'(X, F)}
for fixed X and v is bounded.
Lastly, we show that the PT-stability conditions are open.

Lemma 3.7 Let (F,s) be a T -flat tamily of pairs on X parametrized by a scheme T of finite type over C.
Then
{t e T(C): the fibre (Fy, s;) of (F,s) is PT,-stable}

is a Zariski open subset of T (C).
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Proof We first show that the condition
Q; 1= coker(Oy - Fy) € Coh<4(X)

is an open condition. By [Grothendieck 1966b, proposition 1.2(i)], the set { Pp, : t € T(C)} of Hilbert
polynomials is finite. Hence the result follows from upper semicontinuity of Hilbert polynomials of
nonflat families of coherent sheaves.

Now we consider the second condition

F; € Cohsgt1(X).

Firstly, if ¢ = —1, then this condition is always satisfied. Secondly, if ¢ = 1, this condition is open by the
openness of purity [Huybrechts and Lehn 2010, Proposition 2.3.1]. Finally, assume that ¢ = 0. We show
that the set of the Hilbert polynomials

(16) {PF, /To(F,) it € T(C)}

is finite. It suffices to show that y(7To(F;)) is bounded above. Note that the short exact sequence
0— To(Fy) —> Fy — F;/To(F¢) — 0 induces a short exact sequence

0 — &Exty (Fi/ To(Fy), Kx) — &Exty (Fr, Kx) — Exty (To(Fy), Kx) — 0
of 0-dimensional sheaves by [ibid., Proposition 1.1.6]. Then we have
x(To(F1)) = x(&Exty (To(Fr). Kx)) < x(Exty (Fr, Kx)) < dimc Exty (F;, Kx),

where 77 : X x T — T is the projection map, i; : {t} < T is the inclusion map, and the last inequality
follows from the local-to-global spectral sequence. Since Exty (F;, Kx) are the fibres of the coherent
sheaf £’xt’7’1 +(F, Kx) on a scheme T of finite type, their dimensions are bounded above.

Since, for any ¢ € T(C), the relative Quot schemes

Quot(X xT/T, F, PFt/TO(Ft)) —T
are proper over 7, their images are closed. The claim follows from finiteness of (16). O

Proposition 3.3 follows directly from the above results:

Proof of Proposition 3.3 By Lemma 3.7, we can form Pair'®D (X, v) as an open substack of Zair(X, v).
Then Lemma 3.4 proves that Pair® (X, v) is an algebraic space and Lemma 3.5 proves that Pair®D (X,v)
is of finite type. o

Remark 3.8 By [Grothendieck 1966b; Le Potier 1993], the moduli spaces @air(q)(X ,v) of PT, pairs
are projective schemes for ¢ = —1 and ¢ = 1. In the next subsection, we will show that the space
Pair® (X, v) is also a projective scheme.

We end this subsection with a remark on the natural derived enhancement of the moduli stack of pairs.
This derived structure will not be used in the rest of the paper.
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Remark 3.9 There is a derived stack R%i/r(X ) whose classical truncation is %i/r(X ) and the tangent
complex at a point (F,s) is

T Zarx)(F.s) = RHomy (1°, F),

where 1°* = [Ox = F]. We sketch the construction here. Recall that there exists a derived moduli stack
R%oh(X) of coherent sheaves as an open substack of the derived moduli stack R Zerf(X) of perfect
complexes. Let F denote the universal family on R6oh(X) and let 7 : R6oh(X) x X — R%Goh(X)
denote the projection map. Define the derived moduli stack of pairs as the total space

RZair(X) := Totgegon(x) (R F)

of the perfect complex Rm«F on R%oh(X). Moreover, the derived loop stack

LR T, (F) = SPO(C) X ) g 5 ). (1.5 SPO(C)
is an open substack of the fibre of the map between derived linear stacks

Tot(R Homy (F, F)) - Tot(R Homy (Ox, F))
at the point s € Homy (Oy, F). From the distinguished triangle
RHomy (I°, F)[-1] — RHomy (F, F) > RHomy (Ox, F),

the cotangent complex can be computed as

Trzac0lFs) = Te, ~ o loll] = RHomy (I*, F).

3.2 Geometric invariant theory

In this subsection, we construct moduli spaces of PTy pairs as projective schemes via geometric invariant
theory. Although we largely follow [Le Potier 1993], our arguments differ since the underlying sheaves F
of PT,-stable pairs (F, s) are not pure for ¢ = —1, 0. Our approach is inspired by [Stoppa and Thomas
2011].

Theorem 3.10 Let X be a smooth projective variety and v € H*(X, Q). Then there exists a projective
scheme M, an action of PGLy on M for some N, and an SLy -equivariant ample line bundle £@) ¢
PicSLN (M)q for each q € {—1,0, 1} such that

Pair®D (X, v) = MY (LD)/PGLy] = [M*(L9D)/PGLY].

In particular, the moduli spaces Pair'® (X, v) are the GIT quotients M //,«SLy and hence projective
schemes.

The rest of this subsection is devoted to the proof of Theorem 3.10. By the boundedness result
in Lemma 3.5, we have ,@air(q)(X ,0) C Zair(X, v)y, for sufficiently large m. Denoting the Hilbert

Geometry & Topology, Volume 30 (2026)



Counting surfaces on Calabi-Yau 4-folds, 1 2459

polynomial determined by v by Py (¢), we then define
V.=Cchm R .=T(X,Ox(m)).

We use the notation from Section 3.1 (e.g., the Quot scheme Q in (11), the universal family (12), and the
open subscheme Q° in (13)). Moreover, by Proposition 3.2, we have a presentation of the moduli stack
as a global quotient stack,

Pair(X,v)m = [Pgoe (Rm«F)/PGL(V)].

We would like to use geometric invariant theory on Pgo (Rm«[F). Thus we need to consider a PGL(V)-
equivariant compactification of Pgo (R« ) and linearizations on it.
We define the parameter space M as follows:

Definition 3.11 Define a projective scheme
M :=Pge(RmsF) € QxP(V ® Ry,)
as the closure of Pgo (Rm«F) in Q@ x P(V ® R;},) with respect to the embedding
Pgo (R« F) —— Pgo (R« (F (m)) ® R,)

(17) J;

Poe(Oge ® V ® Ryy) —— QX P(V Q@ Ryy)
Here the first map in (17) is the closed embedding induced by the canonical map
I'(X,O0x(m)) ® Rny«F — R (F(m)),
the second map in (17) is an isomorphism induced by the canonical map (14), and the last map in (17) is
the open embedding induced by Q° — Q.

Remark 3.12 The parameter space M in this paper is larger than the parameter space of Le Potier
[1993; 1995]. Le Potier considered qure xP(V ® R},), where @pure C Q@ is the closure of the open
subscheme Qpue € Q. The difference arises from the fact that we want to realize all three moduli spaces
g’air(q)(X ,v) for g = —1,0, 1, as GIT quotients of the same scheme M by the same group PGL(V)

(with respect to different linearizations).
We consider the linearizations Lg),; on M defined as follows:

Definition 3.13 For sufficiently large /, consider the standard Grothendieck embedding into the Grass-
mannian
Q—>G:=Yrass(VOR;_y. Py(1)), (F.p)>(VOR_m —>T (X, F(l))).

Fix a polynomial g(¢) € Q[¢] with positive leading coefficient. Define the SL(V')-equivariant very ample
line bundle

Ly = 0Dl ROpyer:)(g(0)) € PicS ) (M)q,

where Og(1) is the polarization on G induced by the standard Pliicker embedding of G.
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We describe the Lg(s),;-stable points via the Hilbert-Mumford criterion.

Lemma 3.14 A point (F, p,s) in Q@ xP(V ® Ry,) is Lg(y),1-semistable if and only if the following two
conditions are satisfied:

1) For all nonzero proper subspaces V' C V, we have
( prop p

Pr(l) _ Pr)—g()
dim(V) = dim(V)
where F' := p(V' ® Ox (—m)) C F.

(18)

(2) For all nonzero proper subspaces V' C V withs € V' ® R}, we have

Prl)—g) _ PF()—g(l)
dm(V)  —  dim(V)
where again F' := p(V' ® Ox (—m)) C F.

(19)

Moreover, (F, p, s) is Lg(y),1-stable if and only if the above two inequalities hold strictly.

Proof This is standard by [Huybrechts and Lehn 2010, Lemmas 4.4.3 and 4.4.4]; see also [Stoppa and
Thomas 2011, Lemma 3.12]. For completeness, we briefly go through the argument.

Note that Q has a right SL(}/)-action and P(V ® R};,) has a left SL(})-action. Here we will use the
left action convention, i.e., ¢ - (F, p) = (F,po¢~1) for ¢ € SL(V).

Choose a 1-parameter torus A : G,, — SL(V). Equivalently, choose a weight decomposition

V=V,
i€Z

in which the determinant 1 condition implies } ;7 i dim(V;) = 0. Let V< == D, V;, F<i :=
p(V<i ® Ox(—m)), F; := F<;/F<j—1, and p; : V; ® Ox(—m) — F; be the induced surjective map. Let
s = Zi s; such that s; € V; ® Ry, and let imax be the maximal integer i such that s; # 0.

As in [Huybrechts and Lehn 2010, Lemma 4.4.3], the limit point is

Jim A1) (F.p.s) = (@ F.Doi s)
1 1
Since the fibre of the line bundle Lg(;); over a point (F, p, s) is given as

Le@yal(F.p.s) = det(HO(X, F(1))) ® C(s)®78 D,

where C(s) € V ® R;, is the subspace generated by s, we can easily compute the Hilbert—-Mumford
weight
—1 . )
Wit (Fopos) = (=i Pr,(1) + imax - (1)

1

dim(Vey)

= 32 ((Pre =it - T e~ 2).

where I'<; :=C(s) N (V<; ® R};,).
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By [Mumford et al. 1994, Theorem 2.1], the point (F, p, s) is semistable if and only if

Pp/() —dim(T)-g(l) _ Pr()—g()
dim(V") = dim(V)

for all proper subspaces V' C V, where F':= p(V' ® Ox(—m)) and I'" := C(s) N (V' ® R};,). O

We will focus on the following three types of linearizations:
Definition 3.15 Recall that P, (z) € Q[¢] is the Hilbert polynomial associated to v € H*(X, Q).
(DT) For any rational number a > 0, we define a polynomial
g7V = Py(t) +a- i
(PTo) For any rational number 0 < € < 1, we define a polynomial
g Q@)= Py(t)—e-1.
(PTy) For any rational number 0 < § < % we define a polynomial
gW@) = P,(t) 512
For each integer g € {—1,0, 1}, we define a linearization
E(q) = »Cg(zn(t),[
for sufficiently large /.
Remark 3.16 We list the linearizations previously considered in the literature:
(1) [Le Potier 1993] Og(c) X OP(V@)R;)(I‘I/d!) for ¢ > 1.
(2) [Le Potier 1995] Og(1 + a(m)/Py(m)) K Opgr:,)(Pv(l)) for a(r) € Q[¢].
(3) [Stoppa and Thomas 2011] Og(c) ® Opyggx) (1) for ¢ > 0 (for 1-dimensional pairs).

The linearizations Lg ;) in this paper are 2-dimensional versions of the linearizations in [Stoppa and
Thomas 2011], which contain the linearizations in [Le Potier 1993] as a special case. However our
parameter space is larger than the one in [Le Potier 1993], as explained in Remark 3.12.

We now compare GIT stability for the line bundles £(2) in Definition 3.15 to the PT-stability introduced
in Definition 2.1.

Proposition 3.17 There exists an integer M which only depends on X and v, and integers L,, which
depend on X, v and m such that, foranym > M, [ > L, and (F, p,s) € M, we have the following:

(1) (F, p,s) is £ -semistable => (F, p) € Q° and (F,s) is PT,-stable.
(2) (F,p) € Q° and (F,s) is PT,-stable = (F, p,s) is L@ -stable.

We will consider the three stability conditions separately. We start with PTy-stability.
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Proof of Proposition 3.17 for PTy-stability (1) Assume that (F, p, s) is £(?)-semistable. We first claim
injectivity of the induced map

L(p(m)) : V = I'(X, F(m))

Let V' be the kernel of the above map I"(p(m)). Then the induced sheaf F':= p(V' ® Ox(—m)) C F is
zero. If V' # 0, then the ﬁ(o)—semistability of (F, p, s) implies an inequality
0 €-1
>

dim(V’) = dim(V)

by Lemma 3.14(1). This leads to a contradiction for / > 0. Hence V/ = 0.
We claim that (F, s) € Zair(X, v). More precisely, there exists a section Oy — F that fits into the
commutative diagram

C » T(X, F)

}
T
Ve R, ") x, Fim)) ® RY,

determined by the dotted arrow. Indeed, consider the open subscheme

I'(p(m))
—_—

Q" :={(F,p)eQ:V (X, F(m)) is injective}

of Q. Note that the restriction M|g+ of M is the closure of Pge(Rn«F) in Q* x P(V ® R}},). Hence
we can form a commutative diagram

M| o+

|

Q* @ P(V & RY) s Po+ (R (F (m)) ® RZ,)

» Pos (R4 F)

of closed embeddings of projective schemes over Q*. By the result in the previous paragraph, we have
(F, p,s) € M|g+, which proves the claim.
Next, we claim that Q := coker(Oxy > F) € Coh<o(X). Let

V' :=VNI(X,0z(m)) in I'(X, F(m)),

where Oz := im(Ox - F). Then the induced sheaf F’' := p(V’ ® Ox(—m)) C F is contained in
Oz C F. Note that we have a commutative diagram

V'® R —— T'(X,0z(m)) ® R, +——T'(X,072)

| | |

v e REC" T(X, Fm) @ RY, «—T(X, F)
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where the left square is cartesian. Hence we have s € V' ® R},. By Lemma 3.14(2), we have inequalities
Po, (D8O _ Pr()—g V1) el
dim(V”’) - dim(V”’) — dim(V)

for sufficiently large /, where the two collections

(20)

{07 :=im(Ox 2> F)} and {F:=im(V’' ® Ox(—m) 2> F)}

for fixed X, v, m are bounded by [Grothendieck 1966b, proposition 1.2(i)]. Hence the set { P, (¢)} of
Hilbert polynomials is finite. Since the leading coefficient of the left-hand side of (20), as a polynomial in /,
should be positive, we can take [ sufficiently large and deduce a2 (Oz) = a2 (F) and o1 (Oz) > a1 (F)—e.
Since € < 1, we have o1 (Oz) = a1 (F), and thus Q is O-dimensional.

We now show that (F, p) € Q°. By Lemma 3.6, the collection of coherent sheaves F' with ch(F) = v
and coker(s) € Coh<(X) is bounded for fixed X, v. Hence we have H~%(X, F(m)) = 0 for sufficiently
large m, as desired.

We finally claim that F € Coh>1(X). Let To(F) C F be the 0-dimensional torsion sheaf and let

V':=T(X,To(F)(m)) S T(X, F(m)) <=V,

where the last isomorphism follows from the result in the previous paragraph. Then the induced sheaf
F':= p(V' ® Ox(—m)) C F is To(F) since the O-dimensional sheaf Ty (F) is globally generated. If

V' #0, then ,
_ TR _ x(F) _ el
x(To(F)(m))  dim(V') = dim(V)
by Lemma 3.14(1). This leads to a contradiction for big enough /. Therefore V' =0and F' = To(F) = 0.

(2) Assume that (F, p) € Q° and (F, s) is PTo-stable. We will prove the £(9-stability of (F, p, s) through
Lemma 3.14. Choose a proper nonzero subspace V' C V and let F' := p(V' ® Ox(—m)) C F be the
induced subsheaf. Then we have a commutative square

V' (X, F'(m))

21
V —= 5 T(X, F(m))
We first prove the inequality (18) in Lemma 3.14(1). Note that the collection
{F'=im(V' ® Ox(—m) 2> F): (F,p)e Q°and V' C V}

for fixed X, v, m is bounded by [Grothendieck 1966b, proposition 1.2(i)]. Hence the set { Pr/(¢)} of
the corresponding Hilbert polynomials is finite. Since F’ € Coh>1(X) by PTy-stability and x(F’) has a
lower bound, independent of the choices of F, V', [, we have an inequality

PF/(Z) >Z+X(F,)> €l

dim(V’) dim(V) dim(V)
for sufficiently large /. This proves (18).
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We then prove the second inequality (19) in Lemma 3.14(2) when s € V' ® R},. Indeed, consider the
canonical commutative diagram
rxX,F)—I'(X,F)—— TI'(X,F/F)
(22)
L(X,F'(m)® R}, —— T'(X, F(m)) ® R}, —— (X, F/F'(m)) ® R},
induced by the short exact sequence 0 > F' — F — F/F’ — 0. By (21), we have s e I'(X, F'(m))® R}},.
By a diagram chasing argument, we can deduce that the left square in (22) is cartesian. Hence s € I'(X, F’),

and Oz :=im(s : Ox — F) C F’ as subsheaves of F. Since (F,s) is PTg-stable, az(F’) = ap(F) and
a1(F") = ay(F). Since y(F') has a lower bound, independent of the choices of F, V', I, we have

el + y(F")— y(F) - €l
dim(V") dim(V)

for sufficiently large /. This proves (19). |

By [Grothendieck 1966b; Le Potier 1993], the moduli spaces Wair(_l)(X ,v) and Zair (X, v)
are projective schemes (see Remark 3.8). We will use these results to prove Proposition 3.17 for the
DT-stability and the PTl—stability.8

Proof of Proposition 3.17 for DT-stability (2) Assume that (F, p) € Q° and (F, s) is a DT pair. Choose
a proper nonzero subspace V' C V and let F' = p(V' ® Ox(—m)) C F be the induced subsheaf.

We first prove the inequality (18). Note that the leading coefficient of the right-hand side of (18), as
a polynomial of /, is negative. On the other hand, the leading coefficient of the left-hand side of (18)
is always positive. Since the collection {F’} for fixed X, v, m is bounded by [Grothendieck 1966b,
proposition 1.2(i)], the set { Pr-(¢)} is finite. Hence we have (18) for sufficiently large /.

We then prove the second inequality (19) when s € V' ® R},. Indeed, we can form the commutative
square (21) and the commutative diagram (22) where the left square is cartesian. Hence we have
s € I'(X, F'). Since (F,s) is a DT pair, the coherent sheaf F is generated by the section s. Therefore
F’ = F. We claim that V' = V, which then leads to a contradiction. Indeed, since s € V' ® R, we have
a commutative diagram

C~T(X,0x) ——— T'(X,F)

V' ® R:—— I'(X, F(m)) ® RY,

for some dotted arrow.

8Proposition 3.17 for the PT1 -stability is not a consequence of the results in [Le Potier 1993], since the parameter space M
in this paper is larger than the parameter space in [Le Potier 1993] (see Remark 3.12).
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By adjunction, we can form a commutative diagram

Ry —— T(X, F) ® R
V' T(X, F(m))

The collection {Zz,x : ch(Oz) = v} is bounded, so for m sufficiently large (with lower bound only
depending on X v), we may assume that the map

Ry =T(X,0x(m)) — I'(X, F(m))

is surjective. Therefore, V' < V = I'(X, F(m)) is also surjective, which proves the claim.

(1) We first claim that
(F.p,s) e M¥(LED)|go = (F,s) is a DT pair

for sufficiently large m and [. Indeed, choose (F, p, s) € M*(LT1D)|ge, and let Z be the support of s and
O be the cokernel of 5. Let V' =T'(X,0z(m)) CV =T'(X, F(m)) and let F' = p(V' ® Ox(—m)) C
Oz C F. Then clearly s € V' ® R;;,. Thus we have the inequality (19). Also note

a < a
dim(V’) ~ dim(V)

(23)

As above, for fixed X, v, m the collection of { F'} is bounded, so there are finitely many { Pg/(¢)}. Taking /
sufficiently large, (19) contradicts (23). Hence V/ = V and thus F’ = F. Therefore Oz = F and (F, s)
is a DT pair.

By the results in (2) and the previous paragraph, we have open embeddings

[MPgo (LED)/PGL(V)] € Zair ™D (X, v) € [M* (L)) /PGL(V)],
which induce an open dense embedding
Pair™V (X, v) = MM LTV) JPGL(V) — M*™(£ED) JPGL(V).

Since Zair™V (X, v) is proper and M (L) JPGL(V) is separated, the above open embedding is an
isomorphism. Hence M*{(£CD) = M(£D) and ZairTV (X, v) = [M(LED) /PGL(V)]. O

Proof of Proposition 3.17 for PTq-stability (2) Assume that (F, p) € Q° and (F,s) is a PT; pair.
Choose a proper nonzero subspace V' C V and let F/ = p(V' ® Ox(—m)) C F be the induced sheaf.

We first prove the inequality (18). Indeed, since F is pure, the subsheaf F’ is also 2-dimensional.
Since § < % and dim(V’) < dim(V'), we have an inequality

0{2(F,) > 8
2dim(V’) ~ dim(V)
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between the leading coefficients of both sides of (18), as polynomials of /. For fixed X, v, m, the
collection {F'} is bounded by [Grothendieck 1966b, proposition 1.2(i)], and hence the set { Pg/ ()} is
finite. Therefore we have (18) for sufficiently large /.

We then prove the inequality (19) when s € V' ® R}, Indeed, we can form the commutative square (21).
We can also form the commutative diagram (22), where the left square is cartesian. Hence, s € I'(X, F’).
Since (F, s) is a PTy pair, az(F) = az(F’). Since dim(V’) < dim(V'), we have an inequality

] 8
dim(v) ~ dim(V)

between the leading coefficients of both sides of (19), as polynomials of /. Since the collection {F'} is
bounded, we have (19) for sufficiently large /.

(1) We will show that
(24) (F.p,s) e M¥(LD)|go = (F,s) is a PTy pair

for sufficiently large m and /. Choose (F, p,s) € M*(LM)|ge. Let O = coker(s : Ox — F) be the
cokernel and Og = im(s : Oy — F) the image.

We first claim that Q € Coh<;(X). Let V' = I'(X,Og(m)) € I'(X, F(m)) = V and let F’' =
p(V' ® Ox(—m)) € Og C F. Then clearly s € V' ® R}, and in particular V' # 0. Hence we have
inequality (19). If ax(F’) < aa(F), then the leading term of the left-hand side of (19) is negative since
8 < % Since the collection { F’} is bounded by [Grothendieck 1966b, proposition 1.2(i)] for fixed X, v, m,
this leads to a contradiction for sufficiently large /. Hence oz (F’) = az(F) and thus a2(Og) = az(F).
This proves the claim.

We then claim that F is pure. Consider the torsion subsheaf TF C F. Let V' = T'(X, TF(m)) CV
and let F' = p(V' ® Ox(—m)) C TF C F. If V' # 0, then we have the inequality (18). Since the degree
of the left-hand side of (18), as a polynomial in /, is < 1 and the degree of the right-hand side of (18) is 2,
and the collection {F’} is bounded, the inequality (18) leads to a contradiction for sufficiently large /.
Hence we deduce that

(25) I'(X,TF(m)) =0.
Consider the short exact sequence
0—->TF—>F —F/TF —0.
Define Oz =im(Os — F — F/TF). Then we obtain a short exact sequence
(26) 0—->0z—>F/TF—-R—0,

where R = coker(Oz — F/TF) € Coh<1(X). Then both F/ TF and Oz are pure 2-dimensional sheaves
such that aa (F/TF) = a2(0Oz) = as(F). In particular, (26) defines a PT pair. Moreover, oy (F/TF) is
bounded above by a1 (F') and bounded below o1 (Oz), which is bounded below by a constant depending
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on X, a2 (F) but not on m by [Le Potier 1993, corollaire 2.13]. In particular, a; (F/TF) takes finitely
many values. By Proposition 2.14(2), y(F/TF) is bounded above by a constant depending on X, v but
not on m. Since y(TF) = y(F)— y(F/TF), we have

(27) X(TF) = C(X,v)
for a constant C (X, v) depending on X, v but independent of m. By the Riemann—Roch formula, we have
X(TE(m)) =r-m+ y(TF),

where r = a1 (F) — a1 (F/TF) > 0 since TF € Coh<j(X). Moreover, r > 0 takes finitely many values
independent of m. We deduce from (25) and (27) that, for all F as above, we have r = 0 for sufficiently
large m, which means TF is O-dimensional. Hence TF is globally generated and thus (25) implies
TF = 0. Therefore F is pure.

Combining the results in (2) and (24), we have open embeddings

(Moo (LD)/PGL(V)] € Zair® (X, v) € [M*(£™D)/PGL(V)].
which induce an open dense embedding
ZairM (X, v) = M (LD) JPGL(V) = M* (D) /PGL(V).

Since @air(l)(X ,v) is proper and M*(£(1) /PGL(V) is separated, the above map is an isomorphism.
Consequently, we have M*(£D) = M*(£D) and ZairD (X, v) = M (D) /PGL(V)]. O

Theorem 3.10 is a direct corollary of Proposition 3.17:
Proof of Theorem 3.10 Since the stacks

Pair'® (X, v), [MN(X,LD)/PGL(V)], [M*(X,LD)/PGL(V)]

are open substacks of Zair(X,v), = [M|ge /PGL(V)] = [Pge (R7«F)/PGL(V)], it suffices to compare
the C-points. Proposition 3.17 completes the proof. a

We end this subsection with the following question:

Question 3.18 Does Theorem 3.10 hold for d-dimensional PT, pairs with d > 2 as defined in Remark 2.57?

3.3 Moduli of complexes

In this subsection, we prove that the moduli spaces of PT, pairs are open subschemes of the moduli space
of perfect complexes. We basically follow the reasoning in [Pandharipande and Thomas 2009b], but the
actual proof requires a finer argument.
Let X be a smooth projective variety and let v € H*(X, Q). Recall [Inaba 2002; Lieblich 2006] that
there exists a moduli space
Perf(X, v)igi

of simple perfect complexes /°* on X with det(/*) = Ox and ch(/*®) = v, as an algebraic space.
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Theorem 3.19 Let X be a smooth projective variety of dimensionn>4,ve H*(X,Q), and g €{—1,0, 1}.
Then we have an open embedding

(28) Pair®D (X, v) = Perf (X V). (F.s)+[*:=[0x — F],
where v/ :=1—v € H*(X, Q).

The rest of this subsection is devoted to the proof of Theorem 3.19. Throughout this subsection, we
use the notation in Theorem 3.19.

To any PT, pair (F,s) on X, we can associate a perfect complex
I°:=[0x 2> F]
with det(/*) = Ox. We first show that /° is simple.
Lemma 3.20 Given a PT pair (F,s) on X, we have
Extg’(1°,1°) =0 and Homy(I*,1°)=C
for the associated perfect complex I°® := [Ox = F].

Proof The proof is analogous to [Pandharipande and Thomas 2009b, Lemma 1.15]. Consider the two
canonical distinguished triangles

I*—->0Ox —>F and ZIz—1°— Q[-1],

where Z is the support of F' and Q is the cokernel of s. We can form the three induced distinguished

triangles

(29) RHomy (F,Ox) - RHomy (Ox,Ox) - RHomy (1°, Ox),
(30) RHomy (Q, F)[1] > RHomy (/°, F) - RHomyx (Zz, F),
(31 RHomy (I°,1°) - RHomy (I/°,Ox) — RHomy (/°, F).

The distinguished triangle (29) implies

(32) Homy (I°,0x)=C and Extz°(I*,0x) =0

since Ext)ﬁf1 (F,O0x) = H=""1(X, F)* = 0. On the other hand, the distinguished triangle (30) implies
(33) Extz’(I°, F) =0

since Homy (Q, F') = 0 by PT,-stability. Then the distinguished triangle (31) and equations (32) and (33)
prove that 7° is simple. O

Since @air(q)(X ,v) i a fine moduli space, there exists a universal family
I* =10 g4 (x vyxx = Fl:
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which defines a map
(34) Pair®D (X, v) L Perf (X, v)B
between the moduli spaces by Lemma 3.21 below.

Lemma 3.21 Let f : X — Y be a smooth projective morphism of schemes. Let F be a Y-flat coherent
sheaf on X. If codim(Supp(Fy)) > 2 forall y €YY, then det(F) = Ox.

Proof This follows directly from [Hassett and Kovacs 2004, Proposition 3.5]. O
We show that the above map (34) satisfies the infinitesimal lifting property.

Proposition 3.22 Let By C B be an nilpotent extension of 0-dimensional schemes with a unique closed
pointb € By. Let I1°® be a perfect complex on X x B with trivial determinant. Let i : X X By — X x B
be the inclusion map. If 1°|xxp, = [OxxB8, S0, Fo] for a Bo-flat family (Fy, so) of PTy pairs over
By, then there exists a B-flat family (F,s) of PT, pairs over B such that 1° =~ [Oxxp —> F] and
(F,$)|xxBy = (Fo, So)-

Proof We first take ¢ = 0, 1. The (easier) case ¢ = —1 is discussed at the end of the proof. Let (F}, sp)
be the fibre of (Fy, so) over the point b € By. Since Fj € Cohs>1(X), we have depthy,  ((Fp)x) = 1 for
all closed points x € Supp(F}). By the Auslander—-Buchsbaum formula, we have

pdoy (Fp)x) <n—1

for all x € X. Then I°|xx(y = [Ox b, Fy] has tor-amplitude [—(n — 2), 1], and thus we have a
quasi-isomorphism with a complex of locally free sheaves

(35) Plyxpy = [F70 &5 FO 5 Y.

Since X x B is quasiprojective, I * is quasi-isomorphic to a bounded complex of locally free sheaves.
Using Nakayama’s lemma, and the fact that a morphism between locally free sheaves is injective on
the fibres if and only if it is injective with locally free cokernel, we see from (35) that there exists a
quasi-isomorphism with a complex of locally free sheaves

[*~[E~"2 ... E°S EY.
Moreover, since [ * has amplitude [0, 1] by [Lieblich 2006, Lemma 2.1.4], we have

I*~[A— El],
where A = coker(E~! — E?) is B-flat.
We claim that the canonical map

hO(I.) — hO(]o)**

is injective. Indeed, let K be the kernel of the above map h°(1°*) — h%(I*)**. Note that h°(*) is a
vector bundle away from the support of Fy by [Lieblich 2006, Lemma 2.1.4]. Hence dim(K) <2 < n.

Geometry & Topology, Volume 30 (2026)



2470 Younghan Bae, Martijn Kool and Hyeonjun Park

The support W of 2! (1*) is of dimension < g. This follows from the fact that i *h!(/®) = hl(l(;) and
Nakayama’s lemma. Away from W, the coherent sheaf 1°(1*) is B-flat because A4 is B-flat. Since the ideal
sheaf h0 (1 5) is torsion-free, all nonzero subsheaves of hO(1*)|xx B\w are n-dimensional by Lemma 3.23
below. Therefore K is (set-theoretically) supported in W. Thus we have dim(K) < dim(W) <gq.

Consider the local-to-global spectral sequence

H'(X x B, &xt}y, g(A, K ® wx)) = Exty /5 (4, K ® wy).

Since dim(K ® wy) < ¢ < 1 and there is a resolution 4 = [E~""2) — ... » E9] of length n — 2, we
have
Exty, g(4, K ® wy) = 0.

By the Serre duality RHom, (K, A) = RHomy (A, K ® wx))Y[—n], we have
Homyx g (K, A)* = Exty, p(4. K @ wy) =0,

where the dual is taken as a I'(B, Op)-module. Since K C A, we deduce K = 0. This proves the claim.
Since the rest of the proof is exactly the same as [Pandharipande and Thomas 2009b], we will only
sketch the remaining arguments. By [Kollar 1990, Lemma 6.13], 2°(1°*)** is a vector bundle away from
the support of Q = h'(I*). In the proof of [loc. cit.], it is also shown that a reflexive rank 1 sheaf which
is locally free outside a subset of codimension n — 1 > 3 is in fact locally free everywhere. Therefore
hO(1*)** is locally free.
Next, we have det(/°*) = Oxxp and W C Supp(Fp); thus,

RO (1) | (x xB)\supp(Fo) = h° (1) (xx BY\supp(Fo) = O(X xB)\Supp(Fo)-

Since Supp(Fp) has codimension n —2 > 2, we find h%(1*)** 2 Oy p globally and Zz = h°(I*) is an
ideal sheaf of a closed subscheme Z C X x B. The distinguished triangle

Iz —1°— QO[-1]
defines an element

o € Exty, p(Q,7z) = Exty, 5(Q,0z)

since Ext)lfxB(Q, OxxB) = Exti,xB(Q, Oxxp) =0 (recall ¢ <1 and n > 4). Hence we have a short
exact sequence
0->0z—>F—>0—0

of coherent sheaves on X x B. Therefore we have an isomorphism
I* = [Oxxp > F]

of perfect complexes. Since F and Fy are 2-dimensional, Homyxpg(/*, Oxxp) = I'(X x B, OxxB) =
I'(B, Op) and Homyx g, (1. OxxB,) = I'(Bo, Op,). As in [Pandharipande and Thomas 2009b], we
therefore have Li* F =~ Fy. Hence F is flat over B by [ibid., Lemma 2.5], which completes the proof.
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For ¢ = —1, the complex I° is only quasi-isomorphic to a bounded complex of locally free sheaves
[E~—=1D — ...  E']. However, this time W = &, so h°(I*) — h%(1°*)** is obviously injective

(Lemma 3.23). The rest of the proof proceeds as in the previous paragraph. |
We need the following lemma to complete the proof of Proposition 3.22:

Lemma 3.23 Let (A, m) be a local Artinian C -algebra and let X be a quasiprojective scheme. Consider
an A-flat family F of sheaves on X x Spec(A) whose fibre Fy = F ® 4 A/m is a pure sheaf. Then F is
also a pure sheaf, i.e., for all nonzero subsheaves G C F, we have dim(G) = dim(F).

Proof Since A is Artinian, we may take a sequence of ideals [Eisenbud 1995, Proposition 3.7]
O=my C---CmpyCmy =m suchthat m;/m;j4; =~ A/m.

We let mg = A. Suppose we have a subsheaf G C F such that dim(G) < dim(F). Since F is flat over A4,
we have a short exact sequence

(36) O—-mjp1-F->m-F— Fy—0
of sheaves on X x Spec(A), where m; ®4 F' = m; - F. Consider the induced morphism

G

0—>GDF-F T GAmF 0
0 m-F F Fy 0

of short exact sequences. Note that

dim(m) < dim(G) < dim(F) = dim(Fo).

Since Fy is pure, we have G/(G Nm- F) = 0. Therefore we deduce that
GCm-F.
Moreover, applying this argument to (36), we deduce that
GCm-F = GCmjy-F.
Therefore we obtain G € my - FF = 0 by induction on i. |
Now we can simply deduce Theorem 3.19 from Lemma 2.8 and Proposition 3.22 as follows:

Proof of Theorem 3.19 By Lemma 2.8, the map
Pair'® (X, v) L Perf(X,v)B,

in (34) is injective on C-points. Since C is algebraically closed, the above map is universally injective.
In order to verify that the above map is formally smooth, it is enough to check the lifting property along
extensions of local Artinian C-algebras [Stacks 2005—, Tag 02HW] which is done in Proposition 3.22.
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Since @air(q)(X ,v) is of finite type, the above map is étale. Moreover, the above map is universally
injective and étale; thus, it is an open embedding [Stacks 2005—, Tag 02LC]. a

Remark 3.24 The open embedding (28) in Theorem 3.19 induces a derived enhancement of the moduli
space Pair'® (X, v) of PT, pairs. The tangent complex at (F,s) € ﬂair(q)(X ,V) 1S given as

T|(F,s) = RHomy (1°,1°)o[1]

where I1°* = [Ox - F]. This derived structure (of perfect complexes) is different from the derived
structure (of pairs) in Remark 3.9.

Remark 3.25 For PT;-stability, Theorem 3.19 was independently proved in [Gholampour et al. 2024,
Proposition 2.18] using [Lo 2011, Lemma 5.12].

Remark 3.26 In the proof of Proposition 3.22 we only used the facts that 7o(F) = 0 and Q € Coh<;(X),
and the statement can be generalized as follows. Let Zerf(X)o, be the moduli stack of universally
glueable perfect complexes /° on X with det(/*) = Oy, which is an algebraic stack locally of finite type
over C [Lieblich 2006, Theorem 4.2.1]. By the proof of Lemma 3.7, we have an open substack

Pairl®V(X) := {(F,s) € Pair(X): To(F) =0 and Q € Coh<;(X)}
inside Zair(X). For ¢ =0, 1, we have
Pair®D (X ) —— Zairl®V(X) —— Zair(X)
|
Perf(X)oy

where the horizontal morphisms are open embeddings and the morphism € is formally smooth by
Proposition 3.22. We claim that the map

e : Zairl® V(X)) > Perf(X)oy

is an open embedding. Indeed, it suffices to show that the induced map € (C) on the groupoids of C-valued
points is fully faithful. By the same argument as for Lemma 2.8, the induced map 79 (e(C)) on the sets
of isomorphism classes is injective. By (31) (in fact, by (78)), we have an exact sequence

0 — Exty' (I°, F) — Homy (I°,1%)o — Exty(F,0x) =0

for (F,s) € ﬁair[o’l](X ) and hence €(C) preserves stabilizers. This proves the claim.

3.4 Polynomial Bridgeland stability

In this subsection, we prove that the PT,-stability conditions can be realized as Bayer’s polynomial
Bridgeland stability conditions [Bridgeland 2007; Bayer 2009] on the derived category. The results of
this subsection, which are inspired by [Gholampour et al. 2024], are not used elsewhere in the paper. We
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use a different torsion pair than [loc. cit.], which allows us to incorporate 2-dimensional (Gieseker) stable

sheaves as well.
b

coh

Let X be a smooth projective variety of dimension n > 4. Let D°  (X) be the bounded derived category

of coherent sheaves on X. We consider the perversity function

p:R0.1,....ny>Z, pO)=p1)=p2)=0, pB)=--=ph)=-1

The perversity function defines a bounded #-structure on D é’oh (X) [Arinkin and Bezrukavnikov 2010] and
this z-structure coincides with the one associated to the torsion pair [Happel et al. 1996, Corollary 2.2]

(Coh<2(X), Coh>3(X)).
We denote the heart by
A= AP := (Coh<z(X), Coh>3(X)[1]).

The abelian category A consists of the objects E* € D C[;hl’o] (X) satisfying
h~Y(E®) € Cohs3(X) and h°(E®) e Coh<y(X).

A sequence 0 - A®* — E* — B*®* — 0 is a short exact sequence in .4 if and only if the associated sequence
in Dé’oh(X ) is a distinguished triangle. For any E* € A, the following sequence is exact in A:

0—h Y E"[1] - E*— h°(E*) - 0.

For any PT, pair /* on X, we have /*[1] € A. Throughout this subsection, we fix v € H*(X, Q) such
that v<,—3 =0 and v,—» # 0.
Denote the semiclosed upper half-plane by

H={zeC:zeRug-e™® 0<¢(z) <1},

where ¢ (z) denotes the phase of z. Denote by H° C H the open upper half-plane. Recall that a Bayer
stability condition [2009] — also known as a polynomial Bridgeland stability condition — is determined

by a stability vector, i.e., a sequence

p=(po.....pn) € (C*"H!

such that pg/pg+1 € H° for0 <d <n—1 and (=1)?@ p, e H for all d. We fix a polarization H of X.
Define the central charge Z: K%(X) — C[x] as

Z(E*)(x)= > xdpd[ H4 ch(E*) td(X)
d=0 X

for any E* € K°(X). For E* € A, let ¢ be the polynomial phase function, i.e.,
Z(E*)(x) € Rag-e™EI x50,
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for some continuous function germ ¢ € (¢bg, Po + 1] for some 9. We say ¢ < i if and only if ¢ (x) < ¥ (x)
for all 0 <« x < 400, and similarly for ¢ <.

An object E*® in A is called Bayer stable (resp. Bayer semistable) with respect to the stability vector p
if, for all proper nonzero subobjects D* C E*, we have ¢(D*) < ¢p(E*®) (resp. p(D°®) < p(E*)).

Definition 3.27 Consider stability vectors p@ for g € {—1,0, 1} satisfying the following:

P | d(—pn) > d(p0) > $(p1) > ¢(p2)
37) P | (o) > ¢ (—pn) > P (p1) > P (p2)
P | $(po) > ¢(o1) > ¢ (—pn) > P (p2)

From the condition on the stability vector, we have

(38) ¢(=p3).. ... ¢(=pn—1) > ¢(=pn).

The following proposition is a minor modification of [Bayer 2009, Proposition 6.1.1]:

Proposition 3.28 Fix v € H*(X, Q) such that v<,—3 = 0 and v,—» # 0. Let E*® € Dé’oh(X) with
ch(E®) = v—1 and det(E*®) = Ox. Let ¢ € {—1,0,1}. Then E* is a p9 -semistable object of A if
and only if E* =~ [°[1] for some PT, pair (F,s), where I* = [Ox = F] is the associated complex.
Moreover, E* cannot be strictly p9 -semistable.

Proof Let E° be a p(?)-semistable object of A satisfying the above conditions. We first show that /7~ (E*)
is a rank 1 torsion-free sheaf. Since h°(E*®) € Coh<(X), h~1(E*) has rank 1 and 2~ (E*) € Coh>3(X).
Suppose 2~ 1(E*) has a nontrivial torsion subsheaf. Let T C h~!(E*) be the maximal torsion subsheaf.
Then 0 — T[1] = A=Y (E*)[1] = (h~1(E*)/T)[1] — 0 is a short exact sequence in .4 and hence T'[1] is a
subobject of E* in .A. Then (38) leads to a contradiction. Therefore #~!(E*) is a rank 1 torsion-free sheaf
with trivial determinant. Next we show that h1°(E*) € Coh<;(X). By assumption, 2°(E*®) has dimension
at most 2. Because E* is p(q)—semistable, h°(E*) has dimension at most 1; otherwise, E* — h%(E*)
destabilizes E°. By a standard argument (see the last two paragraphs of the proof of Proposition 3.22), we
have E* =~ [*[1], I* = [Ox — F] for some 2-dimensional coherent sheaf F. For ¢ = 1, we show that F’
is pure. Let T C F be the maximal torsion subsheaf of F. Then0 — T — I°[1] — [Ox — F/T][1] =0
is a short exact sequence in .4 and hence T is a subobject of E°. By the stability vector (37), we have
T = 0. For ¢ = 0, a similar argument shows that F has no nontrivial 0-dimensional subsheaf and h°(E*)
is O-dimensional. For ¢ = —1, we have h°(E*) = 0.

Conversely, suppose E*® = I°[1] for some PT, pair (F,s), where [® = [Ox = F]. Then E* € A.
We prove E° is a p@-stable object. Take any short exact sequence

0—>A*"—>E*—>B*—0
in A with A®, B*® # 0. Consider its long exact sequence
0—>h 14" > h YE*) > h Y (B*) > h°(4*) — h°(E*) — h°(B*) — 0.
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We distinguish three cases:

Case 1: 0 # h™'(A*) S h~1(E*) Then h~!(B*) has rank 0. If A~1(B*) # 0, then it has dimension in
{3,...,n—1}, so we obtain ¢(E*) < ¢(B*) from (38). Suppose h1~1(B*) = 0; then B* = h°(B*)
and, since h°(E*) is at most 1-dimensional, #°(B*) has dimension < 1. For ¢ = 1, (37) implies that
d(E*) < ¢p(B*). For g = 0, h°(B*) is 0-dimensional, so we also find ¢(E*) < ¢(B*). Finally, for
g = —1, we have h°(B*) = 0, contradicting the assumption B® # 0.

Case 2: h=1(A*) = h~1(E*) Then h~1(B*) Ch®(A*),so h~1(B*)=0and B* = h°(B*). Then ¢ (E*) <
¢(B*) follows as in Case 1.

Case 3: h~1(A4°) =0 Then A* = h°(A*) has dimension < 2 and hence Hom(A*, E*) = Hom(A4®, F).
Since A°® is a nonzero subobject of E*® and (F,s) is a PT, pair, we deduce that A® =~ ho(A4°) is 2-
dimensional. Then (37) implies ¢ (A°*) < ¢ (E*). |

We characterize rank 0 p(q )_semistable objects in A.

Proposition 3.29 Let g € {—1,0, 1} and v € H*(X, Q) such that v<,—3 = 0 and v,—, # 0. An object
E* € A withch(E®) = v is p'@-stable (resp. p9-semistable) if and only if E* = F for some Gieseker
stable (resp. semistable) sheaf F on X with ch(F) = v.

Proof Let E* € Abe a p(@-(semi)stable object with ch(E®) = v. Since h~1(E*) € Coh>3(X), we have
h=Y(E®) = 0 and hence E* = h°(E*). Then h°(E*) is Gieseker (semi)stable [Bayer 2009, Section 2.1].
Conversely, it is easy to show that any Gieseker (semi)stable sheaf F on X with ch(F) = v determines a
p(q )-(semi)stable object in A [loc. cit.]. O

3.5 Relative version

We now generalize the main results in this section to the relative setting.
We first fix some notation. Let f : X — B be a smooth projective morphism of schemes of relative
dimension n. Consider the algebraic de Rham complex

dpr dpr 92 dpr dp

Ql X/B—).H—R>Qr;(/B]’

X/B

as in [Grothendieck 1966a; Deligne 1968]. Define the Hodge bundles as
(39) HER(X/B) i= R¥fu(Qy ).

When B is an affine scheme, we write HgR(X /B) :=T(B, H’BR(X /B)).
Note that there is a natural spectral sequence
EP = RUQ% = HET (X /B)
given by the stupid truncations

dpr Qp+1 dor,  dor Qn ).

Q=7 =[0—-->0->Q7 X/B

xX/B - x/B X/B
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By [Deligne 1968], the spectral sequence degenerates at £. Hence we have a filtration
FP’HII));‘I (X/B):= im(RP-i-qf* (Qi%) N Rp+qf* (Q:Y/B))

of the Hodge bundles 7—[11;;{ 9(x/B) such that
FPHER (X/B)

(40) FPHPH(x/B) ~ RPTI£,(Q3P ) and o~
DR * Fp+1,H]PS;"I(X/B)

x/5)

p
RUfQP .

Moreover, the Hodge bundles 7—[]’37; 1(x/B), the filtrations F? 7—[5; 1(x/B), and the quotients RYfy ch /B

are vector bundles and stable under base change, by [ibid., théoréme 5.5].
Consider the Gauss—Manin connection

V : HEL(X/B) — HEL(X/B) @ Q.

As in [Katz and Oda 1968], the Gauss—Manin connection V can be defined via the canonical filtration
of \? Q}( given by the short exact sequence

0— f*Qp— Q) = Q35— 0.

Indeed, the first two terms of the filtration give us a map

—1
QF 5= QY 5 ® (1]

Then, by gathering the above maps for all p and taking the derived pushforward R? f,, we obtain a flat
connection V called the Gauss—Manin connection.
Following [Bloch 1972], we define the notion of horizontal sections of Hodge bundles.

Definition 3.30 (see [Bloch 1972, Remark 3.9]) Let f : X — B be a smooth projective morphism of
schemes of constant relative dimension. We say that a section v € I'(5, HSR (X/B)) is horizontal if

V(#) =0 € I'(B, HEL (X /B) @ Q4).

Roughly speaking, the horizontal sections v of HIISR (X/B) are locally constant families of cohomology
classes Uy, € H* (X}, C) on the fibres X := X x5 {b}. The following remark justifies this interpretation:

Remark 3.31 Let f : X — B be a smooth projective morphism of schemes of constant relative dimension.
(1) By considering the associated analytic spaces, we have
HEL(X/B)™ =~ RFf"C ®c Ogn and V™ 2 id ® dge

when B is smooth [Katz and Oda 1968]. Thus, a section v of ’H’BR(X /B) is horizontal if and only if
2 = v ® 1 for some v € I'(B, Rk f2C).

(2) (a) Firstly, assume that B = Spec(A) for a local Artinian C-algebra A. Then we have isomorphisms
HE(X/B) = Hiz(X) ®c A
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by [Bloch 1972, Proposition 3.8], where X is the fibre of f : X — BB over the unique closed point and
H{)‘R (X):= H{)‘R (X /Spec(C)). Then the horizontal sections are exactly the sections of the form

v®le H (X)®c A
for some v € HSR(X) ~ H*(X,C).
(b) Secondly, for general B, a section v € I'(5, ’H{SR(X /B)) is horizontal if and only if its pullbacks
54 € T(A M (Xa/A)
are horizontal for all morphisms A = Spec(4) — B from local Artinian C-algebras A. Here
X4 := X xp A. This can be shown by the Krull intersection theorem.
We have a relative moduli space of PT, pairs on the fibres of f : X — B.

Theorem 3.32 Let B be a quasiprojective scheme and f : X — B a smooth projective morphism of
relative dimension n. Let U € EBP rs, 7—[12311;(/\’/8)) be a horizontal section and q € {—1,0,1}. Let
Qzair(q)(X/B, v) be the moduli stack consisting of triples (b, F, s) of a morphism b : T — B, a T -flat
coherent sheaf F on Xy := X xg T, and a section s € I'(XT, F) such that, for all t € T(C), the pair
(F:,s:) is aPT, pair with ch(F;) = 0; € H*(X;, C). Then we have the following properties:

(1) The canonical map
PairD (X /B,) — B, (b, F,s) b,
is a projective morphism of schemes.
(2) If n > 4, then the canonical map
Pair®D (X [B.9) — Perf(X/B)g.. (b, F.s)r> (b, [Ox, > F]),
is an open embedding.

Proof Fix a polynomial P(¢) € Q[¢] and let @air(Q)(X /B, P) be the moduli stack of PT pairs on the
fibres of f : X — B with Hilbert polynomial P (¢) with respect to some relative very ample line bundle.
Note that we can find a closed embedding X — Pév over B since f : X — B is projective and B is
quasiprojective. Consider the canonical maps

PairD (X /B, P) — Pair'D (PY /B, P) => Pair@ (PN, P) x B,

where the first map is a closed embedding, the second map is an isomorphism, and the last term is a projec-
tive scheme over B by Theorem 3.10. Indeed, as a functor over Wair(q)(]P’éV /B, P), ﬁzair(q)(X /B, P)
is the zero locus of the canonical map

where IX/PII;V is the ideal sheaf of X C IP’éV and (IF, s) is the universal pair on @air(q)(PéV/B, P)xp ]P’év.
By [EGAIII; 1961, Corollary 7.7.8], the map Z,, /BY ®F — IF can be represented by the abelian cone
of a coherent sheaf on @air(q)(Pg /B, P) since F is flat. Hence the desired map is a closed embedding
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since the abelian cone is separated over the base. Therefore we have (1) since @air(q)(X /B, v) is an
open and closed subscheme of the projective scheme g’air(q)(X /B, P) (for appropriate P).
All the arguments in Section 3.3 also works in the relative setting. This proves (2). O

We end this subsection with a technical proposition stating that the relative Chern character of a perfect
complex is horizontal. This fact will be used several times in Sections 4 and 5.
Let f : X — B be a smooth projective morphism of schemes of constant relative dimension. Let /° be
a perfect complex on X. Let
Aty/s(I°) 1 1° = 1° ®@ QY 5[l

be the (relative) Atiyah class of I°. Let

At?

B = Ate/s(IM) A AAtys(I0) 1 T° — 1° @ QF, 1[p]

be the induced map. We define the (relative) Chern character ch,(1°®) of 1° as
1 . .
41) HP (X, Qi/s) — I'(B, RPf*szf{,/B), ﬁtr(Atg/B(l )) = chy(1°).

The Chern character ch,(/°®) in (41) is horizontal. More precisely, we have the following:
Proposition 3.33 Let f : X — B be a smooth projective morphism of schemes of constant relative
dimension. Let I°® be a perfect complex on X. Then there exists a section

ch,(I*) € T(B, FPHEE (X /B))
satisfying the following properties:
(1) Under the projection map Flezjﬁ(X/B) —> RP f, QQ/B given by (40), the section Jl,, (1*) maps to
the Chern character ch,, (1°) in (41).
(2) Under the inclusion map FI’HJZD‘E(X/B) — le)ﬁ (X /B) given by (40), the section c~hp (I°) maps to a
horizontal section.
(3) Under the restriction map I" (B, H%’ﬁ()( /B)) — Héﬁ (Xp/Spec(C)) for any C-point b € B, the section
Jqp (I*) maps to the usual Chern character chy (1) € H?P(Xxp,C).
The section gﬁp (I°) is uniquely determined by properties (2) and (3).
Remark 3.34 An analogous statement for the fundamental class [Z] of a local complete intersection
Z C X was shown in [Bloch 1972, Proposition 5.6].

We briefly summarize how we prove Proposition 3.33. We use the theory of Hochschild homology and
cyclic homology; see [Loday 1992] for the case of rings and [Weibel 1996; 1997] for the case of schemes.’
By the Hochschild—Kostant—Rosenberg (HKR) theorem [1962], we may identify the Hodge bundles, the
filtrations, and the associated quotients in (39) and (40) with the periodic cyclic homology, the negative
cyclic homology, and the Hochschild homology, respectively. Moreover, the Chern character in (41) can be

9By [Keller 1998], the cyclic homologies defined in [Weibel 1997] coincide with the cyclic homologies defined in [McCarthy
1994] via the dg category of perfect complexes.
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identified with the Dennis trace map. Then the key to proving Proposition 3.33 is Goodwillie’s lift [1986]
of the Dennis trace map to the negative cyclic homology.!® The proof was inspired by [Pridham 2024].

Proof of Proposition 3.33 Note that the uniqueness of the section alp (1°) follows immediately from

properties (2) and (3) in Proposition 3.33 and Remark 3.31(2). Hence it suffices to consider the statement

locally on the base B. Thus we may assume that 53 is an affine scheme. Then (41) is an isomorphism.
By the HKR theorem in [Weibel 1997, Theorem 3.3], we have natural isomorphisms

HN' (x/B) = @ FP Hpt ™ (x/B). WP (x/B) =P HE™ (x/B).
D D

(42) H]§£+i (X/B)

FrrlH22t (x/B)

HH' (x/B) = @D R?T fu(QF, ), HC'(x/B) =P
4

p
where HN, HP, HH, and HC denote the negative cyclic homology, the periodic cyclic homology, the
Hochschild homology, and the cyclic homology, respectively, with the cohomological convention. More
specifically, the isomorphisms (42) are induced by the left inverse (x in [Loday 1992, Lemma 1.3.14]
and e in [Weibel 1994, Corollary 9.4.4]) of the antisymmetrization map.

The relative Chern character chy/5(1*®) := (ch,(1*®))p in (41) comes from the absolute Chern character.
More precisely, we have a commutative diagram

chy(1®)
Ox ——— @, LiIp]

(43) ‘ l

@p Qf{/lg[p]

X L]
chy/s(1°)

in the derived category of X, where IL y denotes Illusie’s cotangent complex [1971; 1972] of X, JLf( =
AP Ly := Sym?(Lx[1])[—p] denotes the derived wedge product of Ly, and chy(/*) denotes the
absolute Chern character defined as the trace of the exponential of the absolute Atiyah class Aty (/°):
I1° — I* Q@ Lx[1] [Mlusie 1971; 1972].

Under the HKR isomorphism, the Chern character chy(/*) can be identified with the Dennis trace
chP (I*). More precisely, we have a commutative diagram

Ox
chDy W')
(44) LA*A Oy = D, L% [p]
l HKR l
LA*A Oy = b, Qf(/B[p]

101 the language of [Pantev et al. 2013], Chern characters lift to p-shifted closed p-forms [Toén and Vezzosi 2011; 2015].
By [Hoyois et al. 2021], the Chern character of [Toén and Vezzosi 2015] matches with the classical Dennis trace.
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in the derived category of X', where A:X—>XxXand A: X — X xgX are the diagonal maps. The
horizontal isomorphisms are given by the exponentials of the universal Atiyah classes as in [Buchweitz
and Flenner 2008, Theorem 6.2.1] (see [Markarian 2009; Caldararu 2005] for the smooth case). The
hypercohomology of the left column of (44) computes the Hochschild homology,

HY (X, LA*A,Ox) = HH (X), H (X, LA*A+Oy) = HH (X/B),

by [Yekutieli 2002, Proposition 3.3]. The lower horizontal isomorphism in (44) is compatible with the
corresponding isomorphism in (42), by the arguments in [Céldararu 2005, Proposition 4.4] since X — B
is smooth. The map ch? (7*) in (44) is the Euler map of I* in the sense of [Bressler et al. 1997, 4.3],
which agrees with the Dennis trace map for the dg category Perf(X') [McCarthy 1994], as described in
[Bressler et al. 1997, 4.5, 4.7].

As explained in [Weibel 1997, 3.8], the Dennis trace map ch? can be extended to the Goodwillie
Chern character ch® [1986] via descent [Weibel and Geller 1991]:

K%(x)

(45) ” la«\

HHO(X) «+—— HNO(x) —— HPO(x)
Consider the canonical commutative diagram

HHO(X) ¢+———— HN?(X) ————— HPY(X)

l | |

(46) HHO (X /B) HNO(x/B)——— HP%(X/B)

= J/HKR = lHKR = lHKR

D, RP£:Q% 5 «— D, FPHIE (X /B)—— @, Hpk (X/B)

Denote by
(A7) ch,(I*) € FPHZE (X /B)

the image of ch® (1*) € H No(X) under the vertical maps in (46). We now show that alp(l *) in (47)
satisfies the three properties in Proposition 3.33 separately:

(1) Clearly gﬁp (/°) maps to the Chern character ch,(/°) in (41). This follows from the commutative
diagrams (43), (44), (45), and (46).

(2) We now claim that le (1°) is horizontal. Indeed, we may assume that /3 = Spec(A) for a local Artinian
C-algebra A (Remark 3.31). Let X := X, be the fibre over the C-point 0 € B. By the Feigin—Tsygan
theorem [1985, Theorem 5] (see also [Emmanouil 1995, Theorem 2.2; Weibel 1997, Theorem 3.4]), we
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have a commutative square with bijective horizontal arrows

HPO(X) —=— @, H?7 (3. Q)

T

HPO(X/B) —— @, H2P (X, Q)

where @p H2? (JA), QS,) is Hartshorne’s algebraic de Rham cohomology [1975] given by an embedding
X < Y into a smooth scheme ). Here the lower isomorphism in (48) coincides with the corresponding
isomorphism in (42) since they both are given by the same left inverse (u in [Emmanouil 1995] and e in
[Weibel 1997]) of the antisymmetrization map. By [Hartshorne 1975, Theorem 1V.1.1] (and [Deligne
1968, lemme 5.5.3]), we have a commutative diagram

H?P (9, Q3) —— H2P (9™, Q%) ¢—— H2P(X™,C) = H2P(X™,C)

l l | |

H2P (X, Q% 5) —> HPP (X, Q%0 ) <= H2P (X, A) — H?P(X™, A)

where the last vertical map is induced by the canonical map of constant sheaves C — A on X®". Hence the
image of the vertical map consists of the horizontal sections (see Remark 3.31), which proves the claim.

(3) We finally claim that the restriction le (1°) to the fibre of a point b € B is the usual Chern character.
Indeed, we may assume that B = Spec(C) since Chern characters are compatible with base change. Then
the claim follows from [Weibel 1997, Proposition 3.8.1]. O

4 YVirtual cycles

In this section, we construct reduced virtual cycles for the moduli spaces of PT, pairs on Calabi—Yau
4-folds. We use Kiem and Li’s cosection localization technique [2013; Kiem and Park 2023] to reduce
the Oh—Thomas virtual cycles [2023] on the moduli spaces. The semiregularity map of [Buchweitz and
Flenner 2003] will provide the necessary cosections.

Throughout this section, we fix a (smooth projective) Calabi—Yau 4-fold X and a Calabi—Yau 4-form
w OX =5 Q;‘(

4.1 Nonreduced virtual cycles

In this preliminary subsection, we construct nonreduced virtual cycles for the moduli spaces of stable
pairs. We review the [Oh and Thomas 2023] construction of virtual cycles for the reader’s convenience.
Instead of following [loc. cit.] directly, we will use the setup introduced in [Park 2021].

Let & = %E‘J)(X ) be the moduli space of PT, pairs (F,s) on X satisfying

ch(F)=v=1(0,0,y,B,n—y-td2(X)) € H*(X, Q).
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By Theorem 3.19, we have an open embedding
spl
P — Perf(X.v)h,

into the moduli space of perfect complexes with fixed trivial determinant. Thus, by [Oh and Thomas
2023], we can construct an Oh—Thomas virtual cycle on &2

Theorem 4.1 [Oh and Thomas 2023] There exists a virtual cycle

(2] € Ayg(P)
of virtual dimension
vd=n— %yz,

which depends11 on the choice of an orientation (50) below.

We call the virtual cycle [Z]"'" in Theorem 4.1 the nonreduced virtual cycle. We use this terminology
since we will construct a canonical reduced virtual cycle [2]"! for any Calabi—Yau 4-fold X and a
surface class y in the next subsection (see Theorem 4.5).

There are three key ingredients for defining the Oh—Thomas virtual cycle (in the language of [Park
2021]):

(1) Symmetric obstruction theory: The moduli space & has a (3-term) symmetric obstruction theory

(49) ¢ E = RHomy(I°, 1%)[3] 2% r2-11,, ¢ .EV[P] B E

induced by the Atiyah class At(I*) of the universal complex I* and the relative Serre duality for the
projection map 7 : & x X — Z2 Here ¢ and 6 satisfy the following properties:

(@) ¢ :E — t=71L 5 is an obstruction theory [Behrend and Fantechi 1997], i.e., h1%(¢) is bijective and
h~1(¢) is surjective.
(b) E is a symmetric complex (of tor-amplitude [—2, 0]), i.e., 6 is an isomorphism and 6 = 6"[2].
The symmetric obstruction theory (49) is constructed by [Huybrechts and Thomas 2010].12
(2) Orientation: There exists an orientation for the virtual cotangent complex E, i.e., an isomorphism of
line bundles

(50) 0:0p => det(E)

such that 02 = (—1)@D@d=1/2_ge(9) : det(EY) — det(E). The existence of an orientation was shown
by [Cao et al. 2020].

11 A different choice of orientation changes the signs of the virtual cycles on the connected components.

12 Alternatively, we can also use the derived enhancement of Perf (X )igi( in [Toén and Vaquié 2007; Schiirg et al. 2015].
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(3) Isotropic condition: The intrinsic normal cone €4 is isotropic in the virtual normal cone €(E) :=
h'/hO(EV) with respect to the canonical quadratic function qg : ¢(E) — A! (defined in Remark 4.2
below), i.e., the restriction

IEle, : €2 — C(E) 15 AL,

vanishes. This isotropic condition can be shown by the Darboux theorem of [Brav et al. 2019] for the
(—2)-shifted symplectic derived enhancement; see [Pantev et al. 2013] and Schiirg, Toén and Vezzosi
[Schiirg et al. 2015]. Indeed, by [Park 2021, Lemma 1.11], the arguments in [Oh and Thomas 2023,

Proposition 4.3] proves the isotropic condition.!3

We recall the definition of the canonical quadratic function qg from [Park 2021].

Remark 4.2 Given a symmetric complex [E on a quasiprojective scheme X, there is a canonical quadratic
function
. 1
qE : €(E) — Ay

induced by the symmetric form of E. Indeed, if E = [B — E — B"] is a symmetric resolution, then
¢(E) = [C(D)/B] for D = coker(B — E), and the restriction qg|c(p) : C(D) = E 15 Al of the
quadratic function qg of E is B-invariant. The quadratic function qg is defined via descent of q£|c(p).
which is independent of the choice of the symmetric resolution. See [Park 2021, Proposition 1.7] for details.

Note that, from the above data, we can form a commutative diagram

AFR) —— &
) [ [0
Cr— C(E) = AL,

where Q(E) is the quadratic cone stack associated to the symmetric complex E, defined as the zero locus
of the quadratic function qg on €(IE).
We can construct the Oh-Thomas virtual cycle [£?]"I" from the closed embedding € < Q(E) in (51).

Proof of Theorem 4.1 We first construct a square root Gysin pullback

VOiE) A« (Q(E)) > 4(2)
for the zero section Oqg) : &2 — Q(E). Note that we can find a symmetric resolution
(52) Ex~[B-% E~EY 4, BY

for some special orthogonal bundle E and a vector bundle B. Indeed, this can be shown by the proof of
[Oh and Thomas 2023, Proposition 4.1]; see also [Park 2021, Proposition 1.3]. Here an orientation of E

130ne does not need the full proof of [Oh and Thomas 2023, Proposition 4.3], but only the part involving MacPherson’s
graph construction [Fulton 1998, Remark 5.11].
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induces an orientation of E via the canonical isomorphism
det(E) = det(B"Y) ® det(E")" ® det(B) = det(E)
of line bundles. By considering the stupid truncation
0—EY4S BV [B4 E~EYYS B,

we can form a fibre diagram
0°¢ E

r |

Q(E) ¢ E(E) [E/B]

for some cone Q. The horizontal maps in (53) are closed embeddings and the vertical maps in (53) are
B-torsors. Then Q is an isotropic subcone of E since
qelo = de@)lo =0
by [Park 2021, Proposition 1.7(3)]. Consider a factorization
Elg

L)

e
P —Q
0& l
Q(E)

of the zero section On(g), where 7 is the tautological section induced by the embedding Q < E' in (53).
Note that the zero section Og : & — Q is the zero locus of the tautological section 7 € I'(Q, E|g). We
define the square root Gysin pullback as the composition

(54) VO0qE) = Ve(Elg,T)or*: Ax(QE)) = Auyp(Q) = Awypea(P),

where b :=1k(B), ¢ :=1k(E), vd = b — %e, and /e(E|g. ) denotes Oh and Thomas’s localization
[2023, Definition 3.2] of Edidin and Graham’s square root Euler class [1995].14 The arguments in [Oh
and Thomas 2023, pages 31-34] show that the square root Gysin pullback in (54) is independent of the
choice of the symmetric resolution (52).

We then define the Oh—Thomas virtual cycle as

(55) [P]" = VO [€2) € Ava(2),

where [€ 5] € Ag(Q(E)) is the fundamental class of the intrinsic normal cone with respect to the closed
embedding €4 <> Q(E) in (51).

14gee also [Kiem and Park 2023, Definition 4.1] for an alternative construction of the localized square root Euler class
Je(E|c, 1) using the blowup method.
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We can easily compute the virtual dimension via the Hirzebruch—-Riemann—Roch formula [Fulton 1998,

Corollary 15.2.1]. Indeed, we have
2-vd = rank(R Homy (/°, I *)o[1])
= —/ ch(7°)Y ch(Z*)td(X) + / td(X)
X X

= —(=2n +2tda(X)y + tda(X) —2tda(X)y + y2) + td4(X)

=2n—y>. O

We provide a simple analogy between the above description (55) of the Oh—Thomas virtual cycles [2023]
and the Behrend-Fantechi virtual cycles [1997].

Remark 4.3 Fix an arbitrary (separated) Deligne—-Mumford stack X.

Recall that a perfect obstruction theory ¥ : K — t=~!Ly of tor-amplitude [—1, 0] is equivalent to a
closed embedding of cone stacks!® ¢y < @(K) for some vector bundle stack ¢(K). Kresch [1999b]
constructed a Gysin pullback

Og (k) : Ax(E(K)) = Ax(X)

for any perfect complex K of tor-amplitude [—1, 0]. In [Behrend and Fantechi 1997; Kresch 1999b], the
Behrend-Fantechi virtual cycle for a closed embedding €y — €(K) was defined as

[T = O!Q(]K) [€x].

Analogously, a symmetric obstruction theory ¢ : E — =2~ !Ly of tor-amplitude [—2, 0] satisfying the
isotropic condition is equivalent to a closed embedding of cone stacks €y < Q(IE) for some quadratic cone
stack Q(E) associated to a symmetric complex E. Note that we can define the square root Gysin pullback

VO0iE) : A= (Q(E)) > Ax(X)

for any symmetric complex E of tor-amplitude [—2, 0] and an orientation Oy -=> det(E) as in the proof
of Theorem 4.1.1® Thus the Oh—Thomas virtual cycle for a closed embedding ¢y < Q(E) and an

orientation can be defined as
(XI5t = V0 myl€xl.

4.2 Reduced virtual cycles

Recall that the standard curve-counting invariants (GW/PT) on K3 surfaces vanish due to the following
two reasons:

15 A morphism of cone stacks is always assumed to be A!-equivariant as in [Behrend and Fantechi 1997, Definition 1.8].
16The proof of Theorem 4.1 works when X is a quasiprojective scheme. Using the Kimura sequence for Artin stacks [Bae and
Park > 2026], this can be generalized to the case when X is a separated Deligne-Mumford stack; see [Park 2021, Appendix A].
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(1) [Kiem and Li 2013] There exists a surjective cosection.
(2) [Kool and Thomas 2014; Maulik et al. 2010] The codimension of the Noether—Lefschetz locus is

positive.

To obtain nonzero invariants, one should consider reduced virtual cycles.

An analogous phenomenon occurs when we want to count surfaces on Calabi—Yau 4-folds. Given a
surface class y, there are as many natural cosections as the codimension p, of the Hodge locus. Thus, in
a generic situation, the nonreduced virtual cycle in Theorem 4.1 vanishes and we want to construct a
reduced virtual cycle. This can be achieved by the DT4 version of the cosection localization technique
developed in [Kiem and Park 2023]. In this subsection, we present the main results on the reduced virtual
cycles and we provide the proofs in the subsequent subsections.

We first introduce an important bilinear form By, on H 1(X, Tx) associated to each surface class y
on X. We also fix some notation.

Definition 4.4 Let y € H?(X, Q%) be a (2,2)-class on X.

(1) We define a symmetric bilinear form By, on H (X, Ty) as
By : H'(X, Tx) @ H'(X,Tx) > C, £ ®&+ /X g le, Yy U,

where tg, and (g, denote the contraction maps and w is the (chosen) Calabi—Yau 4-form.1”

(2) We denote the rank of the bilinear form B,, by
py = rank(By).
(3) For the induced nondegenerate quadratic space of dimension p,,, we write

HY (X, Tx)

HY(X,Tx)y :=
(X Tx)y ker(By)

The bilinear form B,, is closely related to the Hodge theory of the (2,2)-class
y € H*(X,Q%) € H*(X,C).
Essentially, the rank p,, is equal to the codimension of the Hodge locus of y [Bloch 1972] (see note 3).

We now state our main result.
Theorem 4.5 Let X be a Calabi-Yau 4-fold, v= (0,0, y, B, n—y-td2(X)) € H*(X,Q), and g €{—1,0, 1}.
Then there exists a canonical reduced virtual cycle
[ X0 € Ana(Z{P (X))
of reduced virtual dimension
rvd=n— %)/2 + %py

For &1 € HY (X, Tx) and & € H/ (X, Tx), we have gyl = (_1)(1+i)(1+j)‘$1 tg, (see for example [Brav et al. 2019,
Lemma 2.5]).
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depending on the choices of orientation of the symmetric complex E and the quadratic space H'(X, Tx)y.
Moreover, [,@54)(X )] is deformation invariant in the sense of Theorem 5.1.

The reduced virtual cycle [ﬁl(,q)(X )]*®d has a relation to the notion of semiregularity of perfect
complexes [ * associated to pairs [(F, s)] € gz,()q) (X)) (Definition 4.8(2)).

Theorem 4.6 Let X be a Calabi-Yau 4-fold, v= (0,0, y, B, n—y-td2(X)) € H*(X,Q), and g €{—1,0, 1}.
For any PTy pair [(F, s)] € P9 (X), the associated perfect complex I1°® := [Ox - F] is semiregular if
and only if @5‘”(){) is smooth of dimension rvd = n — %yz + %py at [(F,s)].

By Theorem 4.6, if all points in 925‘1)()( ) are semiregular, then the space is smooth and the reduced
virtual cycle is equal to the fundamental cycle

(2O = [Z(X)] € Ana( 2 (X).

Remark 4.7 The role of p, in the surface-counting theory is an interesting new feature compared to
known enumerative geometry. Indeed, p, is not a topological datum of y € H 4(X), but rather it is a
Hodge-theoretic datum of y € H2>2(X). In particular, the rank of By is not additive in y in general, but it is
only subadditive, i.e., py, +y, < Py, + py,. For example, p, remains the same when taking multiples of y.

We now explain the main ideas in the proof of Theorem 4.5. We will consider three different, but
interrelated, approaches to the reduced theory:

(1) Cosection localization: In Section 4.4, we will prove Theorem 4.5 using the cone reduction lemma

of [Kiem and Li 2013]. The semiregularity map of [Buchweitz and Flenner 2003] will provide the
necessary cosections. This cosection localization method is the simplest way to construct the reduced
virtual cycle.

(2) Algebraic twistor family: In Section 4.5, we will construct a reduced obstruction theory using the

algebraic twistor family introduced in [Kool and Thomas 2014]. The main idea is to consider an
infinitesimal deformation of X such that the Hodge locus of y is just the origin. The algebraic twistor
family method alone does not provide a reduced virtual cycle without the cone reduction lemma,
due to the isotropic condition. See Remark 4.22.

(3) Reduction by (—1)-shifted 1-forms: In Appendix A, we will construct a reduced (—2)-shifted sym-

plectic derived enhancement. The crucial part is that the cosections arising from the semiregularity
map have natural extensions to (—1)-shifted closed 1-forms.
4.3 Semiregularity map

In this subsection, we revisit the semiregularity map of [Buchweitz and Flenner 2003] and show that the
key commutative triangle in [loc. cit.] is symmetric for Calabi—Yau 4-folds.
We first recall the definition of the semiregularity map.!®

18Here we consider the fixed-determinant version of the semiregularity map. For strict Calabi—Yau 4-folds, this is identical to
the 2-semiregularity map in [Buchweitz and Flenner 2003]. Also we use a different sign convention than [loc. cit.].
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Definition 4.8 (cf. [Bloch 1972; Buchweitz and Flenner 2003]) Let /°* be a perfect complex on X.
(1) We define the semiregularity map by
(56) sriExty(I°,1%)0 — H?(X,Q)), er>tr(At(I%)oe),
where At(1®): I° > I*® Q)l([l] denotes the Atiyah class of 7°.
(2) We say that I°® is semiregular if sr is injective.

The semiregularity map connects the obstruction to deforming a perfect complex /° and its Chern
character ch(/°*) by the key commutative triangle in [Buchweitz and Flenner 2003, Corollary 4.3]. For
Calabi—Yau 4-folds, this commutative triangle has a symmetric description.

Proposition 4.9 Let I* be a perfect complex on X such that chy(I*) =0 H(X, Q)l() and chy(1°) =
y e H*(X, Q?()' Then the obstruction map

(57) ob: H' (X, Tx) = Extx (I*,I%)0, &> 1 At(I®),

fits into the commutative diagram

HY(X, Tx) ob Ext3 (1°,1*)o

o

(58) H3(X. QL)
B, obY
;lw

HY (X, Tx)Y

where the vertical isomorphism SD is induced by the Serre duality pairing
H3(X, Q%)@HI(X, Tx) > C, a®é¢ r—>/XLg(oz)Ua),
and we identify (Ext}zf (I°,1%))Y = Ext)z( (I°,1%)o via the Yoneda pairing
Y ExtE (1%, 1%)o ®Exty(I°,1%) - C, u®uvr> [X tr(u ov) Uw.
Proof Note that the obstruction map ob in (57) is well defined since
troob(§) =g chy(1°) =0.
The commutativity of the three triangles in (58) can be shown as follows:

(1) Top triangle: We have sroob = (_(y) by [Buchweitz and Flenner 2003, Corollary 4.3].
(2) Left triangle: For any £1,& € H!(X, Tyx), we have

SD(te, ())(E2) = /X ety U = [X le, 16,7 U = By (1. £2).
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(3) Right triangle: For any £ € H'(X,Tyx) and e € Ext)2( (1°,1*), we have

obY(e)(§) = / tr(tg At(/*)oce)Uw = / tgtr(At(I*) oe) Uw = SD(sr(e))(§). O
X X
The commutative triangle (58) says that the map of vector spaces
ob=sr": (H'(X,Tx),By) — (Extx(I*,1%)0,Y)

is compatible with the corresponding symmetric bilinear forms. Equivalently, we may write B, = ob™(Y).
In the following subsections, we will develop the reduced theory with respect to a nondegenerate
subspace V € H!(X, Ty). We provide a simple observation on such nondegenerate subspaces.

Corollary 4.10 Let I°* be a perfect complex on X with chy(/*) = 0 and chy(/°®) = y. Choose a
nondegenerate subspace

V< HY (X, Tx)
with respect to the bilinear form B,,. Then the restriction
(ob=sr")|y : (V.By|y) < (Extz (I*.1%)o.Y)
is an injective map of nondegenerate quadratic spaces.

Proof If ob(v) = 0 for some v € V, then
By(v,—) = / tr(ob(v) oob(—)) =0 € H (X, Tx)".
X

Thus the nondegeneracy of By, |y implies that v = 0. |

For the reader’s convenience, we review how the maps ob and B, in the commutative triangle (58)
determine the obstructions to deforming the perfect complex /* and the Hodge class y € H?(X, Q)z()’
respectively. For simplicity, we only consider the first-order deformations here. We refer to [Bloch 1972,
Proposition 4.2; Illusie 1971, proposition 1V.3.1.5] (cf. [Huybrechts and Thomas 2010, Corollary 3.4])
for the general case.

Lemma 4.11 Consider a first-order deformation of X, i.e., a fibre diagram

Xe——Xx

Y

{fo} —— A

where f : X — A is a smooth projective morphism and A is a square-zero extension of Spec(C). Let
o0 € A be the unique point.
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(1) Givena (2,2)-classy € H?(X, Q2 %) C H*(X, C), there exists a horizontal section j € F2H4R (X/A)
such that y, = y if and only if the composition

A 5 (X, Ty) B B (X, Tx)Y

To,A
vanishes.
(2) Given a perfect complex I® on X with chy(I*) = 0, there exists a perfect complex I® on X with
det(I®) = Oy such that 2 = I* if and only if the composition
(59) ot XA HV(X, Tx) 22 ExG(1°. )0

vanishes.

Proof (1) follows directly from [Bloch 1972, Proposition 4.2]. We would like to deduce (2) from [Illusie
1971, proposition IV.3.1.5] (or [Huybrechts and Thomas 2010, Corollary 3.4]). Consider a diagram

]LX = ]LX/A|X
Y

AtX(I') KSx/alx
» pro

R”Homx(l',]".)[—l] At/ aU*) > Ly a —KSx/a— Loa|x[1]

AtX/X(I‘)'"““-._ Ph KSo/alx

~

Lyx/x=Lyalx

where the left two triangles commute with the dotted arrows and the right two triangles commute with the
solid arrows. Moreover, the composition of the middle arrows is zero because Aty 4(/*) factors through
Aty (1°). Hence the total big square commutes (up to sign). Therefore, the map (59) corresponds to the
composition

A I°
JO i QLx/x[1] = I° @ Zx/x[2] = I* ® Ly 4[2]

via adjunction. O
4.4 Cosection localization

In this subsection, we construct the reduced virtual cycle and prove Theorem 4.5 via the cosection
localization technique of [Kiem and Li 2013], as in [Kiem and Park 2023]. We also prove Theorem 4.6
as a corollary.

Let & .= ,@5‘1)()( ) be the moduli space of PT, pairs on X with fixed Chern character

v = (0’0’ y’ﬁ’n_y'tdZ(X)) € H*(X’Q)

Letp:E — 2711 4 be the standard symmetric obstruction theory of & in (49).
We first observe that the semiregularity maps provide cosections.
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Proposition 4.12 There exists a natural map
SR:EV[1] - H' (X, Tx)V ® O
satisfying the following properties:
(1) The fibre of the map SR over [(F, s)] € &2 is the composition'®
SR|(F.s) : RHomy (I*,1%)0[2] — Extg (I°,1*)o = H' (X, Tx)",
where sr is the semiregularity map (Definition 4.8(1)) for the associated complex I* := [Ox > F].
(2) The square of the map SR is
SR2=B,®1: H'(X,Tx) ® O — H (X, Tx)" ® O .

Here, we identified H3(X, Q}l() = HY(X,Tx)V via Serre duality and the Calabi—Yau 4-form, as in
Proposition 4.9.

Proof Let I[* denote the universal complex. Consider the map

Atgxx /2 (1°)
— 5

RHom(I°,1%)0[2] RHom (1°,1° ® Q)[3] w2 g3(x, Qy)® O,

where the third trace map is defined as (see note 19)
tr’ : RHomz (1°,1° ® Q%) [3] %> RT(X, Qy) ® O»[3] - H>*(X, Q) ® Op.

The map SR is then defined by composing the above with the isomorphism H3(X, Q )1() ~ HY(X,Ty)V.
The functoriality of the Atiyah classes ensures that the fibres of SR are the semiregularity maps. This
proves (1).

Next, we claim that the square

SR2: H' (X, Tx) ® 0 RS E[-1] = EV[1] R HYU(X, Tx)' ® Op
is given by contraction with the Chern character
cha(I°) := 5 (A (L)) € H*(X,Q}) ® (2. 0»).

Statement (2) then follows because Proposition 3.33 implies that the Chern character ch, (I*) is a horizontal
section, i.e.,

chy(I*)=y®]1.

In order to prove the claim, it suffices to take hypercohomology H%(#2, —) of the composition SR?
and show that this equals contraction with ch;(I*). By [Buchweitz and Flenner 2003, Proposition 4.2],

19The first map is given by the canonical quasi-isomorphism C*® = bD; hi(C*)[~i] for any complex of vector spaces
[Gelfand and Manin 2003, Proposition II1.2.4].
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the triangle

HY P x X, Toxx)») Ext%,, x (I°,1%)0

m /

HY P xX. QL /)

commutes, where the top map is induced by SRY and the right map by SR. Using the decomposition

H"™(Px X, Toxx)») = @ H (X, Tx)® H (2,05)
i+j=m

1

(see note 19) and similarly for Q(@X X/ 2

we obtain the commutative diagram

HO(2,SRY)

HY (X, Tx) @ H'(2,0%) Ext,, y (I°.1%)o

m HO(2,5R)

H3(X,Q%) ® HY(2,05)
as desired. |
Remark 4.13 The map SR in Proposition 4.12 is the collection of all cosections associated to (3, 1)-forms
in [Kiem and Park 2023, Example 9.2]. More precisely, if we choose a (3, 1)-form £ € H 1 (X, Ty) =~
H'(X,Q ;), then the composition
EV[1] 3R H'(X, Tx)' ® O <> 0
is exactly the cosection o associated to the (3, 1)-form & considered in [Kiem and Park 2023].

We sometimes call the symmetric complex E in the obstruction theory ¢ : E — 127 1L 5 the virtual
. . . . red
cotangent complex. Following this perspective, we define the reduced virtual cotangent complex E},° as
follows:

Definition 4.14 Choose a nondegenerate subspace V' C H (X, Tx) with respect to the bilinear form B,.

(1) We denote by
SRy :EV[1] 2R HI(X, Tx)V ®0p - VYV ® 0Op

the composition. Then the square
SRZ =B,y ®1: V@0, 25 E-1]=EV[1] 225 7Y 9 0y
is an isomorphism by Proposition 4.12(2).
(2) We define E;?d := cone(SRy;[1]). Since the natural map SRy,[1] has a left inverse, we have a splitting
(60) ExEae (Ve 0sx[l).

Moreover, (E%9)V[2] - EV[2] IE— E¢ induces a symmetric form on E% and (60) is a splitting
of symmetric complexes.
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(3) We denote by
QEF) € ¢EFY)
the quadratic cone stack induced by the above symmetric form.
The main result in this subsection is the following cone reduction property:

Proposition 4.15 Given a nondegenerate subspace V. C H'(X, Tx) with respect to By, there exists a
commutative diagram

QEE) —— ¢ERY)
(€t s O(E) —— &(E)

for a unique dotted arrow, where the square is cartesian. Here the closed embedding (€5 )eq — Q () is

given by (51).2°

Proof We will form a commutative diagram

QE) —— ¢EY) —— 2

61) (€ )ret —— Q(E) © e(E)

V1Y
A
,@;‘)mly

and claim that all the squares are cartesian. Here, Isg,, := €(SRy[1]) is the linear function induced by
SRy : V ® O — E[-1] and qg is the quadratic function induced by 6 : O — (E ® E)[—2]. Indeed,
the lower square in (61) is cartesian since the quadratic cone stack Q(IE) is defined as the zero locus of
the quadratic function qg. The upper right square in (61) is cartesian since Erﬁd is defined as the cone of
SRy [1]: V ® O»[1] — E; see the proof of Lemma 4.16. The middle upper square is cartesian since (60)
is a direct sum decomposition of symmetric complexes. More precisely, we have

(62) I = e © p1+av]z o p2: CE) = CEF) x» VY — Al

where p1, p» are the projection maps and qy : V x V — C denotes the quadratic function induced

by By |y. Then (62) implies that the triangle

C(ERY)

[ﬁj

1
Q(E ) qE Aﬂ?
20When we use “red” as a subscript, it denotes the associated reduced substack.
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commutes. Hence, the middle upper square in (61) is cartesian, as claimed. Finally, by Kiem and Li’s
cone reduction lemma [2013] in the form of Lemma 4.16 below, we can find the dotted arrow that fits
into the commutative diagram (61). O

We rephrase Kiem and Li’s cone reduction lemma as follows. This lemma is required to complete the
proof of Proposition 4.15.

Lemma 4.16 (cf. [Kiem and Li 2013, Proposition 4.3]) Let ¢ : E — t=~!ILy be an obstruction theory
for an arbitrary Deligne-Mumford stack X. Let X : EV[1] — F be a map for a vector bundle F. Then
there exists a commutative diagram

¢Eg) —— X
o

(63) o
(€x)reg — C(E) —=— F

with a unique dotted arrow, where the square is cartesian. Here the closed embedding (€x)eq — €() is
induced by the obstruction theory ¢, the linear function [y := &(XV[1]) : €(E) — F is induced by the
map X, and the perfect complex Ey; is the cone of the map V[1]: FY[1] — E.

Proof Note that the statement is local on X. Thus we may assume that X is a quasiprojective scheme
and F = O% " is a trivial vector bundle. By the resolution property of X, we can find a chain complex of

vector bundles that represents E,
Ex[E® ... > E24 p-14d% poy

and a morphism of chain complexes that represents X,

EVY[1] Eo Eq E> E.
| | | ]
F 0 F 0 0
where we denoted E; := (E~')V. Then we also have

-1 5V
Es=[E— .. —E2grY 42

E~1 4% go).
Firstly, we will show that the square in (63) is cartesian. Indeed, note that the cokernels
D :=coker(d ' :E™*> > E™"), Dg:=coker((d", SVY:ET2@FY - ETY
fit into a right exact sequence of coherent sheaves

FV—>D—>D§—>O.
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By taking the associated abelian cones, we obtain a cartesian square

C(Dg) — A_!)C

L g 1
Slew)

C(D)——F

Since €(E) = [C(D)/Eo] and €(Ex) = [C(Ds)/ E¢], we obtain the desired cartesian square via descent.
Secondly, we will find a dotted arrow that fits into the commutative diagram (63). The uniqueness is
obvious. Consider the induced (2-term) perfect obstruction theory
¢7 BT = [ET1 4L g0 L L, =1L,

and an induced cosection X7 that fits into the commutative diagram

EV[1] % F

tV[l]l ):T
EY)V[1]
Since F is a trivial vector bundle, we may write
X' =(01,....00): (ED)V[I] > F = O%".

Then o; : (E7)Y[1] — Oy are cosections for the perfect obstruction theory ¢*. Hence, by [Kiem and Li
2013, Proposition 4.3], we have
(Q:x)red - Q:((Er)m)

as substacks of €(ET), where (E),,; := cone(o,’[1]). Here €((E7),,) are set-theoretically the kernel
cone stacks in [Kiem and Li 2013]. Hence we have a commutative diagram

g(Ez) ;;ﬂ,- C(E%)g;) — X

—

_ - 0fF
/ - 5554
(€ s €B) L gEr) L F
5>

where the squares are cartesian by the result in the previous paragraph. Hence the dotted arrow in the
above diagram gives us the desired dotted arrow in (63). a

Now Theorem 4.5 is a direct corollary of Proposition 4.15.

Proof of Theorem 4.5 We first construct a reduced virtual cycle with respect to a maximal nondegenerate
subspace V € H!(X, Tx). Here, “maximal” means that dim(}') = rank(By) = p, . Thus the composition

(64) V— H'(X,Tx) > H' (X, Tx),
is an isomorphism.
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As in the proof of Theorem 4.1 (see also Remark 4.3), we can construct a square root Gysin pullback

for the symmetric complex IErﬁd. Here the orientation of IErﬁd is determined by the orientations of E and
H(X, Tx), via the canonical isomorphisms

det(E) = det(E%Y) @ det(V) = det(E%Y) @ det(H ' (X, Tx)y)

of line bundles, induced by the decomposition (60) and the isomorphism (64).
By the cone reduction property in Proposition 4.15, we may consider the fundamental class of the
intrinsic normal cone €4 as a cycle class in Q(Erﬁd),

[€5] € Ao(QETY)).

Indeed, this can be defined as the pushforward of the fundamental class [€ 2] € Ax((€P)reqd) = Ax(Cx)
under the closed embedding (€% )eq — Q(Er‘ﬁd).

Analogously to the definition of the nonreduced virtual cycle in (55), we define the reduced virtual
cycle as

(65) (@]I‘ed V ]Ered) [Q: 7] € Arvd(y)
Then the reduced virtual dimension is

rvd = vd + %dim(V) =n-— %yz + %py.

We now claim that the reduced virtual cycle [Z]}; red §

in (65) is independent of the choice of a maximal
nondegenerate subspace V € H!(X, Ty). Note that a choice of a maximal isotropic subspace V of
H'(X, Tx) is equivalent to a choice of a section of the surjection H!(X, Tx) — H'(X, Tx),. Thus, if
we fix one splitting

HY(X,Tx) = H' (X, Tx), @ ker(B,),

then any other splitting corresponds to a map H (X, Tx )y — ker(By). Therefore, any two splittings are
connected via a family of splittings parametrized by A!. A deformation argument proves the claim.?! 0

Remark 4.17 We view the cosection localization (Proposition 4.15) in this paper as an orthogonal version
to the one in [Kiem and Park 2023]. Indeed, there are two types of cosection X : EV[1] — F in DT4 theory:

(1) isotropic cosections, i.e., ¥2=0;
(2) nondegenerate cosections, i.e., £ is an isomorphism.

In [loc. cit.], cosection localization for the first case is studied, whereas we introduced the second case
in this paper.

21Generally, we need to be careful when we apply the cone reduction in the relative setting. But, in this case, the map
Z x Al — Al is flat, so we can detect the cone reduction property fibrewise.
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In the second case, if the orthogonal bundle (F, £?) is of even rank and has a maximal isotropic
subbundle, then we can reduce to the first case. Then both approaches give the same reduced virtual cycle.

However, for surfaces on Calabi—Yau 4-folds, there are many examples (e.g., Example 1.5) that have
an odd number of cosections. Therefore we indeed need cosection localization as in the second case for
counting surfaces.

Remark 4.18 In general, the cone reduction property in Proposition 4.15 does not imply the existence
of a reduced obstruction theory; see [Maulik et al. 2010, Appendix A]. However, in our situation for
qu) (X)), we will see in the next subsection that there indeed exists a reduced obstruction theory.

We now prove Theorem 4.6. The implication => can be shown using the infinitesimal lifting criterion
as in [Bloch 1972, Theorem 7.3]. We provide an alternative proof, more in line with DT4 theory, using
the cone reduction property (Proposition 4.15).

Proof of Theorem 4.6 (=) Let [(F, s)] € &2 be a PT, pair for which the associated perfect complex
I*:=[Ox > F] is semiregular.

Choose a maximal nondegenerate subspace V € H (X, Tx) with respect to B, . We first claim that
the restriction of the obstruction map ob in (57) to V,

obly : V — HY (X, Tx) — Extx (I°, I*)o,

is an isomorphism. Indeed, by Corollary 4.10, the above map ob|y is injective. On the other hand, the
semiregularity of 7* implies that the obstruction map ob =sr¥: H(X, Tx) — Ext)2( (1°,1%)¢ is surjective.
Hence we have

dim(V) = p, = rank(B,) = rank(ob*(Y)) = rank(Y) = dim¢ Ext)z( (1°,1%p.
Therefore the above map ob|y is bijective. This proves the claim.
By the derived Darboux theorem [Brav et al. 2019, Theorem 5.18(ii)], we can find a diagram
E
L)
Ut)Y— U

where U is a smooth affine scheme, E is an orthogonal bundle over U, t € I'(U, E) is an isotropic section,
and U(t) is the zero locus of ¢ in U, with a Zariski open embedding U(¢) — &2 whose image contains
[1°] € Z. Also, the standard symmetric obstruction theory ¢ : E — t=7!IL » in (49) can be written as

dt dt
Elue) Tuluw — Elgey — Qulue
N
_ d
= L olyw 0 7/1? Quluq)

where Z = Ty ), is the ideal sheaf of U(r) C U.
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Moreover, by choosing a minimal Darboux chart (in the sense of [Brav et al. 2019, Definition 2.13]),
we can further assume that the fibre of the map dt : Ty |y ) — E|\(§(r) at [1°] € U(¢) is zero.
Consider the map SRy in Definition 4.14(1). Then we have a diagram

Qulvey —— Eluw)y —— [Tulvw) — Eljy — 0]
N N lSRV
> >
VY ® Oy 1]

where the last term is the stupid truncation and the dotted arrow is the composition. Since U(z) is affine,
the dotted arrow is zero and we obtain a morphism of cochain complexes

dt dt
Elue) Tuluvey — Elgey — Qulve
[ - l B l
784 ®OU(t)[1] 0——VV ® Oyy —0

for some map SRy . By Proposition 4.12(1) and the fact that the fibre of dt at [(F, s)] is zero, the fibre of
the map SRy over [(F,s)] € & can be identified with the composition

(66) SRy |(F.s) t EXC(I*, 1%)0 <> HY (X, Tx)" — V.

Since ob|y is an isomorphism, Proposition 4.9 implies that the map (66) is an isomorphism. Therefore,
by shrinking U further, we may assume that the map SRy is an isomorphism.
Consider U(t) as the zero section U(7) C E|y ). By the cone reduction property in Proposition 4.135,

U(t) }
Tulu)

we have

[(CU(t)/U)red

:| = (Q:U(t))red - Q:(Elisd) = |:
Tuluw)

as substacks of €(E) C [E|y()/ Tulu)] since ker(SNRV) = (. Therefore, we have

(Cu@))u)rea = U(t).

Equivalently, the ideal €, o Z"/Z" ! C ,,-o Z"/Z" ! is nilpotent. Hence, we have 7" /7" ! =0
for some 7, and Nakayama’s lemma implies (1 — l) -I" =0 for some i € Z Since U is integral and U(¢)
is nonempty, we have Z = 0 and thus ¢ = 0. Therefore, U(¢) = U is smooth of dimension

dim(U) = (dim(U) — %rank(E)) + %rank(E) =vd+ %py =rvd.

This completes the proof of (=) since U() is an open neighbourhood of [/°] € Z.

(¢<=) Assume that & is smooth of dimension rvd at [/ *] € &2 Choose a maximal nondegenerate subspace
V of H(X, Ty) with respect to B,. By Corollary 4.10, the restriction of the obstruction map to V,

obly : V <> HY (X, Tx) 22 Ext} (I*, I%)o.
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is injective. On the other hand, since & is smooth at [/*] € &, we have
dim(V) = p, =2 (rvd—vd) = 2- (ext’ — (ext' — 1 ext?)) = ext?,

where ext! := dim¢ Exty (1°,1%)o and ext? := dimc Ext%(I*, /*)o. Hence the above map ob|y is
bijective. Then the obstruction map ob is surjective, and its dual sr is injective (Proposition 4.9). Therefore
[[°] € & is semiregular. |

4.5 Algebraic twistor family

In this subsection, we construct a reduced obstruction theory via the algebraic twistor family introduced
in [Kool and Thomas 2014].

We use the notation from the previous subsections. Let ﬁéq)(X ) be the moduli space of PT, pairs
(F,s) on a Calabi—Yau 4-fold X with fixed cohomological Chern character

ch(F) =v =(0,0,y,,n—y-td2(X)) € H*(X,Q).
The main result in this subsection is the following:

Proposition 4.19 Given a nondegenerate subspace V C H'(X, Ty ) with respect to By, the composition

(67) o5 EF > E L 27 L)

is also a symmetric obstruction theory, i.e., h0(¢{§d) is bijective and h™! (¢r§d) is surjective. Here the first

map in (67) is given by the decomposition (60) and the second map is the standard symmetric obstruction
theory in (49).

The rest of this subsection is devoted to the proof of Proposition 4.19. By the deformation theory of
algebraic varieties, any subspace V' € H!(X, Tx) corresponds to a fibre diagram

X sy

|

Spec(C) —— Ay

where Xy — Ay is a smooth projective morphism over the spectrum of the local Artinian C-algebra
Ay := Oy /m?> =C @ V"V, where m C Oy denotes the maximal ideal of functions vanishing at the origin.
Here Q}4V =VVY ® O, , , and the (restriction) of the (classical) Kodaira-Spencer map

KSay say lx : Qx = VY ® Ox[1]
corresponds to the given inclusion V € H!(X, Tx) via adjunction. Let
U=vQ®1 € HR(Xy/Ay) = HiR(X) ®c Ay
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be the unique horizontal lift of v € HJ (X) (see Section 3.5 for the definitions of the de Rham cohomology
and horizontal sections). Form a fibre diagram

PO (X) —— 2D (xy [ Ap)

]

Spec(C) — Ay
where Qéq)(XV /Ay) is the relative moduli space of PT, pairs on the fibres of Xy — Ay. The key
observation is the following:
Proposition 4.20 If V € H'(X, Tx) is a nondegenerate subspace, then the canonical inclusion map
PO (X) = P (Xy [Ay)
is an isomorphism of schemes.

Proof The proof is similar to [Kool and Thomas 2014, Lemma 2.1 and Proposition 2.2]. We first claim
that the Hodge locus of the horizontal section

y®1 e Hip(Xy/Ay) = Hip (X) ® Ay

is just the unique closed point in .Ay. More precisely, the scheme-theoretic zero locus of the induced

section 4
— c HDR(XV/AV)

F2H3 (Xy [ Ay)

is the closed point in Ay . Indeed, choose a subspace W C V' and let

Aw = Spec(Ce W) C Ay
be the corresponding subscheme. Assume that the section y ® 1 vanishes on Ay, i.e.,

Hip (Xw /[ Aw)
F2H3 (Xw [ Aw)

Equivalently, the unique horizontal lift of y over Ay is a Hodge class.

)/®1|AW=OG

By [Bloch 1972, Proposition 4.2] (see Lemma 4.11(1)), we deduce that the composition

Bylw: W s HU(X, Ty) =% H3(X. QL) = H (X, Ty)"

is zero. Hence we have
W CVnNnker(By) =0

by the nondegeneracy of V. This proves the claim.
We will now show that any morphism

(69) 0T - 29Xy [ Ay)
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from an affine scheme 7" factors through %S’” (X). Indeed, let
I° = [OXT —— F ]
be the family of PT, pairs that corresponds to the map (69), where

Xy —— &y
|,
T —'— Ay
is the induced fibre diagram. By Proposition 3.33, we have
*(y® 1) = chy(I") € F2Hiy (X7 /T).
where m € F 2HSR(XT /T) is the unique horizontal lift of the Chern character chy(/°®) :=
F(A(1*) € H*(XT, chT/T)- Thus we have

Hp (X7 /T)
F2HA(Xr/T)

*yel)=0¢

Hence the map ¢ : T — Ay factors through the zero locus of y ® I, which is the unique closed point

in Ay by the result in the previous paragraph. Now the fibre diagram (68) proves the desired property.
Finally, since the map L@éq)(X ) — @éq)(XV /Ay) is a closed embedding, the result in the previous

paragraph proves that the map is an isomorphism. |

By Proposition 4.20, the reduced obstruction theory of 3”5’”(X ) can be obtained as the obstruction
theory of ﬁéq)(XV/AV).

Proof of Proposition 4.19 By Proposition 4.20, the fibre diagram (68) can be expressed as
Ay
,@éq)(X) —— Spec(C)

where the two triangles commute. Hence we have a canonical direct sum decomposition of the cotangent
complexes

where the upper arrows and the lower arrows are the canonical distinguished triangles (see [Qu 2018,
Lemma 2.10]). Let

. —1
bxy sy Eayja, = = IL%"’(X)/Av

be the standard relative obstruction theory for @éq) (Xv/Ay)— Ay, where E y,, / 4,, = E by Proposition
4.20. We will consider the induced absolute obstruction theory. Indeed, form a morphism of distinguished
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triangles
SRy [1]
Ergd E Y VY @O0 0yl
(71) ¢1;d J/¢Xv/.AV
= —— =1L Q! [1]
R ) R0 Ay Av L2 ()

for some dotted arrow ¢{§d, where the upper distinguished triangle is induced by (60), the lower distin-
guished triangle is the truncation of (70), and the right square commutes by Lemma 4.21 below. By the
long exact sequence associated to (71), we can deduce that the map qﬁr‘fd : IErﬁd — IZ_IL%()q)( X) is an
obstruction theory, in the sense of [Behrend and Fantechi 1997]. Moreover, since the lower distinguished
triangle in (71) splits, the obstruction theory ¢i¢ : ET¢ — r=71L 2@ () 15 uniquely determined by the
diagram (71). Thus the map ¢r§d in (71) is equal to the composition (67) since the composition

¢ - _
E=Exy/ay =5 7L o0, = T Lo
is the original (nonreduced) obstruction theory for 91(}‘1) (X). |

We need the following compatibility result between the Kodaira—Spencer maps to complete the proof
of Proposition 4.19. Here we consider a more general version than needed for Proposition 4.19. This will
be used later, in the proof of deformation invariance in Theorem 5.1.

Lemma 4.21 Let f : X — B be a smooth projective morphism of relative dimension 4 over a quasi-
projective scheme B. Let & := Wéq) (X/B) be the relative moduli space of PT pairs on the fibres of
f:X — B. Let

PxgX —— X

]
P =P (x/B)— B

be a fibre diagram. Then we have a commutative diagram

SR
Ex/5 = RHomz (I°.1° ® 0x/5)0[3] — > Rfu(QL )5 ® /)| (4]

(72) lqsm l—stm
KS»/5

]L(@/B LB|@[1]

where the relative obstruction theory ¢ x5 and relative cosection SRy are given by the two components

AtinBX/B(]I.)
_—>

Aty (1) 1 T° I* ® Lo sae/5l1] 2 1° ® L 5[],

);Yﬁwa—’”B(I:)_)H'@L

. P2 e
Atgy,x/ 2 (1 oxsx/Bll] —=1'® 9;5/5[1]
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of the Atiyah class Atz , v /(1) of the universal complex 1°. For ¢ x5, we use the adjunction R«(—) -
La* (=) ® w54,

Proof The proof is similar to that of Lemma 4.11. Consider the diagram

Lx/sl#xsx
Algsga/p@®). T Al %
N
(73) e O e L?ﬂxBX/B —KSoxpa/s— Lp|ox g (1]
N
Atgxpa/x@®) e VT -

I["W/BLWXBX

where the left two triangles commute with the dotted arrows, and the right two triangles commute with the
solid arrows. Since At gy, x/g(1°) factors through Aty v (I°), the composition of the two horizontal
arrows in (73) vanishes:

KS px /B0 Atgx /(1) = 0.

We deduce that the big square in (73) commutes (up to sign)

(74) KSx /B0 Atgxgx/o(I%) = —KS gz 50 Aty x/x (I°).
The commutativity of (72) follows from (74) by adjunction. O

Remark 4.22 The main limitation of the algebraic twistor family approach in this subsection is that the
reduced obstruction theory is given as a composition, but not as a factorization:

id

T

E E E

(75) \ l‘ﬁ
¢ L?

>—1
=7 'L
25 (X)

In classical reduced theory, e.g., [Kool and Thomas 2014], this was sufficient to construct reduced
Behrend-Fantechi virtual cycles [1997]. However, in DT4 theory, this is not sufficient to construct

reduced Oh—Thomas virtual cycles [2023] since we need to know whether the reduced obstruction
red

theory ¢y;° satisfies the isotropic condition

2E) 7 aEy)

.ﬁ,,f?ﬁ [

s ¢(E) —» C(ERY)
v

T x)

algebraic twistor
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Thus we additionally need the cone reduction property in the previous subsection (Proposition 4.15) to
construct a reduced virtual cycle from ¢r§d.

To conclude, the cone reduction property in Proposition 4.15 and the reduced obstruction theory in
Proposition 4.19 give us a commutative diagram

cone reduction d
(Qze@l()q)(x))red ¢ Q(Er§ )

(76) [ [

C N red
Q:y f;q)(X ) algebraic twistor Q(EV )
This proves Theorem 1.7.
In Appendix A, we will construct a diagonal arrow C{@{)‘“ x) < Q(Er;d) in commutative diagram (76)

using derived algebraic geometry; see Remark A.16.

Remark 4.23 By Proposition 4.20, the standard derived enhancement on 335‘1)(2(1// Ay) gives us a
reduced derived enhancement on 954) (X). However, this derived enhancement is not necessarily homo-
topically finitely presented over Spec(C) and does not give us the reduced virtual cycle in Theorem 4.5.
In Appendix A, we will construct a different reduced derived enhancement on @,Sq)(X ) that has a
(—2)-shifted symplectic structure and induces the desired reduced virtual cycle.

4.6 Reduced virtual dimension

In this subsection, we present various methods to compute the number p, and the reduced virtual
dimension.

Local complete intersection surfaces Let X be a Calabi—Yau 4-fold. We take i : § < X to be a local
complete intersection (Ici) surface, and v = ch(Og) = (0,0, y, 8, x(Os) —y - td2(X)) € H*(X). Our
goal is to make the key diagram from Proposition 4.9 more explicit and determine the reduced virtual
dimension rvd = y(Og) — %yz + %py. The normal sheaf N,y is locally free because § is Ici. Since X
has trivial canonical bundle, we have

Ks = Ng/x ANNg/x
and the Serre duality pairing gives a nondegenerate symmetric bilinear pairing
SDs : H'(S,Ng/x) = H' (S, Ns/x)".
The space H!(S, Ng /x) maps to the obstruction space of /g,y . From the short exact sequence
a7 0—>1Is/x > 0Ox > 0Os —0,
we get an exact triangle
RHomy (Is;x,0s) — RHomx (Is/x, Is/x)[1] = RHomy (I5,x, Ox)[1].
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By taking cones of maps from RI'(X, Ox)[1] to the second and the third factor, we get an exact triangle
(78) RHomy (Is/x,0s) — RHomx (Is,x. Is/x)o[l] — RHomy (Og, Ox)[2].

Consider the map

(79) Os: H'(S. Ns/x) = Exty (Is/x. Os) = Extg (Is/x. Is/x)o.

where the first map is defined by adjunction.
We give local descriptions of the obstruction map (57) and the semiregularity map (56) for local
complete intersection surfaces. The map defined by

obs/x : H'(X, Tx) — H'(S, Tx|s) — H'(S, Ns,x)

is the obstruction map for deforming S C X along a deformation of X [Bloch 1972, Proposition 2.6].
Let ds : Og — I5,x[1] be the map induced by (77). Let a : Exty, (Is/x. Os) — H3(X, Q}) be the map
defined by the trace of

At(O ds ®id
Is/x — 0s[11 249 0g @ @121 222 15y @ QL[3).

The local semiregularity map is defined by
(80) srs/x - H'(S, Ns/x) — Exty (Is/x, Os) %> H>(X,Q}).
The main result of this subsection consists of the following compatibilities:

Proposition 4.24 Let i : S < X be a local complete intersection surface inside a Calabi—Yau 4-fold X.

(1) The map (79) is an isomorphism between two vector spaces with nondegenerate symmetric bilinear
forms

Os : (H'(S,Ns/x).SDs) => (Exty (Is/x. Is/x)0,Y).

(2) The following diagram commutes:

b
HY(X, Ty) — "% HY(S, Ng/x) —*— H3(X, Q)

@) 2"

Exty (Is/x. Is/x)o

Proof To simplify the notation, denote / := Ig,x. We first prove that the map g is an isomorphism.
The compatibility of the two bilinear forms will be proved at the end. The exact triangle (78) gives a long
exact sequence
(81) 0— Ext%(0s, Ox) U Exth (I, 0s) 1% Ext} (1, 1)o — Exty (Os, Ox) -2 Ext% (I, Os)
—_——— ~—_————
~HO9(S,Ks) ~H!(S,Ks)

W0 Extg (1, 1)o — Ext} (05, Ox) > Ext}, (I, O5) > 0
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since Homy (1, Og) — Ext)lf (1, I)¢ is an isomorphism (Theorem 3.19). The map (v) is Serre dual to
Ext} (O, I) 2> Homy (Ox., Os).
Applying &xt5, (Os, —) to (77), we have
Homy (0s,1) =0, Exty(Os, 1) = Homy (Os, Os)

since Homy (Os,Ox) = é?’xt}( (Os,Ox) = 0. Therefore (v') can be identified with the map induced by
the isomorphism Homy (Os, Os) = Homyx (Ox, Og), so (iv) is surjective.
Consider the local-to-global spectral sequence

H? (X, &xtk (1, 05)) = Extt (1, O).
Since S is Ici, there are isomorphisms
&xtl (1,05) = & (05, 05) = N Ng/x  forall ¢ >0

by [SGA 6 1971, proposition 2.5]. Since gxtg( (1,05) = 0 for all g > 2, the local-to-global spectral
sequence collapses to the long exact sequence

(82) 0— H'(S, Ng/x) = Exty (I, 05) & HO(S, Nsg,x A Ns,x)

HO(S,Ks)
— H2(S, Ng/x) = Ext3(I,05) & HY(S, Ng/x A Ng/x) = 0.

H'(S,Ks)

Combined with (81), we obtain morphisms
HO(S, Ks) D Extk (1, 05) & HO(S, Ks), H'(S. Ks) U Exid (1,05) & H(S, Kg).

We show that the composition is an isomorphism. Since Og is Cohen—Macaulay, é"xtf,’( (0s,0x)=0
for ¢ = 3,4 (Proposition 2.6). Therefore, H? (X, éaxtg( (05,0x)) = Ext§+2((’)5, Ox) for all p. By
functoriality of the local-to-global spectral sequence, the map (a) o (i) is induced by

Ext2 (05, Ox) ——— Extl (1, 0g)

E o

(*)
HO(X, &xt3 (05, 0x)) —— HY(X, Ex1%(Os. Os))

where the map (x) is induced by applying &xt5, (Os, —) to (77). By the fundamental local isomorphism,
(%) is induced by

Exty(Os,0x) = Ks ®i*Ox = Extz(Os, Os).
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Hence the composition is an isomorphism. Similar arguments show that the second composition is also an
isomorphism. Consequently, (81) and (82) split into two short exact sequences and hence the composition

05 : H'(S, Ns,x) = Exty (I, 05) 2 Exi (1, I)g

is an isomorphism.
The commutativity (2”) follows from the compatibility of At(/) and At(Og) along ds. To prove the
commutativity (2’), we first show that the following diagram commutes:

Ext; (Os. Os)

(83) °W egT

HY(X, Ty) —5/% 5 HI(S,Ngx)
Here the map 6 is obtained similarly to (79). Consider the composition
0¢: H' (S, Ng/x) =>Extg(I /1%, Os) — Exty (ix1/I%,ixOs) — Ext} (Os, Os),
where the second map is the pushforward and the third map is induced by the exact sequence
(84) 0—>1/1*>—= 0Ox/I* - Og —0.

The map G/S can be identified with Gg by comparing (77) and (84). Therefore the commutativity of (83)
follows from the commutative diagram

O0s —5 5 1/17]1]

| b

0s 29 og@al]

where ey is induced from (84) and § is defined by the conormal sequence. By the naturality of Atiyah
classes, the following diagram commutes:

HY (X, Tx) —2— Bxt3 (I, 1)o

lob(os) lds

Ext2 (05, 05) —25— Ext3 (0s.1)

The right vertical map is injective because it is dual to (ii). Therefore, it suffices to check (2') after
postcomposing with dg. Since (83) commutes, this follows from the diagram

H(S, Ng;x) —25— Ext2(I. 1)

I Js

Ex2 (05, 0g) —5— Ext3(0s. 1)
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Finally, we prove that the map g preserves pairings. We first show that f¢ preserves pairings. Let i
be the right adjoint of i,. Then 9{9 decomposes as

ExtL(I/1%,05) — ExtL(I/12%,i'1,05) =5 Extk (ix 1 /1?,ix0g) 255 Ext2 (ixOs, ixOs),
where the first map is the adjoint, the second map is Grothendieck duality, and the third map is induced

by (84). By the functoriality of Serre duality, we are reduced to checking commutativity of the diagram

Extl(1/12%,i'i,05) —= Extl (ix1 /12, ixO5)

lSDS lSDX

Ext}(Li*ixOs, I/1%)Y +—— Exty (i+Os,ixI/1%)"

where the bottom isomorphism is induced by the adjunction Li* = i4. Since S is Ici, we have i' =
SDsoLi*o SD)_(I. Therefore the above diagram commutes and 6 preserves pairings. The pullbacks of
quadratic forms on Ext)z( (I,1)o and Ext§( (Os,05) to Ext)l( (I, Og) coincide because tr(dg ouodgou) =
tr(uodgouodg) foru € Ext;( (I, Os). Since Os and O¢ both factor through Ext)lf (1, Og), the compatibility
of quadratic forms under pullback along 65 follows from compatibility under pullback along 6. a
Remark 4.25 The map (80) coincides with Bloch’s semiregularity map [Buchweitz and Flenner 2003,
Proposition 8.2]. Furthermore, we have a map

s’ = tr(At(Og) o —) : Exty (Os, Os) — H>(X, Q).

By Proposition 4.24(2"), compatibility of Atiyah classes, and cyclicity of trace, the following diagram
commutes:
Extz (Og, Os)

SIS/ X

H'(S.Ng/x) ——= H3(X,Qy)

The following simple observation is useful for computing the reduced virtual dimension:

Remark 4.26 Let J be a complex, invertible, symmetric m x m matrix. In general, a complex m X n
matrix A does not satisfy rk(47JA4) = rk(4). This equality holds if and only if J is nondegenerate
on im(A).

We now compute the reduced virtual dimension when v = ch(Og) for some Ici surfaces.

Corollary 4.27 Leti : S <— X be a local complete intersection surface inside a Calabi—Yau 4-fold X. If
v = ch(Og), then
rvd = 3 x(Ng/x) + 3 tk(oby  x 0 SDs 0 0bg;x).

In particular, when obg, x is surjective, i.e., S is semiregular, we have
rvd = h0(S, Ns/x)-
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Proof By the Hirzebruch—Riemann—Roch theorem, we have

¥(Ns/x) = /S ch(Ns)x)td(S) = 27(Os) — /S e2(Ns/x) = 21(0s) — [STP.

where we used ¢1(Ng/x) = cl(/\2 NS/X) = ¢1(Kg) and the self-intersection formula i*i[S] =
c2(Ngs/x). Thus the formula for the reduced virtual dimension follows from Proposition 4.24. In the
semiregular case, we have rk(obS/X oSDg oobg/x) = rk(obg/x) = hl(NS/X) (Remark 4.26). The
result follows from the fact that h%(Ng /X) = h?(Ng /x) (see also Theorem 4.6). |

Complete intersection Calabi-Yau 4-folds The following result is inspired by [Steenbrink 1987]:

Corollary 4.28 Let X C PV be a complete intersection Calabi—Yau 4-fold defined by a regular section
of E1 = EBN_4 Opn (e;) withe; > 2 Suppose S C X is a complete intersection surface of PV defined
by a regular section of E, = @ = OPN (dj) with d; > 1. Then the ideal sheaf Ig,x is semiregular.
Moreover, if v = ch(Og), then

rvd = dim(ker(H°(Ez|s) — H°(E1]s))).
where the map is induced by the morphism E>|s = Ng/pn — Nx/pn|s = E1ls.

Proof By the short exact sequence
(85) 0_)NS/X_)NS/IF’N —>NX/]P>N|S—>O

and Proposition 4.24, it is enough to show that obg, x is surjective. We note that the following diagram
commutes:
HO(PN,Ey) —— HO(S.Eils) —— H'(S.Ng/x)

~_ 1 Tensyo

HO(X, E1|X) S HI(X, Tx)

Therefore, it suffices to show the two top horizontal maps are surjective. Consider a Koszul resolution
NTVEY — Ig sp~ and the associated spectral sequence [Stacks 2005—, Tag 07A9]

Ext]  (E1 ® N EY, Kpn) = ExtB Y (E1 @ Ig pv . Kpn).

Since, on line bundles, H? (P~ , —) is nonzero only when p = 0 or N, this spectral sequence degenerates
and we have 0 = ExtN YEI® Ig/pn, Kpn) = H PN E1® Is/PN)V Therefore the first horizontal
map is surjective. Slmllarly, we have H2(PN  E, ® Is/pn) = 0. Consequently, HY(S, Es|s) =
H(S,Ng sp~) = 0 and hence the second horizontal map is surjective. Therefore, obg,x = (srs, x)V is
surjective and /g, x is semiregular. O

Corollary 4.28 allows us to compute rvd and p, for semiregular cases.

Example 4.29 Suppose X := X¢, . en_s C P¥ is a complete intersection Calabi—Yau 4-fold. The

.....

possible cases are X¢, X2 5, X3,4, X2,2.4, X2,3,3, X2,2,2,3, X2,2,2,2,2. Consider complete intersection
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surfaces S C PV of type (dy,...,dyN_5) such that S C X. By Corollary 4.28, the ideal sheaf Is/x is
semiregular.

(1) Suppose for all i we have
N-2

(86) —di+ Y dj<N+1.
j=1

Then we claim S C X isrigid, i.e., hO(NS/X) =0, so, in particular, rvd = 0. This can be seen by showing
that H%(S, Ng/x)¥ = H?(S. Ng/x) = 0 as follows. Using (85) it suffices to show that H'(S, E1|s) =
H?(S, Ea|s) = 0. This follows by showing H2(PV,E1 ® Is/x) = H3(PY,E, ® Is/x) =0 by a
Koszul calculation as in the proof of Corollary 4.28. For example, for N = 5 all solutions to (86) are (up
to permutations)

1,1, (1,1,2), 1,1,3), 1,2,2); (1,2,3), (2,2,2), (1,1,4); (2,2,3).

In the first four, S is del Pezzo. In the next three, S is K3. In the last one, S is of general type. Using the
formula rvd = y(Og) — %yz + %py, and determining y(Os), y2 in terms of d1, d», d3, this produces the
following values for p, in the above cases:

19, 32, 37, 54 62, 92, 32 106.

(2) Suppose X = Xg is defined by a homogeneous polynomial f € R := Clxo,..., x5] of degree 6
and S C X is defined by homogeneous polynomials (s, 52, s3) of degrees (di,d»,d3); then f =
S1t1 + s2t2 + s3t3 for some f1, 12, t3. Using the Koszul resolution of I /PS5 as in proof of Corollary 4.28,
it is easy to see that H (P>, Ig/ps(n)) = 0 for all n. If the ideal (s1,s52,53) C R is saturated, then
HO(S, Ng,x) is the kernel of the map

3
HO(E;|s) = @(R/(51.52.53)) ;) — H*(E1ls) = (R/(s1.52.53))(6)-
i=1
(u1,u2,u3) = uity +uzltz +usts,

where (=) () denotes the degree n part. This can be implemented in Macaulay2. For example, for the
Fermat sextic and certain S of degrees (1, 3, 3), (2, 3, 3), (3, 3, 3), we obtain rvd = hO(NS/X) =1,1,3,
respectively. Using the formula rvd = y(Og)— %yz + % Py, we obtain that p, is 71, 122, 141, respectively.

The value of p,, can also be computed by Griffiths’ residue calculus [1968a; 1968b]. In the cases of
the sextic 4-fold listed above, our values for p, reproduce [Movasati 2021, Table 17.3]. Corollary 4.28
gives an algebraic method for determining p,, .

Holomorphic symplectic 4-folds When a Calabi—Yau 4-fold X has a nondegenerate holomorphic
2-form, the rank p, of By, is easy to determine. The following computation is inspired by [Voisin 1992]:

Geometry & Topology, Volume 30 (2026)



Counting surfaces on Calabi-Yau 4-folds, 1 2511

Corollary 4.30 Suppose X has a nondegenerate holomorphic 2-formo € H%(X, Q)zf). Leti:S— X
be a (possibly disconnected) smooth lagrangian surface, i.e., i*o = 0. If v = ch(Oyg), then

rvd = h10(S) — 5 dim coker(i *),
where i* : H1(X,Q)) — H'(S.QY).

Proof We prove the case when S is connected. The disconnected case then follows easily. Since S is a
lagrangian, we have an isomorphism

0—— Ng,x — Qxls Qg 0
gl glo gl
0 Ts TX|S—>NS/X—>O

Therefore, obg,x can be identified with i *. Under this identification, SDg corresponds to the cup product.
By the Hodge index theorem, the cup product is nondegenerate on the image of i *. Therefore, Remark 4.26
and Corollary 4.27 imply that the reduced virtual dimension equals

rvd = L x(QY) + 3 k(™). ]

Example 4.31 Suppose X has a nondegenerate holomorphic 2-form. Consider a lagrangian plane
P2~ S C X and let v = ch(Og). Since i * is nontrivial and h1!*1(S) = 1, S is semiregular. Moreover,
Ns/x = Q}g implies that S is rigid and rvd = 0. When ,92’,5‘1)()( ) only contains lagrangian planes,
deg([@éq)(X )]*d) is a (signed) count of lagrangian planes in X in class v.

Example 4.32 Schoen [2007] constructed minimal surfaces S of general type related to the Hodge
conjecture for abelian 4-folds. These surfaces satisfy h1-0(S) =4, h%%(S) =5, and h1>1(S) = 12. Let S
be a Schoen surface; then its Albanese variety X = Alb(S) is an abelian 4-fold. The Albanese map
i : S — X is an embedding of S as a lagrangian surface (for some nondegenerate o € H(X, Q)Z())
[Ciliberto et al. 2015], and the cohomology class [S] € H?2(X)N H*(X, Q) is not the product of divisor
classes on X [Schoen 2007]. Let v = ch(Og). From the constructions in [loc. cit.], one can see that there
exist semiregular Schoen surfaces S C X. Then i * is surjective. Therefore, rvd = 4 and pg; = 12. We
will revisit this example in future work.

Remark 4.33 Combining Theorem 4.6 and Corollary 4.30, we obtain a numerical criterion for a smooth
lagrangian surface i : S < X to be nonsemiregular. Consider i * : H 1 (X) — H1(S). Indeed, if rk(i *)
is odd or b1(S) < dim coker(i *), then S is not semiregular.

For example, let 7 : X — B be a hyperkéhler 4-fold with lagrangian fibration over a smooth base. The
general fibre S = F is a lagrangian abelian surface and the base B is isomorphic to P? [Hwang 2008;
Huybrechts and Xu 2022]. For v = ch(OF) and any g € {—1,0, 1}, we have a morphism

B— 2W(X), P> a*lpp.

Geometry & Topology, Volume 30 (2026)



2512 Younghan Bae, Martijn Kool and Hyeonjun Park

This is a bijection on C-points, and, using the fact that R7.Ox =~ Op @ Qllg 1] Q% [—2] [Matsushita
2005], one can also show that it is an isomorphism on tangent spaces at C-points. Thus, since B is
smooth, the map is an isomorphism. Let A C B x B denote the diagonal and g : X x B — B the
projection. Using again Rw«Oy = Op & Q}R —1] & Q% [—2], we obtain the obstruction bundle

Ext2 (n*In, 7)o = Tp ® Qf = End(Tp).

The natural pairing T ® Q}g — Op is the unique cosection (up to scaling). Since i* is nonzero, we
deduce rki* = 1. A direct computation of rki* = 1 can be found in [Shen and Yin 2022; Matsushita
2016]. We deduce rvd = % so § is not semiregular.

Example 4.34 Let C C K3 be a smooth curve of genus g on a K3 surface. Then the Hilbert square
X =K3Plisa hyperkihler 4-fold and the symmetric product S = C[2! is a smooth lagrangian surface.
Since S is cut out transversally by a tautological section of the vector bundle O(C )21, we have
td(X)

d(O(C)Rl)’

This tautological integral can be easily determined, e.g., using [Ellingsrud et al. 2001]. The result is
—%(Cz)2 = —(g—1)2. Moreover, rki* = 1 when g = 0 and rk i * = 2 otherwise [Voisin 1992, section 3].
By Corollary 4.30, we find

(@) = / ch(@L)-td(S) = / 2(0(C)PN eh(@) — 0(C)PY)
S X

1 .
5 ifg=0
vd=—Lg—12+12 ' ’

261 %1 otherwise.

This number is only nonzero for g =0, 1,2; thenrvd =0, 1, % respectively. In particular, for g > 2 we

deduce that S is not semiregular (Remark 4.33). For g = 0, S = P2 is a lagrangian plane.
When X is a product of two K3 surfaces, we determine p,, for diagonal classes; see also Example 5.16.

Proposition 4.35 Let X be a product of two K3 surfaces Sy and S». If y = 11 U 1, for some nonzero
n € HY1(S1) and ny € HV1(S,), then we have py, = 2.

Proof Let oy € H*>°(S1) and 0, € H?%(S,) be two nowhere-vanishing holomorphic 2-forms. Take
w=01Uop e HO(X, Q;‘(). Consider the isomorphism

HY(X,Tx) = H'(S1.Ts,) ® H'(S2.Ts,).

The symmetric bilinear form By, on H 1(X, Tx) can be related to the two rank 1 maps

AZZHI(SK,Tse)%(C, El—)[g ngULg(O’g):—/S tg(ng) Yoy, {=0,1.
¢

4

Namely, if £, € H(S1, Ts,) and &, € H(S, Ts, ), then
B, (1. &) = / te,te, (N1 Unz) Uay Uz = / MUt (01)- [S 12 Ut (02) = As(E1) - Ao(E)
X S1 2

and, for £1, &, € H(S1, Ts,) or &1, &2 € H(S2, Ts,), we have By, (§1, £2) = 0. Therefore the rank of B,
is two. O
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Vanishing of p,, Let X be an arbitrary Calabi-Yau 4-fold and y € H?'?(X). There are interesting cases
for which p, = 0 and hence the nonreduced virtual cycle equals the reduced virtual cycle.

Proposition 4.36 Assume that H?(X, Ox) = 0. If y = 1 U n, for some (1, 1)-classes n; and 1 on X,
then we have p, = 0.

Proof For & e H!(X, Tx), we have te(MUn2) =1g(m1) Unz +n1 Utg(n2) = 0 because tg (1), tg(n2) €
H?(X,Ox). Hence, py = 0 by definition. m|

Proposition 4.37 Let Y C X be a smooth divisor with H?(Y,Oy) = 0. If y = [S] for some effective
divisor S C Y with H'(Y, Oy (S)) =0, then p, = 0.

Proof By Proposition 4.24, it is enough to show that obg, x is zero. Consider the commutative diagram

ob
HY(Ty) —% H'(Ng)y)

| |

obs/x : H'(Tx) —— H'(Tx|y) —— H'(Ns/x)
where the left vertical map is surjective by the vanishing of H ! (Ny)x) = HY Oy(Y)) =~ H' (Ky) =
H?(Oy)". By the vanishing of H!(Y, Oy (S)), we have H!(Ng,y) = 0, and therefore obg,x = 0. O

For example, the hypotheses of the previous proposition are satisfied for P3 2 Y C X and any effective
divisor S C Y.

5 Deformation invariance

In this section, we prove the deformation invariance of reduced virtual cycles. As a corollary, we prove
the variational Hodge conjecture for surface classes that carry nonzero reduced virtual cycles.

5.1 Deformation invariance

In this subsection, we prove that the reduced virtual cycles on the moduli spaces of PT, pairs are
deformation invariant along the Hodge loci.
We first fix some notation. Let f : X — B be a morphism of schemes satisfying the following

conditions:
(1) f:X — Bis asmooth projective morphism of relative dimension 4 with connected fibres.
(2) B is a smooth connected affine scheme.
(3) wxyp is trivial, i.e., there exists an isomorphism w : Ox = wy/p.

We denote by Xj, := X xg {b} the fibre of f : X — B over a point b € B.
Choose a horizontal section

b = (Tp)p=0 € D FPHYZ (X/B)
p=0
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in the sense of Definition 3.30. We may regard v as a locally constant family of cohomology classes
Uy € H*(Xp, C) by Remark 3.31. Let

7 €T(B, R f+Q3% )

be the family of (2, 2)-classes induced by 05 € F 2H]‘)‘R(X /B); see (40).
Consider a vector bundle

T:=R' fu(Tx/5)
on 3 with a canonical symmetric bilinear form

By i T®T b TRT ® R f2(Q2 ) — R* fu(Ox) > R* £ Q% s = Os.

If the function B — Z, b — 7, is constant, then we can form an induced orthogonal bundle of rank
p = Py, as
Ty := T /ker(B3).

Let & = ;@éq) (X/B) be the moduli space of PT, pairs on the fibres of f : X — B, defined in
Theorem 3.32. We can form a fibre diagram

7, p
(87) l lp

e B

where &, := ;@éz)(z\?b) is the moduli space of PT, pairs on the fibre A}. By Theorem 3.32(2) and
[Huybrechts and Thomas 2010], we have a relative symmetric obstruction theory

(88) ¢:E— 1= Ly
for p : & — B. Moreover, the induced map
. A .k Lj};“qﬁ sk >—1 >—1
¢p Ep:=Lj,E—— Lj, (r Lyig) =t L %,
is the standard symmetric obstruction theory for the fibre X} in (49).
Now we can state our main theorem in this section.

Theorem 5.1 Let f : X — B be a smooth projective morphism of relative dimension 4 with connected
fibres to a smooth connected affine scheme B such that wy/p = Ox. Let ¥ € @p FP H;ﬁ (X/B) be a
horizontal section, y € T'(B, R? fx Qi/B) the section induced by v, and g € {—1,0, 1}. Assume that the
function B — Z, b > py, , is constant. For all orientations

01:0 = det(E), 03 :0p = det(T3)

2 (x/B)
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of the symmetric complex E on ﬂéq)(/\f /B) and the orthogonal bundle T; on B, respectively, there exists
a cycle class
(250 (X/B)™ € Anarame) (25" (X/B))
such that
(250 () = if [P(X /B € Ana( P (X))

for all b € B. Here i; b Ax (e@(q) (X/B)) — Ax (,@(q) (Xp)) denotes the refined Gysin pullback [Fulton
1998] with respect to the fibre diagram (87) and [@(q)(é‘(b)]“"jl denotes the reduced virtual cycle in
Theorem 4.5 with respect to the orientations induced by 01 and 05 .

We briefly explain how we prove Theorem 5.1. We use the cosection localization technique of [Kiem
and Li 2013] as in Section 4.4. Most of the arguments are just straightforward generalizations of the proof
of Theorem 4.5 to the relative setting. However there is one key difference. Kiem and Li’s cone reduction
lemma (cf. Lemma 4.16) fails in the relative setting. Thus, as in [Kiem and Park 2023], we need to
modify the relative obstruction theory/cosection for & — B to an absolution obstruction theory/cosection
for & In general, we need an additional condition on the cosection to do this. In our case, this additional
condition can be deduced from the fact that the Hodge locus of ¥ € HSR (X/B) in B is equal to B itself.

Proof Form a fibre diagram
PxgX A x

]
9#8

where 7 and ¢ denote the projection maps. Let [* denote the universal complex on & xp X.
We have a relative version of the cosection in Proposition 4.12,

SR:EV[1] = RHomz(I°,1%)0[2] — T|%.
Indeed, consider the composition
(89)  RtHomn(I*,10[2] 2520, pasomy (10,1° @ @1, )3 22> (R3 24, )] 5.
where the third trace map is defined as
: RHom (I I* ® @} ) 3] 5> (RAQL 53D 2 — (R QL )] 2.
Here the last arrow uses Deligne’s decomposition theorem [1968, théoréme 6.1],

RfQh 5 = @Rf* yysl=J 1

which replaces note 19 in the relative setting. The map SR is then defined by composing the above
map (89) with the Serre duality isomorphism R3f* Q}Y/B ~ (R! S TX/B)V =TV
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Note that we can form a relative version of the commutative triangle (58) in Proposition 4.12, i.e., we
have a commutative triangle

SRY
Tl E[-1]
(90) \ /
Byl SR
T1%
where we identified E[—1] = EY[1] via the symmetric form of E. Here we used that

cha(I*) = p*(7) € T(P, R s(Q% v 2) = T(2, p*(R* f4(Q%)))

since the sections extend to horizontal sections chy (T*) and p*(92), respectively, of the vector bundle
F ZH]‘SR(QZ xp X [ Z?) by Proposition 3.33 (see our convention (41)). Then the commutativity of (90)
follows from [Buchweitz and Flenner 2003, Proposition 4.2] as in the proof of Proposition 4.12.

Since B is affine, we can find a subbundle V € 7 such that the composition

. . T
on 4 \T/ Ty

is an isomorphism. Then the restriction
By|y VRV —>0p

is nondegenerate. Thus we may regard ) as an orthogonal bundle over B. Moreover, the orientation of VV
is determined by the orientation 05 of 73 via the isomorphism V = 75 in (91). We may view V C T as a
family of maximal nondegenerate subspaces of H (X}, T, ).

As in Definition 4.14, the composition

SRy :EV[1] 2R 71, - V|,
induces a direct sum decomposition of symmetric complexes
E=EX®V|sl].

More precisely, we let Erved := cone(SRy;[1]) and consider the symmetric form induced by the symmetric
form of E.

Note that the relative symmetric obstruction theory ¢ : E — t=71L 5 /5 1n (83) satisfies the isotropic
condition. More precisely, we have

€/ € Q(E)

as substacks of €(IE). Indeed, this follows from the relative version of the Darboux theorem [Brav et al.
2019; Bouaziz and Grojnowski 2013] for the relative (—2)-shifted symplectic form for p : & — B in
[Pantev et al. 2013] since y € F ZHI‘)‘R(X /B). See [Park 2024] and Remark 5.2 below.
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We claim that the relative cone reduction property holds for p : &2 — B. More precisely, we claim that
we can form a commutative diagram

QESY) ——— ¢ESY) ——— &

(92) . [ [ [0
‘ SRy 1D

(€ /8)rea Q(E) ¢ CE) — 5V

for some dotted arrow, where the embedding (€ 4/3)rea = Q(E) is given by the obstruction theory ¢ as
in the previous paragraph.

We first modify the relative obstruction theory ¢ : E — t=7 'L 5 /B into an absolute one. Indeed, we
can form a morphism

m

E abs

E QL (1]
93) o l"’ ‘

~

KS2/8

> 'Ly ——— 12 Ly —— Qpl (1]
of distinguished triangles on %7, where the lower triangle is exact since B is smooth. The associated long
exact sequence implies that ¢ : E® — t=~1T, 5 is an obstruction theory. Moreover, by considering
the associated abelian cone stacks, we have a cartesian diagram

Cypp—— C(E)

94) l l@(m)

Cp 5 CED)

where the horizontal arrows are closed embeddings given by the obstruction theories ¢, $2°, and the
vertical arrows are 73-torsors.

We then modify the relative cosection SR : EV[1] — Tl;} into an absolute one. We will find a map
SRS : (E2%)V[]] — T1?, that fits into the commutative diagram

EV[I] ——T1%
B

95) mvml

o7 SREbS

() [1]

We need to show that the composition
96) Tl T -1 225 0271 -1] 225 Q)
vanishes.
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The vanishing of (96) is the key part of the proof of Theorem 5.1. By the commutative triangle (90)
and the compatibility result in Lemma 4.21, we have a commutative diagram

v -1
Tl —R g1 2 = e

SR J_KS,’P/B
Byl

KSx/Blz
T —————— Qpl»

where KSy /5 denotes the Kodaira—Spencer map. Thus it suffices to show that the composition

vV KSX/B

T 22 TV 228 QL

vanishes. Since B is smooth, it suffices to show that the composition

KSx/B.p
—

B~
(97) Ts.p HY (X, Tw,) =2 H' (X, Ta,)Y

vanishes for all » € B. By [Bloch 1972, Proposition 4.2] (see also Lemma 4.11(1)), the composition (97)
indeed vanishes since the horizontal section v, is contained in F 2HSR (x/B).

Now we can apply Kiem and Li’s cone reduction lemma [2013] for the absolute versions of the
obstruction theory ¢abs in (93) and cosection SR? in (95). Indeed, by Lemma 4.16, we have a commutative
diagram

C((E2s)isd) P
.-7
(98) |
(e:y)red%c(ﬁabg) T —» V%

for some dotted arrow, where [ggabs := C((SR¥®$)V[1]) and

(SRabs)V[l]
_—

(E5)1ed .= cone(V| »[1] — T »[1] E&).

The existence of the dotted arrow in (98) tells us that the lower horizontal composition in (98) is zero.
Since the diagrams (94) and (95) are commutative, the lower horizontal composition in (92) is also zero,
which gives us the desired dotted arrow in (92).

We define the relative reduced virtual cycle as

where the square root Gysin pullback +/ Oi}(]Egd) is defined as in the proof of Theorem 4.1. By Vistoli’s

]22

rational equivalence [1989, Lemma 3.16],““ we have

iy [€o/8] = [€2,] € A5l 2,).

221n [Vistoli 19891, it is stated for unramified maps between DM stacks, but the result holds for arbitrary DM-type morphisms
between Artin stacks. This can be deduced from the proof of [Kresch 1999a, Proposition 4] (cf. [Qu 2018, Proposition 2.5]).
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where we denote &, := 9@ (Xp). Since Oh and Thomas’s localized square root Euler classes [2023]
are bivariant classes by [Klem and Park 2023, Lemma 4.4(3)], the square root Gysin pullback +/ OQ(Ered
commutes with the ordinary Gysin pullback i} p- Therefore, we have

[ ]red [(@b]red 0

Remark 5.2 The relative version of the Darboux theorem [Brav et al. 2019; Bouaziz and Grojnowski
2013] works only under an additional assumption. If X is a derived scheme over a scheme B with a
(—2)-shifted symplectic form 6 € HN=*(X/B)(2) = A%°(X/B; —2), we have a global Darboux chart
only if & maps to zero under the canonical map

(99) HN™*(X/B)(2) — HP~*(X/B)(2)

to the periodic cyclic homology.
There is a simple example where there is no Darboux chart for a (—2)-shifted symplectic derived
scheme. Consider the origin in the affine plane,

X := Spec(C|[t1,12]/(t1.12)) € B := Spec(C|t1, 12]) = A2,

Using the quasifree resolution (C[t1, t2][y1, ¥2], dyi = t;) ECLIN Clt1,12]/(t1,t2), we can find a (—2)-
symplectic form
0 := dpry1 A dpryz2 € HNT*(X/B)(2).

The isotropic condition fails in this case since €x;z = €(Lx/p) = A? for the induced symmetric
obstruction theory Lx/5 dd, Lx/p. This implies that there is no Darboux chart. Moreover, we have
0 > t1ta #0 € HP™4(X/B)(2) = C[t1. 2] under the canonical map (99).

However, we still have the desired isotropic condition in the situation of Theorem 5.1. This will be
shown in [Park 2024], and we briefly summarize the results here. Let f : X — B be a smooth projective

morphism of relative dimension 4 with @ : Oy => Q* Let M be any moduli space of perfect

complexes on the fibres of f : X — B. The isotropic co)rcléllftlon can be detected infinitesimally, so we
may assume that B = Spec(A) for a local Artinian C-algebra A. Let y = chy(E) € H*(Xy, C) for any
[E] € M and let ¥ € HA,(X/B) be the horizontal lift. Then the (—2)-symplectic form on the derived
enhancement of M [Pantev et al. 2013; Toén and Vaquié 2007] maps to zero under the map (99) if and

only if
(100) ye FlHA (x/B) = H*(x, QX/B) C Hpp(X/B) = HY(X, Q% /).

In the situation of Theorem 5.1, the condition (100) is satisfied since we already assumed y € F2 HSR (X/B).
Moreover, condition (100) implies the existence of a local Darboux chart which induces the desired
isotropic condition.

Heuristically, the result in [Park 2024] tells us that the relative isotropic condition is satisfied along the
locus in the base where the deformations of ch, () do not have a (0, 4)-Hodge piece. This condition is
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compatible with the gauge-theoretic point of view since the holomorphic bundles are the solutions of

/X a(E)Uw =0,

where a(E) = 2chy(FE); see [Oh and Thomas 2023, Appendix]. We thank Richard Thomas for the
explanation of the gauge-theory perspective and the expectation that (100) is the necessary additional
condition to obtain deformation invariance.

Consequently, we have deformation invariance of numerical invariants.

Corollary 5.3 In the situation of Theorem 5.1, the function

5. be [ HE)
[ ()]t

is constant for any insertion x € ArVd(@éQ) (X/B)).
There are two technical assumptions in Theorem 5.1:

(A1) The function B — Z, b — Py, 18 constant.

(A2) The symmetric complex E on ﬁéq)(X /B) and the orthogonal bundle 73 on B are orientable.
We first discuss the assumption (A1) on py, .

Remark 5.4 The assumption (A1) is generically satisfied. Indeed, the function B — Z, b — py, , is a
lower semicontinuous function. Hence, if we let pyax be the maximal value, then

B°:={b € B:py, = pmax}
is an open dense subscheme of B. Consequently, we can form an orthogonal bundle of rank pp,x on B° as
Ty = (Tpe) /ker(By).

On the other hand, for the special cases when assumption (A1) is not satisfied, we have a vanishing
result by Proposition 5.5 below.

Proposition 5.5 Let f : X — B be a smooth projective morphism of relative dimension 4 with connected
fibres to a smooth connected affine scheme B such that wy/p = Ox. Let U € @p FP H;ﬁ (X/B) be a
horizontal section and y € T' (B, R? f Qi/B) be the section induced by v>. Let B° :={b € B: p3, = Pmax}
as in Remark 5.4. If b € B is a point such that b ¢ 13°, then we have

[P ()] = 0 € A(Z (X))

for any orientation.

Before we prove Proposition 5.5, we discuss the assumption (A2) on orientations. The following
simple observation shows that the orientability of the orthogonal bundle 75 is a minor issue:
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Remark 5.6 There exists a canonical 2-fold étale cover u : B — B° such that T7|5 is orientable. Indeed,
we can form a fibre diagram

B —— Spec(C)

det(73) l

— Bua

o

where the horizontal map 3° — B corresponds to the pair of the line bundle det(75) and the isomorphism
Opo = det(T;)‘X’2 induced by By. Then we have a canonical bijection

{orientations of 75} = {sections of B — B°).

Consequently, there exists a canonical orientation of the pullback 75|5.

On the other hand, the orientability of the symmetric complex E is more subtle. The orientability result
of [Cao et al. 2020] for the fibres does not imply the orientability for the relative case. We suggest two
strategies:

(a) Use the canonical orientation on the canonical 2-fold étale cover of the moduli space & as in
Remark 5.6.
(b) Find an orientation after a base change by a finite étale cover B’ — B.
Strategy (a) is sufficient for applications to the variational Hodge conjecture in the next subsection.

However, if we want to obtain the deformation invariance of numerical invariants (Corollary 5.3),
strategy (a) is not enough and we need strategy (b). We expect that the following conjecture holds:

Conjecture 5.7 Let f : X — B be a smooth projective morphism with connected fibres of relative
dimension 4 to a smooth connected affine scheme B such that wy /3 = Ox. Let ¥ € EBP FP Hslf (Xx/B)
be a horizontal section and let g € {—1,0, 1}.

(1) Then there exists a finite étale cover u : B' — B such that E|
X' =X xgB and ¥/ = u*(v).

29 (21/87) is orientable, where

(2) Moreover, we can further assume that the degree of the étale coveru : B' — B in (1) divides

0
| Kiop (X5 or!s

where Kt%p(/’\fgm)tor C Kgp (X,") is the torsion subgroup of the complex topological K -theory of X",

which is finite.

We will provide evidence for Conjecture 5.7 in Appendix C. Indeed, we will prove that the topological
analog of Conjecture 5.7 is true (see Corollary C.2).

Remark 5.8 Assuming Conjecture 5.7, It is orientable in the following cases:
(1) B* is simply connected.
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2) H *(X;“, 7Z) has no torsion elements for some b € B, e.g., all complete intersection Calabi—Yau
4-folds in smooth projective toric varieties.

In case (2), we have Kt?)p (A3Mor = 0 by [Atiyah and Hirzebruch 1961, Corollary 2.5(i)].

Proof of Proposition 5.5 We may assume that
B° = B—{b}.

Indeed, we can find a smooth connected affine curve C with amap g : C — B such that g~ 1(B°) = C —{c}
for some point ¢ € C. Replace B by C.
We claim that there exists a nondegenerate subbundle

VT

of rank pg,, after replacing B by some open neighbourhood of » € B. Indeed, choose a maximal
nondegenerate subspace V C H!(X}, T,). Then we can extend this to amap V:=V ® O — T of
vector bundles.

Since its dual 7V — VV is surjective over b € B, by shrinking 3, we may assume that V is a subbundle
of 7. Since By |y is nondegenerate over b € B, by shrinking 53, we may assume that B3|y, is nondegenerate
on B.

Let & — 2 be the canonical 2-fold étale cover induced by the line bundle det(E) ® det(V)" and the
symmetric forms of E and V (as in Remark 5.6). Form a fibre diagram

fgvzb@ P K 550

S

'@b% P +—2P°

|l

B B

Since the symmetric complex E; on the fibre &7, is orientable by [Cao et al. 2020] and the vector
space Vj, is always orientable, we have

;avzb =P, U Py.

Letty : Pp — ez p denote the inclusion to the first component.
Although the rank of By jumps at b, the rank of B3|y, does not jump, so the argument in Theorem 5.1
can indeed be used. Hence there exists a cycle class

[Z]5 € 44(P)
such that
(101) P [P]S = ([Pp]™, —[ D)) € A(Pp) = Ax(Pp) ® As(Py).
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Indeed, we have a decomposition of symmetric complexes
E=EX® (V|»[1])
for some symmetric complex ]Erﬁd and the relative cone reduction property
(€/p)ea S QELY).
We can define the desired cycle class as
[Pyt = m[e%lg] € A (P)

since the pullback Er{;’d| 7 is orientable by the definition of 2
Since there are additional cosections on £?°, we claim that

(102) K*[P]S8 = 0 € Au(P°).
Indeed, the orthogonal bundle 75 is well defined on 3°, and the composition
V|Bo —> T|B° —> 7:);

is injective on the fibres. Thus, by considering a section of the surjection

Tlse Ty
ﬁ y
VIge  Vige

we can find a nondegenerate subbundle W of T |ge properly containing V|ze,
Vige SW C Tlpe.

Then we have W = V|go @ U for the orthogonal complement U/ of V|ge in W. Moreover, we have a
decomposition of symmetric complexes

E|ze = E} @ W] o [1]) = B & (V] 2o[1]) ® U] 20[1])
for some symmetric complex E{,evd. Hence we have
(EFD| e = B3 & U] 2e[1]).

By shrinking B further, we find a section w € I'(B°, 1) such that w? is nowhere vanishing. Consequently,
we can find a cosection

0 1 EXY p0[1] = Opo

such that 02 is nowhere vanishing. Lemma 5.9 below proves the claim.
By the localization sequence

A(Py) L 4P S 4,.(F°) >0
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and the vanishing (102), we have
(P10 = jul@)
for some o € A*(@b). By the self-intersection formula, we have
P[P =i} o ju(@) = e(Npyp) o = 0.
Then the formula (101) proves the desired vanishing result. O
We need the following lemma to complete the proof of Proposition 5.5:

Lemma 5.9 (see [Kiem and Park 2023, Theorem 8.12]) Let E be any symmetric complex on a quasipro-
jective scheme X. Let o : EV[1] — Ox be a cosection such that o> € I'(X, Ox) is nowhere vanishing.

Consider a fibre diagram
QAEs) —— X

I 0
lo
Q(E) —— Al
where E4 := cone(c ¥ [1] : Ox — E). Then the composition

V D(E) A (x)

A(Q(Eq)) 25 AL (Q(E)) ~—225

vanishes.

We omit the proof. See [Kiem and Park 2023, Section 8.3].

5.2 Variational Hodge conjecture

As an application of the deformation invariance in the previous subsection, we prove that the variational
Hodge conjecture holds for surface classes with nonzero reduced virtual cycles.
Fix a smooth projective variety X over C.

Definition 5.10 Let y € H?? (X, C) be a cohomology class on X.
(1) We say that y is a Hodge class if
y € Hdg?(X) := H*?(X,Q) N HP (X, Q%) C H*?(X,C).
(2) We say that y is an algebraic cohomology class if y contained in the image of the cycle class map:
y €im(cl: A7 (X)g — Hdg?(X)).

The Hodge conjecture predicts that every Hodge class on X is algebraic. The variational Hodge
conjecture [Grothendieck 1966a, note 13] (cf. [Bloch 1972]) predicts that a deformation of an algebraic
cohomology class as a Hodge class is algebraic.

Thus we make the following definition:
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Definition 5.11 Let X be a smooth projective variety and y € H?? (X, C) an algebraic cohomology
class. We say that the variational Hodge conjecture holds for the pair (X, y) if the following condition
is satisfied: for any smooth projective morphism f : X — B to a smooth connected scheme B and any
horizontal section v, € I'(B, F? H%ﬁ(éf /B)) such that Xp = X and (U)o = y for some 0 € B, the
cohomology classes (Up)p € HSI’; (Xp) are algebraic for all b € B.

Remark 5.12 In some of the literature, the variational Hodge conjecture is stated for any horizontal
section of the Hodge bundle le)ﬁ (X/B) instead of the filtration F7 le)ﬁ(X /B). Deligne’s global invariant
cycle theorem [1971, (4.1.1)] implies that the two versions are equivalent (see also [Charles and Schnell
2014, Proposition 11.3.5]).

We now state the main theorem of this subsection.
Theorem 5.13 Let X be a Calabi—Yau 4-fold and let y € H*(X, Q%). If
(25O # 0 € Ana(Z50 (X))
for some v € H*(X,C) with vy, = y and g € {—1,0, 1}, then the variational Hodge conjecture holds
for (X, y).

For Calabi—Yau 4-folds, we would like to regard Theorem 5.13 as a virfual generalization of [Bloch 1972;
Buchweitz and Flenner 2003] since the semiregular case is heuristically the ideal case (see Theorem 4.6).
In particular, for Calabi—Yau 4-folds, we recover the result of Buchweitz and Flenner as an immediate
corollary:

Corollary 5.14 Let X be a Calabi—Yau 4-fold and let y € H?*(X, Q)Z(). If there exists a PTy pair (F, s)
on X such that chy(F) = y for some q € {—1,0, 1}, and the associated complex I°* := [Ox > F] is
semiregular, then the variational Hodge conjecture holds for (X, y).

Proof Theorem 4.6 provides a nonempty smooth open subset U C ﬁéq) (X) such that [L@l(,q) X))y =
+[U] € Ax(U). Hence, [ngq)(X)]r‘ml # 0, and Theorem 5.13 completes the proof. ad

We now prove our main theorem in this subsection.

Proof of Theorem 5.13 Let f : X — B be a smooth projective morphism to a smooth connected
scheme B and ¥ be a horizontal section of F ZH]‘;R(X /B). Assume that Xy =~ X and y9 = y for some
point 0 € .

Heuristically, Theorem 5.13 follows from the deformation invariance in Theorem 5.1. However, to
obtain a rigorous proof, we need to overcome the following technical issues:

(1) existence of a horizontal lift E el(B, F 37—[SR(X /B)) of B = vs;
(2) f : X — B may not be relatively Calabi-Yau (i.e., wy/53 = Ox);
(3) the function b — pg, on B may not be constant;

(4) orientability of the orthogonal bundle 75 on B5;
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(5) orientability of the virtual cotangent complex E of ﬂéq)(é‘( /B) — B;
(6) the reduced virtual cycles [@%)(Xb)]red live in the Chow groups of different schemes for each b € 5.

We first resolve issue (1). Denote by P, (¢) the Hilbert polynomial determined by v with respect to
some polarization on X. We will consider a small variation on the moduli space 95‘1) (X /B), namely

P =20, (X/B)
={(F,s,b):(F,s) is a PT, pair on the fibre X} of b € B such that cho(F) =y} and Pr (1) = Py(t)}.

The basic properties of 9”;}‘”(2( /B) in Theorem 3.32 also hold for &2 More precisely, the projection map
p: Y —B

is projective and the canonical map

P s Perf(X/B)E.
is an open embedding. Consequently, we have a symmetric obstruction theory
¢:E— =Ly

for p : & — B that satisfies the isotropic condition. To prove Theorem 5.13, it suffices to show that the
projection map p : & — B is surjective. Since p : & — B is projective, it suffices to show that the image
of p: & — B contains a nonempty open subset of 5.

Secondly, we resolve issue (2). We claim that there exists a nonempty open neighbourhood B’ of 0 € B
such that

Wxxz8/8 = Op'.

Indeed, by [Deligne 1968, théoréme 5.5], the pushforward fi(wx/g) is a vector bundle that commutes
with base change. Since the fibre Xy is Calabi-Yau, f«(wy/p) is a line bundle. Consider the canonical
map of line bundles

f* fa(wx/) > ox/5

given by adjunction. Since it is an isomorphism over 0 € B, it is an isomorphism over an open subscheme
of X' containing the fibre Xy. Since f : X — B is projective, by shrinking B we may assume that the
map f* fu(wx/p) — wx/p is an isomorphism. Moreover, by shrinking B again, we may assume that
fe(wy/p) = Op, and thus wy /g = f* fu(wy/p) = Ox. This proves the claim.

Next, the vanishing result in Proposition 5.5 resolves issue (3). Indeed, since [95‘5) (X)]™d # 0 by
assumption, we have 0 € B°. Replace B by B°. Then we may assume that the function b — p5, on B is
constant.

Issue (4) is resolved by simply replacing B by a 2-fold étale cover B’ — B such that 75| is orientable
(Remark 5.6).

We resolve issue (5) via an infinitesimal trick. (Alternatively, we can also use a 2-fold étale cover of P
as in the proof of Proposition 5.5.) Assume that p : & — B is not surjective. Since the image is closed,
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there exists a 1-dimensional integral closed subscheme C C B such that 0 € C and C € im(p : & — B).
By replacing B by the normalization C — C of C, we may assume that B is a smooth quasiprojective
curve, and the (set-theoretic) image im(p : &2 — B) consists of finitely many points. By shrinking B
further, we may assume that the image contains a single point 0 € 5. Then we have (£)red = (Z20)red
and hence E is orientable by Lemma 5.15 below.

Finally, we explain how to avoid issue (6). We follow the situation in the previous paragraph, namely
that B3 is a smooth curve and the set-theoretic image of p : &2 — B contains a single point 0 € 3. Form a
fibre diagram

Py Ly
| ]
0 .5

Since Yy — & is a nilpotent thickening and the Chow groups are invariant under nilpotent thickenings,
we may write
(27 = js(@)

for some o € Ax(Zp). By Theorem 5.1 and the self-intersection formula, we have
[P = ig| PV = i ju(e) = e(Noys) N = 0
since the normal bundle N,z is a trivial line bundle. This contradicts the assumption [@l(,q)(X y]red £ 0,
and hence we conclude that p : & — B is surjective. |
We need Lemma 5.15 to complete the proof of Theorem 5.13:

Lemma 5.15 Let X < X’ be a nilpotent embedding of quasiprojective schemes. Let E be an orthogonal
bundle on X'. If E | is orientable, then E is orientable.

Proof Consider the canonical short exact sequence of algebraic groups

det

1 —-SO(n) — On) — ur — 1,

where n is the rank of E. Note that the orthogonal bundle E defines a function X’ £, BO(n) to the
classifying stack BO(n) := [Spec(C)/O(n)] of O(n). Consider the fibre diagram

Ulx —— U —— BSO(n) —— Spec(C)

Lo,

X X —E 5 BO(m) —* s Bu,

Since E|x is orientable, the principal p,-bundle U |y — X is trivial. Hence, U|x = U U U, for some
open subschemes such that the compositions Uy, U, < U|x — X are isomorphisms. Since U and
U |x have the same Zariski topology, we can decompose U = U,u0, by disjoint open subschemes
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U 1, 172 extending Uy, U,. Then U 1, l72 — X’ are both finite étale bijective maps. Hence, they are both
isomorphisms. This means that the p,-bundle U — X’ has a section. Hence, E is orientable. O

The following example illustrates Theorem 5.13 in some nonsemiregular cases:

Example 5.16 Let X = S; x S, be a product of two K3 surfaces. Let B € H1(Sy), B2 € HV1(S5) be
two irreducible effective curve classes with 8 2 —2h—2,h>2, and ,8% = 0. Let v := ch(O¢, xc,) for

any C; € |Og,(B1)] and C; € |Og,(B2)|. Then we have an isomorphism
(103) ¢ 1105, (B0 x P! — 2D (X).
Under this isomorphism, we have

(2D O = h0(Os, (B1) - [ptx P']
for some orientation.

We briefly illustrate the argument. The proof will appear in one of the sequels to this paper. By
the choice of B, there exists an elliptic fibration p : S, — P! such that B; is the class of a fibre. By
Proposition 4.35, the reduced virtual dimension of 91(,1)()() is 1. LetI* = [(’)|OS1 (B1)IxS; = Oc] be the
universal pair on |Og, (B1)] x S1. Consider the fibre diagram

S1XSZ(—>] S1XP1XSZ

pr
/ l lidxidx D

S Sy x P12, g x Pl x P!
where A : P! — P! x P! is the diagonal. Then the universal pair j«pr*I* on |Og, (81)| x P! x X induces
the morphism (103). Using [Park 2021, Proposition 1.18], we can show that ¢ is an isomorphism and the
reduced obstruction theory of ﬂ,(,l)(X ) reduces to a 2-term obstruction theory on |Og, (81)| x P1.
By Theorem 4.6, the points of @él)(X ) are not semiregular. Since the reduced virtual cycle of
%”(X) is nonzero, Theorem 5.13 applies to the class y = 1 U B».

Remark 5.17 The original version of the variational Hodge conjecture by [Grothendieck 1966a] is stated
for all geometric points, while Definition 5.11 only considers C-points. In the situation of Theorem 5.13,
since we have shown that the map p : f@;‘g,y (X/B) — B is surjective on C-points, it is also surjective
for all geometric points. Hence we also deduce the original form of the variational Hodge conjecture.

Remark 5.18 In the situation of Theorem 5.13, we further speculate that [@,@(X )]*ed £ 0 implies
smoothness of the Hodge locus of y in the moduli space of Calabi—Yau 4-folds near X.>*> We note that not
much is known about singularities of the Hodge locus. At least when the scheme-theoretic Hodge locus
is reduced near X and [ﬁgq)(X )]*d £ 0, Proposition 5.5 proves smoothness near X since the dimension
of the tangent space is constant near X. We hope to pursue this direction in future work.

23For simplicity we consider Calabi—Yau 4-folds with 291 = 192 = 193 = 0. Then there exists a moduli space of Calabi—
Yau 4-folds as a smooth separated Deligne-Mumford stack with quasiprojective coarse moduli space by [Viehweg 1995] (see
also [Kollar 2023, Corollary 8.23]) and the Bogomolov—-Tian—Todorov theorem [Bogomolov 1978; Tian 1987; Todorov 1989].
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Appendix A Reductions via (—1)-shifted 1-forms

In this section, we construct a reduced (—2)-shifted symplectic derived enhancement on 3”5‘1)(X ). In
particular, this construction shows that the reduced obstruction theory constructed from the algebraic
twistor family in Section 4.5 satisfies the isotropic condition.

In Section A.1, we present general reduction procedures by cosections that come from (—1)-shifted
closedlexact 1-forms. In Section A.2, we show that the cosections on @éq) (X) induced by the semi-
regularity map can be enhanced to (—1)-shifted closed 1-forms.

We use the following conventions/notation in this section:

(1) We use the language of co-categories in the sense of [Lurie 2009; 2017].
e We write Map,(—, —) for the mapping space of an co-category C.
We consider the following co-categories:

o Let cdga be the co-category of commutative differential graded C-algebras and let cdga=® C cdga
be the full subcategory of nonpositively graded objects.

o Let dSt be the co-category of derived stacks, i.e., oo-sheaves on cdga=" with respect to the étale
topology.

e Let e-dg®" (resp. dg®) be the symmetric monoidal stable co-category of graded mixed complexes
(resp. graded complexes); see [Pantev et al. 2013]. We use the weight-shift notation E((m)) :=
@p E(p +m) for any E = EBP E(p) €e-dg® and m € Z.

(2) We use the language of derived Artin stacks of [Toén and Vezzosi 2008].

¢ All derived Artin stacks are assumed to be of finite type, i.e., their classical truncation are (higher)
Artin stacks of finite type.

e Let D(M) be the symmetric monoidal stable co-category of quasicoherent sheaves on a derived
Artin stack M. Let f* : D(Mj3) — D(M) be the pullback functor for a morphism f : M; — M,
of derived Artin stacks and let fi be the right adjoint.

¢ A derived Artin stack M is homotopically finitely presented if the cotangent complex Ly € D(M) is
perfect (see [ibid., Proposition 2.2.2.4]).

e A derived Artin stack M is a derived scheme if the classical truncation Mg, is a scheme.

(3) Let DR(—) : dSt°°? — €-cdga®" be the co-functor of derived de Rham complexes of [Pantev et al. 2013],
defined as follows:

e Let e-cdga®" (resp. cdga®’) be the oco-category of graded mixed commutative differential graded
C-algebras (resp. graded commutative differential graded C-algebras); see [Calaque et al. 2017].

¢ Define DR as the right Kan extension of the co-functor DRg| o : cdga=? — e-cdga®, where

cdga=
DRy is the left adjoint of the co-functor €-cdga®’ — cdga, E — E(0).
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Abusing notation, we use the same symbol DR(—) to denote the compositions dSt°P DR, ¢-cdga®" — cdga®’
and dSt°P 2R, e_cdga® — dg¥'.

(4) Let NC(—) : €-cdga®" — cdga®’ (resp. CC(—) : e-dg®" — dg®") be the co-functor of weighted negative
cyclic complexes (resp. weighted cyclic complexes), defined as the right adjoint (resp. left adjoint) of the
oo-functor of trivial mixed structures, cdga® — e-cdga®' (resp. dg® — e-dg®), E — (E,e =0).

¢ Abusing notation, we use the same symbols NC, CC to denote the compositions NC o DR, CCo DR.

A.1 Three reductions of derived schemes

In this subsection, we revisit Kiem and Li’s cone reduction [2013] via derived algebraic geometry. We
will see that there are three levels of reductions for derived schemes.
We consider the hierarchy of structures

{derived schemes} @, {schemes with obstruction theories}
LN {schemes with closed embedding of their intrinsic normal cone into an abelian cone stack}
More precisely, the above two arrows can be given as follows:

(a) For any homotopically finitely presented derived scheme X, there is an induced obstruction theory
¢ E:=Lx|x — Ly — =1Ly
on the classical truncation X := X by [Schiirg et al. 2015, Proposition 1.2].
(b) For any scheme X with an obstruction theory ¢ : E — =1Ly, there is an induced closed embedding
1:Cx = &(E)
of the intrinsic normal cone €y into the abelian cone stack €(IE).

In derived algebraic geometry, (—1)-shifted 1-forms are the natural analogs of cosections. We have a
similar hierarchy for them:

(a) Let @ : Ox — Lx][—1] be a (—1)-shifted 1-form on a homotopically finitely presented derived
scheme X. Then we have an induced cosection

o :=a|y :EY[1] - Ox

for the induced obstruction theory ¢ : E := Lx|x — 727 1Ly on the classical truncation X := Xg.

(b) Let o : EV[1] — O be a cosection for an obstruction theory ¢ : E — r=7!Ly on a scheme X. Then
we have an induced linear function

lp := C(0V[1]) : €(E) — Al
on the associated abelian cone stack €(IE).
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We now state the main result in this subsection. We refer to Appendix B for the generalizations of

intrinsic normal cones, obstruction theories, and abelian cone stacks to (higher) Artin stacks.

Theorem A.1 Let X be a homotopically finitely presented derived Artin stack. Let ¢ : E := Lx|x —
=27 1L be the induced obstruction theory on the classical truncation X := X and let ¢ : € < €(E) be

the induced closed embedding.

(1)

2)

)

Cone reduction [Kiem and Li 2013]: For any (—1)-shifted 1-form o € Al (X;—1), we have a com-
mutative diagram of cone stacks

N C(Eys;) — X
v 0

L

(Q:T)C)red d Q:DC C

lo
C(E) —— Al

for a unique dotted arrow, where o := a|y and E4 := cone(o ¥ [1]).

Obstruction theory reduction: For any (—1)-shifted closed 1-form & € AV!(X;—1), we have a
commutative diagram of complexes
VI
oxf] -~ E Eo
l )\ ¢red
T Z_ILX

for a unique dotted arrow, where o := @y is the underlying (—1)-shifted 1-form, o := aly, and
Eq := cone(o ¥ [1]).

Derived reduction [Schiirg et al. 2015]: For any (—1)-shifted exact 1-form s AL(X; 1) ~
A%(X; —1) (see Remark A.2 below), we have a homotopy-commutative diagram of derived Artin

stacks

Xred X

.

X X —— AL[-1]

for some X', where the square is homotopy cartesian and the triangle induces isomorphisms
X =~ (Xred)cl =~ X.

In Theorem A.1, we use the following definitions of shifted closed/exact forms:

Remark A.2 Let X be a homotopically finitely presented derived Artin stack.

(1) The space of d-shifted p-forms is defined as the mapping space

AP(X: d) := Mapgger (C((—p)), DRX)[d — p]) = Mappx) (Ox, A” Lx[d]).
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(2) The space of d-shifted closed p-forms is defined as the mapping space
AP(X; d) := Mapgger (C((—p)), NC(X)[d — p]) = Mape_gger (C((—p)), DREX)[d — p]).
(3) The space of d-shifted exact p-forms is defined as
APX(X; d) := Mapgger (C((—p + 1)), CC(X)[d — p + 1]).
Then we have canonical maps of spaces

APS(X: d) — APA(X: d) 2% 4P (X: d).

Before we prove Theorem A.1, we explain how the three reductions in Theorem A.1 are related.
Remark A.3 In the situation of Theorem A.1, we have the following:

(1) The obstruction theory reduction in Theorem A.1(2) is equivalent to the scheme-theoretic cone
reduction, i.e., there exists a commutative diagram of cone stacks

C(Ey) — X
R
Cx—t €(B) —2— AL

for some dotted arrow. Hence the obstruction theory reduction in Theorem A.1(2) clearly implies the
cone reduction in Theorem A.1(1).

(2) The derived reduction in Theorem A.1(3) implies the obstruction theory reduction in Theorem A.1(2).
Indeed, the commutative diagram of derived Artin stacks induces a commutative diagram of cotangent

complexes

dpr (&)
Ox[1] = Lgrea/x x[~1] == Lxt|x —— Ll

Ly
where Lxrea/x |x = LX/A% [—17lx = Ox[2]. By composing with the canonical map Ly — 271 Ly, we
obtain the desired obstruction theory reduction.

Note that the cone reduction in Theorem A.1(1) was shown in [Kiem and Li 2013] (see Lemma 4.16)
and the derived reduction in Theorem A.1(3) is trivial. (This approach was first introduced in [Schiirg et al.
2015].) Thus the essential part of Theorem A.1 is the obstruction theory reduction in Theorem A.1(2).
The following derived Poincaré lemma (which was essentially shown in [Brav et al. 2019]) shows that
(—1)-shifted closed 1-forms are always exact and hence Theorem A.1(2) follows from Theorem A.1(3):

Proposition A.4 Let X be a homotopically finitely presented derived Artin stack. Then the canonical map
Al’ex(X; —1)—> Al’Cl(X; —1)

is an equivalence.
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Proof Since the statement is local, we may assume that X is a derived affine scheme such that the
associated analytic space of the classical truncation is connected.

Let PC(X) be the cofibre of the map B : CC(X)((—1))[1] = NC(X) in dg®" induced by the map
DR(X)((—1))[1] = NC(X) in [Pantev et al. 2013, Remark 1.6] via adjunction. Consider the induced
morphism of cofibre sequences

NC(X)(p) —— PC(X)(p) —— CC(X)(p— 2]

]

DR(X)(p) —— CC(X)(p) —— CCOX)(p — D2
in dg. Note that we have canonical equivalences
(105) PC(X)(p) = PC(X)(p) = RT'(J, Q2)[2p] = RT(X™, C)[2p]

in dg, where Q‘.d is Hartshorne’s algebraic de Rham complex [1975] for an embedding X — Y into a
smooth scheme Y and X*" is the analytic space associated to X. Based on the HKR isomorphism [Toén
and Vezzosi 2011; Ben-Zvi and Nadler 2012] (see also [Hoyois 2015]), the first equivalence follows from
Goodwillie’s nil-invariance [1985, Theorem 1V.2.1], the second equivalence follows from the Feigin—
Tsygan theorem [1985, Theorem 5] (see also [Emmanouil 1995, Theorem 2.2; Weibel 1997, Theorem 3.4]),
and the third equivalence follows from Hartshorne’s comparison theorem [1975, Theorem IV.1.1].

We first claim that the canonical map given by the upper sequence in (104),

(106) Mapgg(C. CC(X)(0)[—1]) > Mapyy (T, NC(X)(1)[-2]),

is an equivalence. Indeed, since H¥(—) of (105) vanishes for p = 1 and k < —3, it suffices to show that
H72(PCX)(1)) 2> H(CC(X)(0))

is injective. Then we have a commutative square

H™2(PC(X)(1)) —— H(CCO(X)(0))
H™2(PC(X))(1)—>— H(CCO(X)(0))

where the left vertical arrow is bijective by (105) and the lower horizontal arrow is injective by [Emmanouil
1995, Proposition 2.6]. Hence we have the desired injectivity.
Then the canonical map given by the lower sequence in (104),

(107) Mapg(C. DR(X)(0)[~1]) <5 Mapgg (T, CC(X)(0)[—1)).
is an equivalence since CC(X)(—1) = 0.
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By combining the two equivalences (106) and (107), we can deduce that the canonical map
Mapgg(C. DR(X)(0)[~1]) 25 Mapg, (C. NC(X)(1)[-2))
is an equivalence, as desired. O
Remark A.5 The derived Poincaré lemma also appears in [Aranha et al. 2022, Lemma 6.11]. We refer
readers who are interested in a generalization of Kiem and Li’s cosection localization [2013], using
derived algebraic geometry and homotopical methods in intersection theory, to [Aranha et al. 2022] (we
only consider the cone reduction part in this paper).

A.2 Shifted closed 1-forms on moduli of perfect complexes

In this subsection, we prove that the cosections given by the semiregularity maps can be enhanced to
shifted closed 1-forms. This is achieved by generalizing the integration map of [Pantev et al. 2013] and
defining the hat product for derived mapping stacks.

We first generalize the integration map in [loc. cit.] for Calabi—Yau varieties to arbitrary smooth
projective varieties.

Theorem A.6 Let X be a smooth projective variety of dimension n. Let M be a derived Artin stack.
Then there exists a natural map

/(—) : DR(X x M) — DR(M)((—n))

in e-dg®, where w : X x Ml — M is the projection map. Consequently, we have a natural homotopy-

commutative square

=(=)
Ap,cl(X x M, i) f_> Ap—n,cl(M’i —n)

L
AP (X x M, i) ﬂ) AP (M, i —n)
Proof By the Kiinneth formula in Lemma A.7 below, we have a canonical equivalence
DR(M) ® DR(X) =» DR(X x M)

in e-cdga®'. Hence it suffices to construct a natural integration map for X,

| ):DRGO) = €,
in e-dg®. Equivalently, it suffices to construct a natural map

CC(X)(n) > C
in dg since we have an adjunction CC(—)(n) 4 (—=)((—n)). The canonical equivalence
H(CC(X)(n)) = H*" (X, QF") <= H"(X,Q}) = C

gives us the desired map. O
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We provide a Kiinneth formula for DR in the following lemma. This lemma is required to complete
the proof of Theorem A.6.

Lemma A.7 Let X be a smooth projective variety. Let M be a derived Artin stack. Then there is a
canonical equivalence
DR(X) ® DR(M) — DR(X x M)
in €-cdga®".
Proof Form a homotopy-cartesian square of derived Artin stacks

XxM—1 L x

(108) ln l

M ——— Spec(C)
Consider the canonical map

(109) ¢*(—=) Un*(—) : DR(X) ® DR(M) — DR(X x M)

in e-cdga®" given by the universal property of the coproduct. It suffices to show that the map (109) induces
an equivalence in dg®" since the forgetful functor

€-cdga® — cdga® — dg®"
is conservative.
Note that we have a canonical equivalence

(110) DR(M) = @D RT (M. A\ L[ p])
P

in cdga®’ if we forget the mixed structure in DR(M) (see [Calaque et al. 2017, Remark 2.4.4]). Moreover,
since we have a canonical equivalence Ly xn = ¢*(Ly) & 7™ (Lpyr) in D(X x M), we also have an
induced canonical equivalence

Nixwm= P ¢*(AN'Lx)®x* (A L)

P=p1+Dp2
in D(X x M). Applying (110) for X, M, X x M to the canonical map (109), it suffices to show that the
canonical map

(111) RT (X, A" Lx) ® RT(M, AP? Lg) — RT(X x M, ¢* (AP Lx) ® n*(/A\P? Lm))

in dg is an equivalence.
We will factor the map (111) as follows: Firstly, consider the canonical map

(112) 7xq* (N Ly) ® N> Lt — 7 (q* (A" Lx) ® 7% (A L))
in D(M) given by the adjunction 7* = 7. Secondly, consider the canonical base change map
(113) RT (X, \"' Lx) ® Ong — g™ (A" Lx)
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in D(M) given by the cartesian square (108). Finally, consider the canonical map
(114) RT(X,\P'Lx) ® RT'(M, AP?Lps) — RT(M, RT (X, A”' Ly) ® AP L)

in dg given by the adjunction (—) ® O 4 RI'(M, —). Then the map (111) is the composition of (114),
RT (M, (—) ® AP? L) of the map (113), and R (M, —) of the map (112). Hence it suffices to show
that the three maps (112)—(114) are equivalences.

The map (112) is the projection formula for 77 : X xIM — M and the map (113) is the base change formula
for the square (108). Both of these maps are equivalences by [Ben-Zvi et al. 2010, Proposition 3.10] since
X — Spec(C) is a perfect morphism, in the sense of [ibid., Definition 3.2], by [ibid., Corollary 3.23 and
Proposition 3.19].

The map (114) is an equivalence since R’ (X ,NPUL X) is a perfect complex in dg and both the functors
- ® RF(M, NP2 ILM), RF(M, (-) @ N\P? }LM) commute with finite colimits. |

We compare the integration map in Theorem A.6 and the one in [Pantev et al. 2013].
Remark A.8 Let X be a Calabi—Yau n-fold with fixed Calabi—Yau n-form o : Oy => Q%. Let M be a
derived Artin stack. Then the integration map in [Pantev et al. 2013] can be expressed as

(115) / PTVV(—) o~ / ((-)Ug*w) : DR(X x M) — DR(M)[—n],

where ¢ : X xM — X and 7 : X x M — M are the projection maps. More precisely, the right-hand side
of the equivalence (115) is defined as the composition

DR(X x M) 422, pR(X x M) ® DR(X)(n))[~n] “*L5 DR(X x M) ® DR(X x M)((n))[—]
s DR(X x M) (1)) [—n] L= DR(V)[],
where w € HO(X, Q%) = H" (X, Q;”) is regarded as an element in

oMapgg (C, NC(X)(n)[~n]) = moMap,_ggr(C, DR(X) ((n))[-n])

and the cup product U is given by the multiplicative structure of DR(X x M).
We now explain how we can obtain the equivalence (115). Recall that the integration map in [loc. cit.]
is based on the construction of the canonical map

k : DR(X x M) - RT'(X, Ox) ® DR(M)
in e-dg®’. This can be reinterpreted as the composition
DR(X x M) => DR(X) ® DR(M) — RT' (X, Ox) ® DR(M),

where the first arrow is given by the Kiinneth formula in Lemma A.7 and the second arrow is in-
duced by the canonical map DR(X) — RI'(X, Ox) that corresponds to the canonical isomorphism
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CC(X)(0) => RT(X, Q;O) via adjunction. Hence it suffices to show that

[ (-)g[ (—)Uw : DR(X) — C[-n]
X,PTVV X

holds in e-dg®. This follows from the homotopy-commutative diagram

2

CC(X)(0) = RI(X,Q3%) —2— RI(X, Q%) — H"(X,Q%)[-n] —> C[-n]
l(—)u(u l(—)Uw l l; H
CC(X)(n)[-n] = RT(X, Q%" [n]) = RT(X, Q5" [n]) — H2*(X, Q") [-n] = C[-n]
in dg via adjunction.

We note that the integration map in Theorem A.6 without the closing structures can be described quite
simply as follows:

Remark A.9 Let X be a smooth projective variety of dimension zn. Let M be a derived Artin stack. Then
the integration map

/ (=) AP (X xM;i) > AP7"(X ;i —n)
T
can be described as follows: Consider the projection map

Niymz @ ¢*(N'Lx) @n*(A?Lm) — 7* (A" L) ® ¢* (@)
pP=p1+p2

in D(X x M). The adjunction 74 4 7' =~ 7* ® q* (% )[n] gives us a canonical map
7 (AP Lxxm) = A" Lv[—n]
in D(M). Applying Mapppr) (Om[—i], —), we obtain the above integration map.

Based on the generalized integration map in Theorem A.6, we can define the hat products for derived
mapping stacks. We first collect some basic facts on derived mapping stacks.

Remark A.10 Let X be a smooth projective variety. Let Y be a derived Artin stack. The derived mapping
stack RMap(X, Y) is the derived stack determined by the adjunction

Mapgs (U, RMap(X,Y)) = Mapgys, (X x U, Y)

for any U € dSt. By [Halpern-Leistner and Preygel 2023], RMap(X,Y) is a derived Artin stack when Y
has a quasiaffine diagonal or the classical truncation of Y is a 1-Artin stack with affine stabilizers.

The cotangent complex can be computed as follows. For simplicity, assume that Y is homotopically
finitely presented and has quasiaffine diagonal. Let

ev: X x RMap(X,Y) - Y
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be the evaluation map. By taking differentials, we have a canonical map

eva : Txx RMap(x,Y) = ¢~ (Tx) ® 7% (T gmap(x,v)) = V™ (Ty),

where m, g are the projection maps. The second component of evy induces an isomorphism

(eV*)z : TRM(X,Y) >~ meev” (Ty)

in D(RMap(X, Y)) by [ibid., Proposition 5.1.10].
We note that the first component of evy gives us

(ev+) (evs)
RIT (X, Tx) ® ORM(X,Y) >~ n*q*TX L> T CV*(Ty) (% TRM(X,Y)’

and thus we obtain a canonical map
(116) = H'(X, Tx) — H' (RMap(X, Y), T Rmap(x.¥))
between shifted vector fields.

We now define the hat product for a derived mapping stack.

Definition A.11 Let X be a smooth projective variety of dimension n. Let Y be a derived Artin stack.
Assume that RMap(X, Y) is representable by a derived Artin stack. We define the hat product

—=:DR(X) ® DR(Y) — DR(RMap(X, Y))((—n))
as the composition

q* (—)Uev* (-)

DR(X) ® DR(Y) DR(X x RMap(X,Y)) j—”> DR(RMap(X, Y))((—n))

in e-dg®, where ev is the evaluation map and 7, ¢ are the projection maps. Consequently, we also have a
homotopy-commutative square

AP (X i) x AP ; j) —— APFTI(RMap(X,Y):i + j —n)
AP(X;i)x AY(Y, j) ___>AP+4—"(R@(X, Y):i +j—n).

We can describe the shifted symplectic forms of [Pantev et al. 2013] on the derived moduli spaces of
perfect complexes in terms of the hat product.

Remark A.12 Let X be a Calabi—Yau n-fold with a fixed Calabi—Yau n-form w : Oy = QS’(
Let R Zerf be the derived moduli stack of perfect complexes (of fixed tor-amplitude [a, b]). Then the
cotangent complex can be computed as

Lryer =17 @1[-1]
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for the universal complex I on R Zerf. Moreover, the 2-shifted nondegenerate 2-form on R Zerf given
by the duality (IL g 7¢[1])" = IL g ze,¢[1] can be enhanced to a 2-shifted symplectic 2-form

O € A>N(R Perf;2)

using the negative cyclic homology-valued second Chern character of I [Toén and Vezzosi 2015].
Let RZerf(X) := RMap(X, R Zerf) be the derived moduli stack of perfect complexes on X. Then

9::@:[ G*oUev* © € AZNRPerf(X),2—n)
T

is the (2—n)-shifted symplectic form in [Pantev et al. 2013].

We now show that the cosections associated to the semiregularity maps can be enhanced to (—1)-shifted
closed 1-forms.

Proposition A.13 Let X be a Calabi—Yau n-fold with a fixed Calabi—Yau n-form v € H%(X, Q%). For
each (n — 3)-shifted vector field £ € H"~3(X, Ty ), we can form a (—1)-shifted closed 1-form

ag € AVYRPerf(X); —1)

such that the induced cosection on the obstruction theory (RHomz (I, 1)[1])Y — L g,,r(x) of the classical
truncation Perf(X) := RPerf(X) is equal to the composition

RHomy (1 T)[2] 28> RHomy (11 ® Ly s sy (x))[3] = RHomz(1,1® Q%)[3]
—[x (DUisw
L5 RT(X, QY) ® O s (x)[3] = H> (X, Q%) ® O grp(xt) ———> O ()
where 1 is the universal complex.

Proof Note that we have

H2n—4(X’ Q%I’l—l) — @ H2n—4—p(X, Q}I;) g Hl%g—4(X)

p=n—1
by the Hodge decomposition. Hence, (s € H"~3(X, 2% !) induces an element
[iz0] := (10,0, ...,0) € H*"4(X, Q5" ).
We define the (—1)-shifted closed 1-form as the following hat product in Definition A.11:
ag 1= [z0] - © € AY(RPerf (X;—1)).

It remains to compute the induced cosection of g in the classical truncation. By Lemma A.14 below,
the underlying (—1)-shifted 1-form can be written as

(@)o = (1) - Oo = 15(w- O) = t3(00) € A'(RPerf(X); 1),
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where gis defined by (116) in Remark A.10. Here (—)¢ denotes the underlying form after forgetting the
closing structure as in Remark A.2. By [Schiirg et al. 2015, Remark A.1], we have

evs = At(D) : Tx xR zerr(x) — RHom(I, T)[1]

for the evaluation map ev : X x R Perf(X) — RPerf. Since gis defined by the first composition of ev.,
we have the desired formula by taking dual and classical truncation. O

We need the following technical lemma to complete the proof of Proposition A.13. This formula is
inspired by [Vizman 2011, Lemma 8].

Lemma A.14 Let X be a smooth projective variety of dimension n. Let Y be a homotopically finitely
presented derived Artin stack. Assume that RMap(X, Y) is a derived Artin stack. Then we have

3@ B) = —(g@) - B € APTTTH(RMap(X, Y);i + j —n + k)

fora € AP(X;i), B € A4(Y: ), & € HK (X, Ty), Wheregis defined by (116) in Remark A.10.
Proof For simplicity of notation, let M := RMap(X, Y) and

£:=(¢*t, —m*E) e HE (X x M, Ty»nr) = H¥(X x M, ¢*Tyx) & H¥ (X x M, 7* Tyyp).
By the definition of § in (116), we have

evy () =0 € HF (X x M, ev*(Ty)).
Firstly, we have
(@) Uev™ (B)) = (1, 74" (@) Uev* (B) £ 4* (@) U (1, zev* (B)) = ¢ (te(@)) Uev* (B)

in HIH (X x M, AP Lisawn).
Secondly, we have

| @t @ue @) =~ [ @ @uer sy

in HI+H/ k= (M, APT97" 71 Lyy) (see Remark A.9).
Combining these two formulas, we have

() = [ g @Ue®) = [ @*@Uev ) =) 0

Now we have the desired reduced obstruction theory, as follows:

Corollary A.15 Let X be a Calabi-Yau 4-fold, v € H*(X,Q), and q € {—1,0,1}. Let 2 := 2D (X)
and let ¢ : E — t=7!IL 5 be the standard symmetric obstruction theory. Choose a nondegenerate subspace
V € HY(X, Ty) with respect to the symmetric bilinear form By fory :=v; € H?(X, 9)2(). Then we

Geometry & Topology, Volume 30 (2026)



Counting surfaces on Calabi-Yau 4-folds, 1 2541

have a reduced obstruction theory ¢™9 that fits into the commutative diagram

SRY,[1]

V®0z|1] E Ed
¢ re
N ¢
‘(Z_ILy

Moreover, this reduced obstruction theory ¢™% comes from a canonical (—2)-shifted symplectic derived
enhancement.

Proof Choose a basis £1,...,&p, € V. For the first statement, by Theorem A.1(2), it suffices to show that
the associated cosections SR(&;) : EV[1] SR, g1 X, Tx)V®0% £, O can be enhanced to (—1)-shifted
closed 1-forms on the standard derived enhancement R of & By Proposition A.13, SR(&;) are the
underlying cosections of the (—1)-shifted closed 1-forms u™*(crg, ), where u : R — RPerf(X) is given
by the universal complex on X x RZ.

For the second statement, since the classical truncation &7 is quasiprojective, by Proposition A.4, the
closed 1-forms u™(ag; ) can be lifted to unique exact 1-forms L% e ALX(RP;—1) = A2(RZ; —1).
By taking the derived zero locus of these (—1)-shifted functions, we have a reduced derived scheme
R2™ C R which induces the reduced obstruction theory as above. Moreover, we can pull back the
(—2)-shifted symplectic form 6 € A?!(RZ?; —2) via the inclusion map R 2™ <> R, which is also
nondegenerate. d

Remark A.16 In the situation of Corollary A.15, the existence of the reduced obstruction theory is
equivalent to the scheme-theoretic cone reduction (see Remark A.3(1)). Hence we have a commutative

diagram
Q(EEY) —— ¢(EE)
3 T [
Cr s QB CE) |
l s

0
P —— A
In particular, the existence of a dotted arrow implies the isotropic condition.
The main difference between Corollary A.15 and Proposition 4.19 is that the reduced obstruction
theory in Corollary A.15 is given as a factorization, whereas the one in Proposition 4.19 is given as a
composition. However, note that, by (75), the two actually coincide.

Remark A.17 The result in this section does not replace Section 4. Corollary A.15 only replaces Kiem
and Li’s cone reduction lemma in Lemma 4.16. We still need the other arguments in Section 4 to define
an Oh-Thomas virtual cycle from Corollary A.15. Indeed, we need to compute the square of SR to show
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that SRy is a nondegenerate cosection (see Remark 4.17) and hence the induced symmetric form on Erﬁd
is nondegenerate.

Remark A.18 Corollary A.15 provides a simple alternative proof of the Bloch conjecture for surface
classes on Calabi—Yau 4-folds, which was shown in general by [Pridham 2024; Bandiera et al. 2023] (and
by [lacono and Manetti 2013] when the normal bundle is extendable).

Let X be a Calabi—Yau 4-fold and S € X be a local complete intersection surface. Consider an
extension A < A of local Artinian C-schemes such that m A+J =0, where 7 :=1, /A LetSC X x A
be an A-flat extension of S. Let

ob(S) € HY (X, Ng/x) ® J = Exty (Zs/x.Zs/x)o ® J

be the obstruction of deforming S C X x A to X x A in [Bloch 1972, Proposition 2.6]. By [Bloch 1972],
the obstruction ob(S) lies in the kernel of the semiregularity map

st H'(X, Ng/x) = Extz (Zs/x . Is/x)o — H> (X, Q)
when the canonical map
(117) dpr: T = QL ®04

is injective. The Bloch conjecture states that the same result holds without the assumption of injectivity
of (117). (See Proposition 4.24 for the comparison of the obstruction/semiregularity maps for closed
subschemes [Bloch 1972] and ideal sheaves [Buchweitz and Flenner 2003].)

Let & .= @5_1)()( ) be the Hilbert scheme of subschemes of Chern character v = ch(Og). Let
UA—-> .= 3”,()_1) (X) be the canonical map given by S. By [Behrend and Fantechi 1997, Theorem 4.5],
the obstruction ob(S) is equivalent to the composition

w*E L2, W' (=L ) = T La— =Ly g = I,

where ¢ : E — rZ_l]L(@(q)(X)
subspace V in Corollary A.15, we now consider all the cosections that come from H (X, Tx). By the

is the standard obstruction theory. Instead of choosing a nondegenerate

arguments in Corollary A.15, we can form a reduced obstruction theory ¢’ that fits into the diagram

]E .
o
w9

IZ_IILQ

SRV[1]

HY(X,Tx) ® Oz|[1] E’

Hence the obstruction ob(S) comes from the left term in the exact sequence
W (E')fs; ® T) = h' (E|5) ® J) = Ext} (Zs/x. Is/x)o ® T <> H' (X, Tx)¥ ® 7,
which implies sr(ob(S)) = 0.
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Remark A.19 The results in this section can also be applied to the reduced curve-counting theory for
Calabi—Yau 3-folds with holomorphic 2-forms in [Kool and Thomas 2014]. Indeed, Proposition A.13
implies that the cosections associated to the semiregularity map and a (2, 0)-form in [loc. cit.] can be
enhanced to a (—1)-shifted closed 1-form. This in particular provides reduced derived enhancements.

However, the reduced curve-counting theory for K3 surfaces in [Maulik et al. 2010] does not require
the result in this section (but only Section A.1), and was already studied in [Schiirg et al. 2015]. The
main reason is that the cosections in [Maulik et al. 2010] do not involve the Atiyah classes and we can
see directly that they come from the de Rham differential of (—1)-shifted functions.

Appendix B Moduli stacks of semistable sheaves

In this section, we generalize the results in the previous sections to the moduli stack of semistable sheaves.
In particular, we construct reduced Oh—Thomas virtual cycles on these moduli stacks and prove that they
are deformation invariant along Hodge loci.

We will use the following notation/conventions in this section:

(1) We use the language of co-categories [Lurie 2009; 2017] and derived algebraic geometry [Toén and
Vezzosi 2008] as in Appendix A.

¢ An algebraic stack will always be a classical 1-Artin stack.

(2) We use the following concepts developed by [Aranha and Pstragowski 2024]. These are natural
generalizations of analogous notions for DM stacks in [Behrend and Fantechi 1997; Manolache 2012].

¢ [Aranha and Pstragowski 2024, Section 3] To any algebraic stack X and a derived category object
E € D(X), we can associate a (higher) abelian cone stack

&(E) := Spec SymE[-1] : T Mapp(r)(E[-1]|7,Or) on Sch.
When t=7!E =~ [D — BY — SV] for a coherent sheaf D and vector bundles B, S, we write
() :=[C(D)/[B/S]].

e [ibid., Theorems 6.2 and 6.3] Let €y/y C &(ILy/y) denote the intrinsic normal cone for a morphism
of algebraic stacks f : X — Y.

e An obstruction theory** is a morphism ¢ : E — ‘L'Z_I]Lx/g in D(X) such that h%(¢), h'(¢) are
bijective and h~1(¢) is surjective. An obstruction theory ¢ : E — TZ_ILx/y induces a closed
embedding €y /y < &(IE) by [ibid., Proposition 8.2].

(3) We consider the following generalizations of [Oh and Thomas 2023; Park 2021]:

24In [Aranha and Pstragowski 2024, Definition 8.1], the full cotangent complex Lo /y 1s used in the definition of an
obstruction theory, but here we use the truncated cotangent complex 7=~ 1L /Y-
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e We consider the symmetric complexes of tor-amplitude [—3, 1] as in [Park 2021, Definition C.1].
They are perfect complexes E on algebraic stacks X equipped with (—2)-shifted symmetric forms
6 : Ox — Sym?(E[—1]) such that ¢() : EV[2] = E.
Note that there is a canonical quadratic function qg : €(E) — A& associated to the symmetric
form 6. We denote by Q(E) C €(E) the zero locus of qg.

¢ An orientation of a symmetric complex [ of tor-amplitude [—3, 1] is an isomorphism of line bundles
0 : Oy — det(E) such that det(c(0)) = (=1)""=1/2p 60V where r = rank(E).

o A symmetric obstruction theory for a morphism f : X — Y of algebraic stacks is a pair of a symmetric
complex E of tor-amplitude [—3, 1] on X and an obstruction theory ¢ : E — =1Ly y for f.

B.1 Reduced virtual cycles for Artin stacks

In this subsection, we extend Oh and Thomas’s virtual cycles [2023] (more generally, square root virtual
pullbacks [Park 2021]) and Kiem and Li’s cone reduction lemma [2013] to Artin stacks (which are global
quotients). Consequently, we have reduced Oh—Thomas virtual cycles for these Artin stacks.

We first generalize Oh—Thomas virtual cycles [2023] (and square root virtual pullbacks [Park 2021])
to Artin stacks.

Theorem B.1 Let f : X — Y be a morphism of algebraic stacks. Let ¢ : |E — rz_l]Lx/y be a symmetric
obstruction theory of tor-amplitude [—3, 1] such that (Cx/y)reqa S Q(E) as substacks of €(E). Let
0 : Ox — det(E) be an orientation. Assume that X is a global quotient stack, i.e., there exists a
quasiprojective scheme P with a linear action of a linear algebraic group G such that X = [P /G]. Then
there is a canonical square root virtual pullback

VIt AL(Y) > 440,
Moreover, for any cartesian square
X' ——X
Ll
Yoy
where i is a regular closed embedding, we have
(118) i'o VIt = V() oi's Au¥) > Au(X).

Remark B.2 In the situation of Theorem B.1, when Y = Spec(C), we define the Oh—Thomas virtual
cycle as

(X = VY] € Ax ().
Then the formula (118) gives us deformation invariance.

Proof of Theorem B.1 We prove Theorem B.1 in four steps.
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Step 1: We first show that there exists a symmetric resolution
(119) Ex[S-<>B-4 ExEYV4, By elgY

as in [Oh and Thomas 2023, Proposition 4.1]. More precisely, (119) is an equivalence in D(X) for
some vector bundles B, S and a special orthogonal bundle (E, qg) such that the symmetric form of E is
represented by

dYo v
EV[2] s—¢ g4 g pv_¢ g
o ] L e ]
E s gl pv 4 pv_ ¢ gy

Since the global quotient stack X has the resolution property [Thomason 1987, Lemma 2.6], we can
-2 —1 1

find a resolution A® := [A~3 425 4=2 471, =1 4% 40 @', 411~ [ guch that 1(F) : EV[2] — E is

represented by a chain map 6° : (4°)V[2] — A°® satisfying (9°)V[2] = 6°. Let S := A3 and

Hv,673)
_—

B := coker((4")" (A% @ A7),

1 pl
Then BY = ker(A° @ (473)V a8, A') and we have a quasi-isomorphism

c*:B*:= [A_3 ﬁ)A_ZQA_I & BY i>SV] =, 4,

where b° := (a°,0), b! := pr,, ¢c=7! :=id, ¢® := pry, and ¢! := 6. Also 6° factors through a
self-dual map t* : (B*)V[2] — B*. Since t! is an isomorphism, we can apply [Oh and Thomas 2023,
Proposition 4.1] to the middle three terms of B®. Let

E :=coker(B—> (A" HV @A 2) zker(A ' ® (A %)Y - BY)=EY;
then we have (119), as claimed.?®

Step 2: We then construct v/ f" as follows: Consider the fibre diagram

C(D)———F
¢(E) —— [E/[B/S]]

where D := coker(d : B — E). The horizontal maps are closed embeddings and the vertical maps are
[B/S]-torsors. Then we have

qElcp) = qElc(p)
since the symmetric forms of [E and E map to the same (degenerate) symmetric form on
[S <> B -4 E—>0-0).
25We thank Arkadij Bojko for pointing out an omission in an earlier version of Step 1.
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Let T € I'(C(D), E|c(p)) be the tautological section. Then we have a localized Edidin—Graham class
(120) Ve(Elcy: 1) : Ax(C(D)) > Ax(X)

since C(D) is a global quotient stack. See [Kiem and Park 2023, Remark 3.3] for the extension of the
localized Edidin—Graham class [Oh and Thomas 2023, Definition 3.2] to the equivariant Chow groups
[Edidin and Graham 1998; Totaro 1999]. Here the orientation of E is induced by the orientation of E via
the isomorphism det(E) = det(IE) induced by the symmetric resolution (119).

Consider a global factorization

(121) ;/P
f

X—Y

into a representable morphism g and a smooth morphism / for some algebraic stack Z. Such a factorization
exists since X can be embedded into a smooth algebraic stack W by assumption and we may take
g: X —>Z:=WxY. Let

J

I | i | T
Cy /2 Copy © <(E)

be a fibre diagram of higher Artin stacks. Then we can form maps
* . * *)—1 :
(122)  Au() 25 A0(2) L5 Au(@qp2) T Au(@) L0 44(C) L5 4.(C(D))

between the Chow groups of algebraic stacks (= 1-Artin stacks). Here the specialization map spy s, is
well defined as in [Manolache 2012] since g : X — Z is representable, and the smooth pullbacks r*, s* are
isomorphisms by [Kresch 1999b, Proposition 4.3.2] since r is a [B/S]-torsor and s is a Tot(T¢ /y)-torsor.
By composing the two maps (120) and (122), we can define the square root virtual pullback

(123) VI Au(Y) > Au(X).

It is easy to show that v/f' is independent of the choice of a global factorization (121). Indeed, we
just have to show that (122) is independent of (121), which can be seen by the arguments in [Kiem and
Park 2021, Lemma 4.6].

Step 3: Next we show that the square root virtual pullback \/F in (123) is independent of the choice of
Mmmetric resolution (119), as in [Oh and Thomas 2023, Section 4.2]. This part is quite technical, so
we will only focus on the main difference with [Oh and Thomas 2023]. By a deformation argument as in
[loc. cit.] and adding an acyclic symmetric complex of the form

M-S T 017 S e nery &1y 0,
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it suffices to consider the following special case. Consider a commutative diagram

T

S——B——F

where the upper row is exact and the vertical arrows are injective. We will compare the two symmetric

resolutions y g
Ex[S -4 B-4 E45 BY £, 5V,

E =~ [(S/M) %> (B/N)-% (KL/K) L5 (B/N)Y £5 (S/M)V].

Consider the fibre diagram

C(D)¢ K1 E
| |
C(G)¢ KLt/K

| |

C(E) —— [(K*/K)/I(B/N)/(S/M)|~— [E/[B/S]]

where G := coker((B/N) — (K+/K)). Let T € I'(C(G), KJ-/K|C(G)) be the tautological section.
Then the formula

Ve(E|c), 1) = Ve(K* /K@), T) ot*
in [Kiem and Park 2023, Corollary 4.7] proves the claim.

Step 4: Finally, we prove (118). Consider the factorization X’ — Z’ — Y’ induced by the base change
of (121) along i : Y — Y. By Vistoli’s rational equivalence [1989; Kresch 1999a] (cf. [Qu 2018,
Proposition 2.5]), we have a commutative square

SPx/2

Ax(2) Ax(Cx/2)

: ;

Sp’ 2/
A(2) =5 4 (@) —— Ax(Cyyzla)

Since the localized Edidin-Graham class (120) commutes with the refined Gysin pullback i' by [Kiem
and Park 2023, Lemma 4.4(3)], we obtain the desired formula (118). O

Next, we generalize Kiem and Li’s cone reduction lemma [2013] to Artin stacks.

Theorem B.3 Let X be an algebraic stack. Let ¢ : E — =7 !Ly be an obstruction theory. Let
Y :EV[1] — F be a map to a vector bundle F. Then

(Q:X)red - Q:(EE)
as substacks of €(E), where Ey, := cone(XZV[1]: FY[1] — E).
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Proof Choose a smooth surjection X — X from an affine scheme X. We claim that we can form a
morphism of distinguished triangles

Elz QL » Elgz[1]

E X/x
(124) ld) la P)[l]

1'2—1(]Lx|3~5) e tZ—l]Ly — Q%C/x - TZ_I(LXB’C)[I]

in the underlying triangulated category D(X) := [D(X)]. Indeed, the dotted arrow exists since X is
affine and cone(¢[1]) € D(D~C) has amplitude (—oco, —3]. Then E and ¢ can be defined by the axioms of
triangulated categories.
The long exact sequence associated to (124) ensures that $ is an obstruction theory. Moreover, we can
define a map S as the composition
£:EV[I] - B =5 Fly.

Then we can apply Kiem and Li’s cone reduction lemma (see Lemma 4.16) for the scheme X. Hence we
have

(Q:if)red - Q:(Ef;)

as substacks of ¢([), where IEE := cone(ZV[1] : F|§[1] - E). By (124), we have a fibre diagram

(€3 )red S s € CE) +——¢([Es)

N

(€aclq)rea Col5 ¢(E|z) «+—— U(Ex)|3)

where the horizontal maps are closed embeddings and the vertical maps are BT /x-torsors by [Aranha
and Pstragowski 2024, Lemma 5.12(1) and Theorem 6.3(2)]. Hence we can deduce the desired property
via descent. o

Finally, we generalize the construction of reduced Oh—Thomas virtual cycles for nondegenerate
cosections in this paper (cf. [Kiem and Park 2023]) to Artin stacks.

Theorem B.4 In the situation of Theorem B.1, consider a map ¥ : EV[1] — F to a special orthogonal
bundle (F,qF,oF) on X such that 2 = qr. We further assume that Y is a smooth scheme and the
composition

(125) FY EL 1] 2 Ly [-1] XS @l
is zero. Then there is a canonical reduced square root virtual pullback
Vet As () = A+(X)
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such that \/F = /e(F)o \/fr_éd. Moreover, for any cartesian square
X'——X
I |
Yy

where i is a closed embedding of smooth schemes,

(126) i'o Vita= V([ iqoi' s Au(Y) > Au(X).

Proof Let E = E*! @ F[1] be a decomposition of symmetric complexes induced by X2 = qr. By a
standard argument as in Theorem 5.1, we can modify the relative obstruction theory ¢ into an absolute
obstruction theory. The vanishing of the composition (125) ensures that the relative cosection X can be
lifted to the absolute obstruction theory. Hence we can apply the cone reduction lemma in Theorem B.3.
As in Theorem 5.1, we now have a closed embedding (€x/y)red = Q(E™). Then we can define the
reduced square root virtual pullback \/E as in Theorem B.1 using the data (€ /y)req = Q(E™d). Here
we consider the orientation of E™¢ induced by the canonical isomorphism det(E™¢) =~ det(E) ®@det(F[1])V.
The argument in Theorem B.1 also proves formula (126). O

Remark B.5 We hope to remove the global quotient hypothesis in Theorems B.1 and B.4. At least when
X has reductive stabilizers and quasiaffine diagonal, the authors expect that this will not be very difficult.
Indeed, we sketch the following argument. By Alper, Hall and Rydh [Alper et al. 2020], there exists
an étale cover X’ — X by a global quotient stack X’. By the Chow lemma [Bae and Park > 2026] (cf.
[Laumon and Moret-Bailly 2000]), we can form a proper surjection X" — X from a global quotient stack
X" using X’. Since we have a Kimura sequence [Aranha et al. 2022, Corollary 1.23] for the Chow groups
of higher Artin stacks developed by [Khan 2019], we can reduce the situation to the global quotient case.

If this expectation works, then we can apply Theorem B.4 to any open substack of the moduli stack
Perf(X) of a perfect complexes on a Calabi—Yau 4-fold X which has a good moduli space [Alper 2013].

B.2 Moduli stacks of semistable sheaves

In this subsection, we apply the results in the previous subsection to the moduli stack of sheaves.

We first consider the rigidified version. Let (X, H) be a polarized Calabi—Yau 4-fold. Let $oh(X)
be the moduli stack of coherent sheaves on X. Then there exists a natural BGy,-action on 6oh(X). Let
Goh(X) /|G = [6oh(X)/BG,,] be the quotient stack.?® Let

MES(X) € Goh(X) )| G

be the open substack of (Gieseker) H -semistable sheaves with Chern character v € H*(X, Q). Here
semistability is an open condition by [Huybrechts and Lehn 2010, Proposition 2.3.1].

26Since the BG,-action on Goh(X) is free, i.e., the induced G,,-action on the stabilizers Aut(E) are free for all E € Goh(X),
we can alternatively use the rigidification of classical 1-Artin stacks; see [Abramovich et al. 2008, Theorem A.1].
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Theorem B.6 Let (X, H) be a polarized Calabi—Yau 4-fold and v € H*(X, Q). Then, for any choice of
orientation, there exists a canonical reduced virtual cycle

(M0 € 4 (M (X)),

1-3x(w,v)+ 30y

where y 1= vz and y(v,v) := [y vV -v-td(X). Moreover, if [ lIf[’SS(X)]red # 0, then the variational

Hodge conjecture holds for (X, y).

Proof We first fix some notation. Let M := MZ*%(X) and A : M — M be the G,,-gerbe induced by

Goh(X) — Goh(X)//Gp. Let € be the universal sheaf on X x M and 7 : X x M — M be the projection
map. Note that we have a weight decomposition

D(M) = [ bm)
weZ

by [Bergh and Schniirer 2021], where D(M) := [D(M)] and D(M) := [D(M)] are the underlying
triangulated categories of the stable co-categories.>” Moreover,

A*: D(M) = D(M)

is fully faithful and the essential image consists of weight zero objects.

We describe the canonical symmetric obstruction theory on M as follows. Let R%oh(X) be the derived
moduli stack of coherent sheaves on X. Then the canonical map M -Es R%0oh(X) induces an open
embedding on the classical truncations. Hence we have an induced symmetric obstruction theory

~ o~ At(€ _
& F = Lrgonco |51 = (RHomz (€. &)[1))Y 2 1271~

which satisfies the isotropic condition by [Ben-Bassat et al. 2015] and is orientable by [Cao et al. 2020].
Since | € D(/Vl) is a weight zero object, we have /\*(/\*f[*f) ~ & for \LE € D(M).

We note that the canonical obstruction theory on M given by the standard derived enhancement
is not symmetric. Indeed, the BG,,-action on 6oh(X) extends to R6oh(X) and the canonical map
M — [RGoh(X)/BG,,] induces an open embedding on the classical truncations. Hence we have an
induced obstruction theory

¢1: E1 := Liggonx)/BG,)IMm = 7= 'L,

where the virtual cotangent complex [E; fits into the distinguished triangle

LirGon(x)/BGml| 1 — Lr%on(x) | 5{ — LBG. |31

A*E, E ! O%l-1]

27For a 1-Artin stack, the derived category defined via descent in the context of derived algebraic geometry [Toén and
Vezzosi 2008] and the derived category defined as a full subcategory of sheaves of modules on the lisse-étale site in [Laumon and
Moret-Bailly 2000; Olsson 2007] coincide by [Hall and Rydh 2017, Proposition 1.3].
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Here 1V : Og{[1] — EY = RHomy (¢, &)[1] is given by the identity ide : € — & since the induced
Gm-action on the derived loop space Lruon(x),E S Tot(RHomy (E, E)) at [E] € R¢0oh(X) is the
homothety.

We then symmetrize the obstruction theory ¢ via the reduction operation in [Park 2021, Lemma C.2].
Indeed, since

Homp ) (O3], Om[-2]) =0,

we can form a reduction diagram (in the sense of [loc. cit.])

M3]—OM[3]
l *zV[z]

(127) @B AE 2 o]
l l“ |
E EY[2] Oml[—1]

in the triangulated category D (M) where E, is a symmetric complex. Since
Homp (v (Om[3], 727 Ly) = Homp (g (Om[4], 72 ' Lipg) =
there exists a unique symmetric obstruction theory
¢ E— 1271y,
which fits into the commutative diagram

BYI2]
Oml3] Eq E Oml4]

¢

TZ_ILM

as the dotted arrow. The isotropic condition for ¢ follows from the one for 5 Indeed, we can form a
commutative diagram of (higher) cone stacks on M,

o —— CPEYR) S ¢ ()

[ e

where the horizontal maps are closed embeddings and the vertical maps are Tot(T 5y / ) = BGg-torsors.
From the reduction diagram (127), we can deduce that the two quadratic functions qg and qg restrict to
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the same function on €. Since the composition
Co > Sl > Cum

is smooth surjective, we obtain the desired isotropic condition via descent.
Moreover, an orientation of [E can be induced by one of [E since we have

det(E) = Ay det(E)
by the reduction diagram (127).

We will now form a cosection SR: EV[1] — H!(X, Ty)Y ® O, for the obstruction theory ¢ on M.
Firstly, define a cosection for the obstruction theory 5 on M as the composition

SR:EV[1] = RHomy (£, )[2] 225 RHomy (€.€ @ Ly, 5)[3] — RHomz (€. € ® QL)[3]
‘5> RT(X.Qy) ® O3] > H? (X, Q}) ® Oy => H' (X, Tx)" ® Oz
Then we have éT?z =B, ® 10/\7 by the argument in Proposition 4.12. Then there exists a unique cosection
SR:EV[1] » HY (X, Tx)" ® Opm
which fits into the commutative diagram

BY[2]
Om(3] E, E Oml4]

aV[2] 3SR

A _AeSR HY (X, Tx)Y ® Op[1]

since
Hom v (Op[3]. H' (Tx)Y ® Om[1]) = Hompg(Opa[4]. H' (Tx)Y @ O[1]) = 0.

Moreover, we have SR? = A*éT?z =B, ® lp,, by the reduction diagram (127).

Therefore, if we choose a maximal nondegenerate subspace V € H ! (T ), then we have a nondegenerate
cosection SRy : EV[1] =R HI(Tx)Y ® Op[1] = VY ® O (1] for the symmetric obstruction theory
¢ :E — t=7 1L 4. Hence we can apply Theorem B.4 and define a reduced Oh—Thomas virtual cycle

[M] € Au(M),

where M is a global quotient stack [Huybrechts and Lehn 2010].

Finally, we show that [M]™¢ is deformation invariant and [M]™¢ = 0 implies the variational Hodge
conjecture. Let f : X — B be a family of Calabi—Yau 4-folds (as in Theorem 5.1). Let y € F 2HSR(/"( /B)
be a horizontal section and let Py () € QJ¢] be the Hilbert polynomial determined by v. Then we have
a relative moduli stack M (X /B) of semistable sheaves E on the fibres A} of f : X — Boverb € B
with chy(E) = ¥ and Pg(t) = Py (¢) as a global quotient open substack of oh(X' /B) [loc. cit.]. Then
all the arguments above also work for the relative setting, so we have a relative symmetric obstruction

red
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theory ¢ /5 : Ex/s — 1= 'L oq(x/5) and a cosection SRy : ]E}/B[l] — (le*TX/B)le(X/B). As in
Lemma 4.21, we have an analogous commutative square

SRx/B
Env/s — s (RY T s5)] 1]
lfﬁx/B lKSX/B
KSamx/B)/8

) ———————— Qs [l

since Hom v /5)(Opm(x /) 141, Qzls|M(X/B)[1]) = 0. Then, based on Theorem B.4, all the remaining
arguments in Theorem 5.1 work in this setting. Moreover, the analog of Theorem 5.13 also works in this
setting, since there is a good moduli space of M (X' /B) which is proper over 5. O

Remark B.7 In the proof of Theorem B.6, if we restrict to the moduli scheme Mf (X)) of stable
sheaves, then the reduction in (127) is just the truncation

=20 (RHom, (€, &)[1])Y,

which is used in [Oh and Thomas 2023; Kiem and Park 2023].

Remark B.8 Theorem B.6 also holds for the nonrigidified moduli stack MUH *(X) € 6oh(X). However,
we will not use this approach since this will give us a weaker statement for the application to the variational
Hodge conjecture since [ME5(X)]ed = 3* M () red.

Remark B.9 Assuming the expectation in Remark B.5, the first part of Theorem B.6 holds for any
1-Artin open substack M(X) € Perf(X)// Gy, with good moduli space. Moreover, if we can form a
1-Artin open substack M (X /B) € Perf(X/B)// G, with proper good moduli space for any family of
Calabi—Yau 4-folds X — B, then the second part of Theorem B.6 also holds.

Next, we consider the fixed determinant version. Let (X, H) be a polarized Calabi—Yau 4-fold. Note
that there is a canonical determinant map det : ¥oh(X) — Zic(X) to the moduli stack Zic(X) of line
bundles on X. Let 60h(X)oy := Goh(X) Xget, 7ic(X),0x SPeC(C) be the fibre over the trivial line bundle.
Let

M (X) oy S Goh(X)oy

be the open substack of H -semistable sheaves with Chern character v € H*(X, Q).

Theorem B.10 Let (X, H) be a polarized Calabi—Yau 4-fold and v € H*(X, Q). Assume that vy # 0
and v; = 0. Then, for any choice of orientation, there exists a canonical reduced virtual cycle

[MES(X) oy € Ay MES(X)0,),

Ix(Ox)—-Lxww)+31p,
where y := v,. Moreover, if [MH *(X)oy 1™ # 0, then the variational Hodge conjecture holds for (X, y).

Proof This follows from the arguments in Theorems 4.5, 5.1, and 5.13, based on Theorem B.4. This is
possible by the existence of the relative moduli stack of semistable sheaves as a global quotient stack
with proper good moduli space over the base. We omit the details. O
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Remark B.11 Assuming the expectation in Remark B.5, we can generalize Theorem B.10 to any 1-Artin
open substack of Zerf(X)o, with (proper) good moduli space, as in Remark B.9.

Appendix C Orientations for relative moduli spaces

In this subsection, we prove that family orientations exist on the topological versions of the moduli spaces.
We regard this result as heuristic evidence for Conjecture 5.7.

C.1 Orientations for fibrations of topological spaces
We consider the following purely topological statement:

Proposition C.1 Let p : C — B be a (locally trivial) fibration of topological spaces. Assume that the base

B is path connected and locally path connected, and the fibre Cp := C xg{b} over a point b € B3 has finitely

many connected components. Let O — C be a principal Z-bundle. If the fibres O|c, are trivial for all

b € B, then there exists a finite-sheeted covering u : B’ — B such that the pullback O|c¢x g Is trivial.
Moreover, we can further assume that deg(u) = |mo(Cp)|!.

Proof Fix a point ¢ € C and let b := p(c) € B. Consider the fibre diagram

O —— 0, —— O

]

{c} —Cp ——C
| ]
{b} —— B
where Op := O|c,. Since the two maps O — C and O — B are fibrations, there are monodromy actions
(128) m:m(C,c) Gmo(Or), n:m(B,b) G mo(Op).

Moreover, the canonical map
70(Oc) = 70 (Op)

is compatible with the above two monodromy actions in (128). Since we have Oy, = Cp LICp by assumption,
there is a canonical bijection

(129) 70(0p) = 70 (Cp) X 70 (Oc)-
We can form a commutative diagram of groups

m1(C,c) P~ w1(B,b)

(130) ml l

Aut(mo(0c)) — Aut(mo(O0p))
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where the vertical maps are given by the monodromy actions in (128), the upper horizontal map is the
canonical pushforward for p, and the lower horizontal map is given by the decomposition (129).

To show that the Z,-bundle O — C is trivial, it suffices to show that the left vertical map m : 71 (C, ¢) —
Aut(mo(O,)) in (130) is trivial. Since the lower horizontal map in (130), given by (129), is injective, it
suffices to show that the right vertical map n : w1 (B, b) — Aut(;r9(Op)) in (130) is trivial.

Note that 9(Op) is finite since 7¢(Cp) is finite by assumption and we have (129). Hence the kernel
of the map n : 71 (B, b) — Aut(o(0Op)) is a normal subgroup of (B, b) of finite index. Hence there
exists a covering map

u:B—nB
such that the composition
w1 (B, b') 25 71(B,b) 2> Aut(mo(0p))

is trivial and the degree of u divides the order of the finite group Aut(sro(Op)). Then the pullback O |cx ;5
is trivial since the commutative square (130) is compatible with base change.

Finally, replacing B’ by its covering, we can further assume that the degree of u : B’ — B is exactly
the order of the group Aut(g(Op)). a

C.2 Orientations for relative topological moduli spaces

Let f : X — B be a smooth projective morphism of smooth quasiprojective schemes. Consider the
mapping space
C(X/B) :=Mapry, ., (X'P,B*P x BU x Z),

where (—)"P denotes the underlying topological space (with the analytic topology). Here we used the
modified compact-open topology on the mapping space Mapr,, /e (—, —) which satisfies adjunction
[Booth and Brown 1978]. Then we have a homotopy fibre diagram

C(Xp) — C(X/B)

| ]

{b} —— B
for each b € B, where C(X}p) := C(X}/{b}). Note that

m0(C(Xp)) = K, (Xp)

is the topological K-theory of A}.
Let v be a horizontal section of EBP 7—[]2)11;(/\’ /B). Then 3'°P can be regarded as a section of the C-local
system @p R?P ff’pC (Remark 3.31(1)). Hence we can consider an open subspace

C(X/B, ) C C(X/B)
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which fits into the fibre diagram
C(Xp, vp) —— C(X/B, D)

| |

hy— B

for each b € B, where C(Xp, vp) = C(Xp/{b},Vp) C C(X}) is the union of connected components
o C C(Xp) whose corresponding K-theory classes [«] map to 0 € H* (A}, C) under the topological
Chern character map

ch'P: KP (Xp) > H*(Xp. Q).

Corollary C.2 Let f : X — B be a smooth projective morphism of smooth quasiprojective schemes.
Assume that B is connected. Let U be a horizontal section of @p 7—[1231}; (X/B). Let O — C(X/B, ) be a
principal Z>-bundle. If the fibres O|¢(x, 5,) are trivial for all b € B, then there exists a finite étale cover
u : B' — B such that the pullback O|c(x/p i) is trivial, where X' := X xz B’ and 1" := u* (7).
Moreover, we can assume that deg(u) = |Kt%p(Xb)t0r| 1, where (—)or denotes the torsion subgroup.

Proof By Ehresmann’s theorem C(X' /B, v) — B is a locally trivial fibration. To apply Proposition C.1,
it suffices to show that

70(C(Xp. Tp)) = (ch®P) ™1 ()

is finite. This set is bijective to ker(ch'P) = Kt%p(/'\fb)tor. Since K?

top (Xp) is a finitely generated abelian

group (by the Atiyah—Hirzebruch spectral sequence), o (C(Xp, Up)) = K2

top(Xp)tor is also finite.

Finally, there is a natural equivalence of categories
{finite étale covers of B} == {finitely sheeted topological coverings of 3'P}

by [SGA 1 1971, corollaire 5.2]. Hence the finite covering in Proposition C.1 comes from a finite étale
map. m|

Remark C.3 Let f : X — B be a smooth projective morphism of smooth quasiprojective schemes of
relative dimension 4 with connected fibres. Assume that the relative canonical bundle wy/3 is trivial
and B is connected. Let v be a horizontal section of @p ’le)ﬁ(z\,’ /B). Let Perf(X /B, v) be the moduli
stack of all perfect complexes on the fibres of f (which exists as a higher Artin stack) whose Chern
characters are pullbacks of v. Then there exists a canonical Z,-bundle O — Perf (X /B, V) given by the
determinant line bundle det(IE) of the restriction E of the cotangent complex of the derived enhancement
of Perf(X /B, 1). We want to know whether the Z»-bundle O is trivial.
If the canonical map
PP Perf(X /B, D) — B°P

(given by the topological realization functor [Simpson 1996; Blanc 2016]) were a locally trivial fibration,
then this would follow from Proposition C.1. However, p'°P is not locally trivial in general.
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What we can use instead is the topological mapping space. There is a canonical map

Perf(X /B, 1)P — C(X/B, D)
and also the map
c:C(X/B,v) — B“P,
which is a locally trivial fibration.
In view of Corollary C.2, the remaining ingredients required to prove Conjecture 5.7 are to

(1) construct a natural Z,-bundle on C(X/B) whose fibres on C(X}) are the ones defined by Joyce,
Tanaka and Upmeier [Joyce et al. 2020], and

(2) compare the Z»-bundle in (1) with the natural orientation on Perf (X /B).

We note that this strategy is exactly the same as the fibrewise result of [Cao et al. 2020], which showed
the orientability on Perf(X}) by

(1) constructing an orientation bundle on C(X}p),
(2) showing the compatibility of orientations of Zerf(X}) and C(X}), and
(3) showing the orientability of C(A}).

In their setting, (3) was the most difficult part using topological facts on 5-manifolds. In our situation, we
only need to generalize parts (1) and (2) to the relative setting.
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