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Abstract. We study a collection of stability conditions (in the sense of
Schmitt) for complexes of sheaves over a smooth complex projective variety in-
dexed by a positive rational parameter. We show that the Harder-Narasimhan
filtration of a complex for small values of this parameter encodes the Harder-
Narasimhan filtrations of the cohomology sheaves of this complex. Finally we
relate a stratification into locally closed subschemes of a parameter space for
complexes associated to these stability parameters with the stratification by
Harder-Narasimhan types.

1. Introduction.

Let X be a smooth complex projective variety and Ox (1) be an ample invertible
sheaf on X. We consider the moduli of (isomorphism classes of) complexes of sheaves on
X, or equivalently moduli of @)-sheaves over X where @) is the quiver

with relations imposed to ensure the boundary maps square to zero. Moduli of quiver
sheaves have been studied in [1], [2], [6], [14]. There is a construction of moduli spaces
of S-equivalence classes of ‘semistable’ complexes due to Schmitt [14] as a geometric
invariant theory quotient of a reductive group G acting on a parameter space ¥ for
complexes with fixed invariants. The notion of semistability is determined by a choice
of stability parameters and the motivation comes from physics; it is closely related to
a notion of semistability coming from a Hitchin-Kobayashi correspondence for quiver
bundles due to Alvarez-Cénsul and Garcfa-Prada [2]. The stability parameters are also
used to determine a linearisation of the action. The notion of S-equivalence is weaker
than isomorphism and arises from the GIT construction of these moduli spaces which
results in some orbits being collapsed.

As the notion of stability depends on a choice of parameters, we can ask if certain
parameters reveal information about the cohomology sheaves of a complex. We show that
there is a collection of stability parameters which can be used to study the cohomology
sheaves of a complex. Analogously to the case of sheaves, every unstable complex has
a unique maximally destabilising filtration known as its Harder-Narasimhan filtration.
We give a collection of stability parameters indexed by a rational parameter € > 0 and
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show the Harder-Narasimhan filtration of a complex with respect to these parameters
encodes the Harder-Narasimhan filtrations of the cohomology sheaves in this complex for
e sufficiently small. We then study a G-invariant stratification of the parameter space ¥
associated to these stability parameters.

Given an action of a reductive group G on a projective scheme B with respect to
an ample linearisation £, there is an associated stratification {Ss : § € B} of B into G-
invariant locally closed subschemes for which the open stratum is the geometric invariant
theory (GIT) semistable set B*® [8], [12], [13]. The unstable strata have a description due
to Hesselink [8] which make use of Kempf’s notion of adapted 1-parameter subgroups (1-
PSs) [11] as follows. The Hilbert-Mumford criterion allows us to determine which points
are GIT semistable by studying the actions of 1-PSs; that is, nontrivial homomorphisms
A C* — G. Tt states that b € B is semistable if and only if it is for every 1-PS A of
G we have p%(b,\) > 0 where p“(b, \) is equal to the weight of the C*-action induced
by A on the fibre of £ over lim;_o A(¢) - b. For an unstable point b, we want to measure
how unstable this point is using the function u. As (b, \") = nu*(b,\), we pick a
norm || — || for 1-PS and use this to normalise the Hilbert-Mumford function. We say A
is adapted to b € B — B%¢ if

£(b,N)
= M*(b) := min £
1Al A I

pE (b, N)

The indices § for the unstable strata correspond to rational 1-PSs Ag (i.e. Aj is a 1-PS)
and Sg is the set of unstable points b such that a conjugate of Ag is adapted to b and
ME(B) = [ Al

We study the stratifications obtained in this way for the action of G on the parameter
space ¥ for complexes with linearisation determined by the above collection of stability
parameters. We show that for a given Harder-Narasimhan type 7, the GIT set up of
the parameter scheme can be chosen so all sheaves with Harder-Narasimhan type 7 are
parametrised by a locally closed subscheme R of the parameter space T. Moreover, R
is a union of connected components of a stratum Sg(,) in the associated stratification.
The scheme R, has the nice property that it parametrises complexes whose cohomology
sheaves are of a fixed Harder-Narasimhan type.

The layout of this paper is as follows. In Section 2, we give a summary of the
construction of Schmitt of moduli spaces of complexes and study the action of 1-PSs.
In Section 3, we give the collection of stability conditions indexed by ¢ > 0 and show
that the Harder-Narasimhan filtration of a complex encodes the Harder-Narasimhan
filtration of the cohomology sheaves for small €. In Section 4, we study the associated GIT
stratification of the parameter space for complexes and relate this to the stratification
by Harder-Narasimhan types. Finally, in Section 5 we consider the problem of taking a
quotient of the G-action on a Harder-Narasimhan stratum R, .

NOTATION AND CONVENTIONS. Throughout we let X be a smooth complex pro-
jective variety and Ox (1) be an ample invertible sheaf on X. All Hilbert polynomials
P(&) of sheaves £ over X will be calculated with respect to Ox(1). We use the term
complex to mean a bounded cochain complex of torsion free sheaves. We say a complex
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& is concentrated in [my,mg] if £ = 0 for i < my and i > ma.

2. Schmitt’s construction.

In this section we summarise Schmitt’s construction [14] of moduli space of S-
equivalence classes of semistable complexes over X and calculate the weights of C*-
actions.

If we have an isomorphism of complexes £ = F, then for all i we have £ = F' and
so P(E%) = P(F'). Hence we can fix a collection of Hilbert polynomials P = (P%);cz
such that P? = 0 for all but finitely many i and study complexes with these invariants.
In fact we can assume P is concentrated in [mq,mo] and write P = (P™!,..., P™2).

2.1. Semistability.
Schmitt introduces a notion of (semi)stability for complexes which depends on a
collection of stability parameters (¢, x) where x := 07 and

® 0= (0; € Z>0)icz,
o n=(n € Qicz,
e § is a positive rational polynomial such that degd = max(dim X — 1,0).

DEFINITION 2.1. The reduced Hilbert polynomial of a complex F* with respect to
(g, x) is

Yz i P(F) — xitk F?
Z'LEZ ag; I‘k./fl

red N L
Pgﬁ(]—') =

where P(F*) and rk F* are the Hilbert polynomial and rank of the sheaf F7.
A nonzero complex F' is (g, x)-semistable if for any nonzero proper subcomplex
& C F we have an inequality of polynomials

red /o red .
PEd(€) < PY(F).

By an inequality of polynomials R < @ we mean R(z) < Q(z) for all  >> 0. We say the
complex is (g, x)-stable if this inequality is strict for all such subcomplexes.

REMARK 2.2.  For any rational number ¢, if ' := 1 — qo and x’ := é5/, then
the notions of (g, x)-semistability and (g, x’)-semistability agree. For invariants P =
(P™,...  P™2), let

m2 s
_ Zi:ml nir

oy m2 i
Zi:ml O-Zr

where 7% is the rank determined by the leading coefficient of P?. The associated stability
parameters (o, ') for P satisfy Y "

4 imm, M = 0. We may assume our stability parameters
satisfy E;fml n;r* = 0 since P is fixed in this section.



46 V. HOSKINS

2.2. The parameter space.

The set of sheaves occurring in a (g, x)-semistable complex £ with invariants P is
bounded by the usual arguments (see [15, Theorem 1.1]) and so we may pick n > 0 so
that all these sheaves are n-regular. Fix complex vector spaces V* of dimension P*(n)
and let Q% be the open subscheme of the quot scheme Quot(V? & Ox (—n), P?) consisting
of torsion free quotient sheaves ¢' : Vi@ Ox(—n) — & such that H%(¢'(n)) is an
isomorphism. The parameter scheme ¥ for (o, x)-semistable complexes with invariants
P is constructed as a locally closed subscheme of a projective bundle ® over the product
Q:=Qm™ x --- x QM2

Given a (g, x)-semistable complex £ with Hilbert polynomials P we can use the
evaluation maps

) Q) Ox(—n) — &

along with a choice of isomorphism V¢ = H?(£%(n)) to parametrise the sheaf £ by a
point ¢ : V1@ Ox(—n) — £ in Q. We can also construct a homomorphism

V= H(d (@HO ) :@Via@Ho(é’i(n))

where d : @, " — @, £ is the morphism determined by the boundary maps d' : £¥ —
&1, Such homomorphisms 1) correspond to points in the fibres of the sheaf

R (@V) @r U@ e ox0)

over Q where p: @ x X — Q@ is the projection and @, V"* ®(7r}Q(XX)*(9X(fn) — U is the
quotient sheaf over @ x X given by taking the direct sum of the pullbacks of the universal
quotients V* ®(7T§2(1><X)*0)((—n) — U" on Q' x X to Q x X. Note that R is locally free
for n sufficiently large and so we can consider the projective bundle ® := P(R @ Og)
over ().

A point of ® over ¢ = (¢* : VIQ Ox(—n) — £); € Q is given by a nonzero pair
(Y :P,Vi— @, H°(E'(n)),¢ € C) defined up to scalar multiplication. The parameter
scheme ¥ consists of points (g, [¢ : ¢]) in D such that:

i) v = Hd(n)) o (; H(¢"(n))) where the homomorphism d : @, & — @, &" is
uniquely determined by sheaf homomorphisms d’ : £/ — £ which satisfy d?od'~! =
0,

ii) ¢ #0.

The conditions given in i) are all closed (they are cut out by the vanishing locus of

homomorphisms of locally free sheaves) and condition ii) is open; therefore ¥ is a locally

closed subscheme of ©. We let D’ denote the closed subscheme of © given by points

which satisfy condition i).

REMARK 2.3. The construction of the parameter scheme ¥ depends on the choice
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of n and the Hilbert polynomials P; we write Tp or T(n) if we wish to emphasise this
dependence.

2.3. The group action.

For m; < i < my we have fixed vector spaces V' of dimension P?(n). The reductive
group [[, GL(V?) acts on both Q and D: if ¢ = (gm,,---,9m,) € [[; GL(V?) and z =
((¢" : V'@ Ox(—n) — &), [V : C]) € D, then

g-2= (90 V' Q@ Ox(-=n) = &) Llg-: )
where

—1 3

gi-q': ViQOx(—n) ——>Vi®QOx(—n) —— &

and

g @v 9 " @v Y @Ho(si(n))_

If instead we consider ¢ := @, H(¢'(n)) "' o : @, V' — @, V' then this action
corresponds to conjugating ¢ by g; that is,

googt=yg-¢.

This action preserves the parameter scheme ¥ and the orbits correspond to isomor-
phism classes of complexes. As the subgroup C*(Iy,, ,...,Iv,,,) acts trivially on D, we

are interested in the action of ([, GL(V"))/C*. Given integers ¢ = (0, ..,0m,) We
can define a character

dety : JJGLOV)— €

(9:) = H det g7

and instead consider the action of the group G = G, := ker det, which maps with finite
kernel onto ([, GL(V;))/C*.

2.4. The linearisation.

Schmitt uses the stability parameters (o, x) := (o, dn) to determine a linearisation
of the G-action on the parameter space ¥ in three steps. “We note that the exact details
of the linearisation are only needed for the calculations in Section 2.6. The first step
is to construct an equivariant morphism from ® to another projective bundle B, over
Q. The parameters o are used to associate to each point z = (g, [¢ : (]) € © a nonzero
decoration

e (2) : (Vfrl) o2 ® Ox(—=ron) — det &y
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(up to scalar multiplication) where 7, = Y, 0;7" and V, := @,;(V)®? and &, =
@,(E)®°i. The fibre of B, over ¢ € Q parametrises such homomorphisms ¢, up to
scalar multiplication and the morphism © — 9B, is given by sending z = (¢, [0 : {]) € D
to (g, [ps(2)]) € B,. The group G = SL(V,) N[, GL(V") acts on B, by acting on Q
and V; and ® — ‘B, is equivariant with respect to this action.

The second step is given by constructing a projective equivariant embedding B, —
B,. This embedding is essentially given by Gieseker’s embedding [5] of Q* into a pro-
jective bundle B; over the components R; of the Picard scheme of X which contain the
determinant of a sheaf £ parametrised by Q°. ‘The embedding sends a quotient sheaf
¢ V' Q Ox(—n) — £ to a homomorphism A™ V? — HO(det £(r*n)) which represents
a point in a projective bundle B; over R;. In a similar way Schmitt also constructs an
equivariant morphism B, — B/, where B/, is a projective bundle over the product [, R;.
Let By = By, X -+ X By, x BL; then Schmitt shows the map B, — B, is equivariant,
injective and proper morphism.f

The final step is to choose a linearisation on B, and pull this back to T via

T —9D =B, = By =By, X+ X By, X B,
The schemes B; and B;, have natural ample linearisations given by £; := Op, (1) and
L' := Op: (1). The linearisation on B, is given by taking a weighted tensor product of

these linearisations and twisting by a character p of G = Gs. The character p: G — C*
is the character determined by the rational numbers

“ ‘”(iis(&)) B 1) <P:Zn> B P:(in>> B 15%

where P, := ", 0;P'; that is, if these are integral we define

ma
P(Gmas- s 0my) = || detgf

1=m1

and if not we can scale everything by a positive integer so that they become integral.
We assume n is sufficiently large so that a; = 0;(Py(n) —r,0(n))/rs0(n) +n; is positive;
these positive rational numbers ¢ = (am,,--.,@m,, 1) are used to define a very ample
linearisation

Ly=QQLP Q)L

i

on B, (where again if the a; are not integral we scale everything so that this is the case).
The linearisation £ = £(g, x) on ¥ is equal to the pullback of the very ample linearisation
Lf on B, where £f denotes the linearisation obtained by twisting £, by the character
p-
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2.5. The moduli space.
The moduli space of (g, x)-semistable complexes with invariants P is constructed as
an open subscheme of the projective GIT quotient

D'/ cG

given by the locus where ¢ # 0 (by definition ¥ is the open subscheme of D’ given by
this condition).

DEFINITION 2.4. A Jordan-Holder filtration of a (g, x)-semistable complex £ is a
filtration by subcomplexes

0.=Eg G & C&y=¢

such that the successive quotients &, / Ejj_q) are (o, x)-stable with reduced Hilbert poly-
nomial equal to Pée;(i(é’ '). This filtration is in general not canonical but the associated
graded object a

k
8700 () == ED /€y
j=1

is canonically associated to £ up to isomorphism. We say that two (g, x)-semistable
complexes are S-equivalent if their associated graded objects are isomorphic.

THEOREM 2.5 ([14, p3]). Let X be a smooth complex manifold, P be a collection
of Hilbert polynomials of degree dim X and (o, x) be stability parameters. There is a
quasi-projective coarse moduli space

M(@X)=ss(X P)

for S-equivalence classes of (g, x)-semistable complexes over X with Hilbert polynomials

p.

2.6. The Hilbert-Mumford criterion.

In this section we calculate the weights of C*-actions given by 1-PSs of G = G, on
the parameter space T for complexes (see also [14, Section 2.1]).

We first study the limit of points in ¥ under the action of a 1-PS A : C* — G. For
this limit to exist we need to work with a projective completion T of T. This projective
completion is constructed as a closed subscheme of a projective bundle D over the pro-
jective scheme @ := [, Q' where Q' is the closure of Q' in the relevant quot scheme.
The points of D over ¢ = (¢' : VIQ Ox(—n) — £%); € Q are nonzero pairs [¢ : (]
defined up to scalar multiplication where ¢ : @, V' — @, H°(£%(n)) and ¢ € C. Then
T is the subscheme of points (g, [¢) : ¢]) € D such that 1 = H°(d(n)) o (B, H°(¢'(n)))
where d : @, " — @, £ is determined by d' : &' — £ which satisfy d' o d'~! = 0.

For us, G = SL(V,) N[]; GL(V?) where V, = @,(V*)®?" and so a I-PS X\ : C* — G
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is given by a collection of 1-PSs \; : C* — GL(V*) which satisfy
[T det Xi(t)or = 1.

A 1-PS \; of GL(V?) induces a C*-action on V* and so we obtain weights k; > --- > ki
and a weight space decomposition V? = EBj:I Vj where V) = {v € VI : \i(t) - v = thiv}.
This gives a filtration

0CVy GGV, =V (1)

=

vx;lhere Vi = Vi@ - @V] and if we take a basis of V* which is compatible with (1),
then

kip
Ai(t) =
tks IV;
is diagonal. We diagonalise each of these 1-PSs A; simultaneously so there are weights
k1 > -+ > ks, decompositions V' = D, V} (where we may have V; = 0 for some j)
and filtrations
0CVy CVy CmCVy =V

with respect to which ); is diagonal for each i.

Let z = (g,[¢ : 1]) be a point in T where ¢ = (¢' : V@ Ox(—n) — £%); € Q; then
we can consider its limit

under the 1-PS A. By [10, Lemma 4.4.3],

S S S
=i .3 . RS Q. i . i
7 =lm\i(t) ¢ =P g : PV QOx(-n) — D
j=1 j=1 j=1
where 5;: are the successive quotients in the filtration

0C gy el =a' (V) @ ox(-m) coc ey =&

induced by A;. If the boundary maps of the complex preserve these sheaf filtrations we say
that A induces a filtration of the point z (or corresponding complex £) by subcomplexes.

LEMMA 2.6. Let z and % be as above; then 1 is determined by a @j Sj’f — @j 5;“
and:
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1) If X\ induces a filtration of z by subcomplexes, then d = @‘;:1(d§- : 5;: — E;H) and
¢ # 0. In particular Z € T and the corresponding complex is the graded complex
associated to the filtration induced by .

ii) Otherwise, ( = 0 and we have that El(é'li) N 5;"'1 = 0 unless ky — k; = N where
N :=min, ;{k; — k; : di(é’(il)) ¢ 56"_11)} < 0. In particular, Z ¢ T.

PRrOOF. For the proof, we study the action of A on
A= HO(g () 0 HO(d'(n)) o HO(¢'(n)) : Vi — VI*1,

If we write A" = (A;l) where A;l V= V;H, then the weight of A acting on Aél is
ky — k;. If A induces a filtration of z by subcomplexes then the matrices A* are all block
upper triangular and so A acts with positive weights and the limit of A(t) - A% as t — 0 is
a block diagonal matrix consisting of the blocks A; ; on which A acts with weight zero. If
A does not induce a filtration by subcomplexes then A acts on some A;l with a negative
weight. The smallest weight is then the N defined in ii) above and as we are working
projectively we can multiply everything (including ¢) by ¢t~ and take the limit as ¢t — 0
to prove ii). O

REMARK 2.7. Let z = (g,[¢ : ¢]) be a point in T given by ¢ = (¢’ : VI Q Ox(—n)
— &Y, € Q and ¥ = H°(d(n)) o @, H%(¢'(n)) where d is defined by homomorphisms
dl: D & — Sf“. If z is ﬁxed. by )\,_then ¢ =®;¢ : V' QOx(-n) — @,¢; and
d'" = €P,;d;; where d; ; : £ — &/. The fixed point locus of a A(C*) acting on T
decomposes into 3 pieces (each piece being a union of connected components):

e A diagonal piece consisting of points z where d' = @), d ; is diagonal for all i and
CeC.

e A strictly lower triangular piece consisting of points z where d* = @ i<l df,j is
strictly lower triangular for all ¢ and ¢ = 0.
e A strictly upper triangular piece consisting of points z where d* = EBDZ d;‘,j is

strictly lower triangular for all ¢ and ¢ = 0.

If z € T, then Z = lim;_,o A(t)-z lies in either the diagonal or strictly lower triangular piece
by Lemma 2.6. In fact, Z € ¥ if and only if A induces a filtration of z by subcomplexes.

The Hilbert-Mumford function p“(z, ) is by definition the weight of the A(C*)-
action on the fibre of £ over Z := lim;_q A(¢) - 2. By the construction of £ this is

W2 N) = 1 (2 (20, 0) + D @i (@' M) = ) (2)

where ¢, (#) is the decoration associated to z and a; and p are the rational numbers and
character used to define £ (c.f. Section 2.4). Let P, = >, 0;P* and r, = >, oyr’.

LEMMA 2.8 (see also [14]). Let X be a 1-PS of G and let z = (¢,[p : 1]) € T as
above; then
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i) If A induces a filtration of z by subcomplezes

‘ul:(Z, A) = Z zkj (0'1725((7;)) +77¢> I"kg;:

i=my j=1 LA

where £§ = 5(3)/5(2_1) and E(ij) = q’(V(ZJ) &R Ox(—n)).
i) If A does not induce a filtration of z by subcomplezes

m S
: Py(n) ,
L _ . Lo . T
1=mi J= -
where N is the negative integer given in Lemma 2.6.
PRrROOF. The weight of the action of \; on Q' with respect to £; is calculated in

[5]:

Li( i N T
1 (q,)\i)ij<rk5jdlmVjPi<m>.

j=1
As Xis a 1-PS of SL(€P,(V*)®7%), the equation (2) becomes
, ma S PO. n )
BN = 1 () )+ 3 S (ag(ng ot m-) k€.
i=my j=1 kA

Finally, by studying the construction of the decoration ¢, (z) associated to z (for details
see [14]), we see that

, - " kioitk & if A induces a filtration by subcomplexes
’ :’fml j_l kjo;rk € f A ind fil by sub 1
a\Z 7>\ - . .
i (Pal2): ) iy 2og=1 kjoitk &L — N otherwise
where N is the negative integer of Lemma 2.6. O

REMARK 2.9. Schmitt observes that we can rescale the stability parameters by
picking a sufficiently large integer K and replacing (8, n) with (Kd,7n/K), so that for GIT
semistability we need only worry about 1-PSs which induce filtrations by subcomplexes
(cf. [14, Theorem 1.7.1]). This explains why subcomplexes are the test objects for
(semi)stability in Definition 2.1 rather than weighted sheaf filtrations.

3. Stability conditions relating to cohomology.

Throughout this section we fix strictly increasing rational numbers 7, and a positive
rational polynomial § of degree max(dim X — 1,0) and consider the collection of stability
conditions (1,dn/¢) indexed by a small positive rational number e. For a complex F
with torsion free cohomology sheaves



Stratifications of parameter spaces for complezes 53
HY(F):=kerd /Imd' ",

we show that the Harder-Narasimhan filtration of F* encodes the Harder-Narasimhan
filtration of the cohomology sheaves in this complex when € > 0 is sufficiently small.

3.1. Harder-Narasimhan filtrations.
The Harder-Narasimhan filtration (HN filtration) of a complex F* with respect to
(o, x) is a filtration by subcomplexes

0.=F0) S Fm & & Fo=7F

such that the successive quotients F; = .7-' ) / .7-' ) are complexes of torsion free sheaves

(7—1
which are (g, x)-semistable and have decreasing reduced Hilbert polynomials with respect
o (g,x). The Harder-Narasimhan type of 7" (with respect to (g, x)) is given by 7 =
(P1,...Ps) where P; = (Pji)ieZ is the tuple of Hilbert polynomials of the complex F; so

that
P; = P(}—]) P( (J)/ (ij—l))'

A subcomplex F; C F' is a maximal destabilising subcomplex with respect to (o, x) if

i) The complex F; is (g, x)-semistable,
ii) For every subcomplex £ of F* such that F; C £ we have

PL(F;) > PEY(E).

The existence and uniqueness of the maximal destabilising subcomplex follows in
exactly the same way as the original proof for vector bundles of Harder and Narasimhan
[7] and the HN filtration can be constructed inductively from the maximal destabilising
subcomplex.

3.2. The limit as € tends to zero.
We consider the limit as e tends to zero of the collection of stability conditions
(1,0n/€). The inequality

Plregin/e(g ) Pfegln/e(:'t)

is equivalent to

i PE) _ SmrkE ¥, P(F) s n; tk F
Sk k&~ Oy Tk Sk F

If we take the limit as ¢ — 0 we obtain

Zimrkfi < Zimrk}"i 3)
Yoirk& T Yk FE
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We say F is (0, dn)-semistable if every nonzero proper subcomplexes & C F~ satisfies (3).
This is a general?sation of the parameters consider by Schmitt where we allow o; = 0.
These generalised stability parameters no longer define an ample linearisation on the
parameter space (cf. Section 2.4), but we can still study the corresponding notion of
semistability.

LEMMA 3.1.  The only (0, 0n)-semistable complexes are shifts of torsion free sheaves
and complexes which are isomorphic to a shift of the cone of the identity morphism of
torsion free sheaves.

PrOOF. It is easy to verify that a shift of a torsion free sheaf or the cone of the
identity morphism of a torsion free sheaf is (0, 0m)-semistable. Now suppose F" is (0, dn)-
semistable. If all the boundary morphisms d* are zero, then each nonzero sheaf F* is
both a subcomplex and quotient complex and so by semistability

Zimrk}'i
nk = ——=—"""".
>tk Fe

As 7; are strictly increasing, there can be at most one k such that F* is nonzero. Alter-
natively if there is a nonzero d*, then the image of this boundary map can be viewed as
a quotient complex (in position k) and a subcomplex (in position k + 1) so that

S mitk F

< .
Z Tk ].'Z S NMk+1 (4)

e <

Hence there can be at most one k such that d* is nonzero. From above, we see that F* = 0
unless i = k or k+ 1. We also see that the inequalities of (4) must be strict as ng # Mx+1-
The kernel and cokernel of d* may be considered as a subcomplex and quotient complex
respectively and by comparing the inequalities obtained from semistability with (4), we
conclude that d* is an isomorphism. g

LEMMA 3.2. Let k be the minimal integer for which the sheaf F* in a complex F
is nonzero. Then the mazimal destabilising subcomplex 7:('1) C F* with respect to (0, 6n)
18

F i =0 —kerd* - 0 —0—--- if kerd® #0,
W7l 20— F —Imd* —0—- ifkerd* =0.

PrROOF. By Lemma 3.1 both these complexes are (0,dn)-semistable; thus it re-
mains to show that whenever ]-"(‘1) C & C F, we have an inequality

>N k& DM rk}—(il) B {Uk if kerd® #0 &)

S rk & Stk Fl), (MK + Me1) Tk FE /2 if kerdk = 0.

As & # F(y), the set I := {i€eZ:E# ]—'(il)} is nonempty and if 4 € I, then £ # 0.
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We only prove the case for when ker d® # 0 as the case when ker d* = 0 is similar.
If k € I, then kerd® C €F and so 0 # d(EF) c kL. Thus k+ 1 € I and n,rkEF +
Ny1 Tk EFFL > np (rk EF + tk EFF1). In particular,

Zm k& > Nk Zrké‘i and Zm k& = nerkSi
iel iel i¢l i¢l

which proves (5) when ker d* # 0. O

COROLLARY 3.3. If F° has torsion free cohomology sheaves, then its Harder-
Narasimhan filtration with respect to (0,6n) is given by:

.7:('1): cov =0 = kerdF — 0 — 0 — 0
n n n

.7:('2): 50— FF S Imdd — 0 — 0
n n N

Figyr =0 — FF - kerd**tt — 0. — 0
n n N

Fap: = 0= FF = FHF o Imd T -0

In  particular, the successive quotients are H'(F)[—i] or isomorphic to
Cone(Idyy, ¢i ) [— (i + 1)].

REMARK 3.4. In the bounded derived category D?(X) of coherent sheaves on X,
the complexes Cone(Idyy, 4i)[—(i + 1)] are acyclic and so this filtration corresponds to a
sequence of distinguished triangles

0 -7:(.1) .7:('3) . F
A

HI(F) -1

HEH e

which is the ‘filtration’ associated to the standard t-structure on D’(X).

3.3. Semistability with respect to (1,0n/€).

A torsion free sheaf F can be viewed as a complex (by placing it in any position
k) and it is easy to see that (o, x)-semistability of the associated complex is equivalent
to (Gieseker) semistability of F Tthat is, for all proper nonzero subsheaves we have an
inequality of reduced Hilbert polynomials.

LEMMA 3.5.  Suppose F~ is a complex and there is g > 0 such that F is (1,0n/¢)-
semistable for all positive rational € < eg. Then F is either a shift of a semistable torsion
free sheaf or isomorphic to a shift of the cone on the identity morphism of a semistable
torsion free sheaf.
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PRrROOF. By letting € tend to zero, we see that F' is (0, dn)-semistable and so F
is either a shift of a torsion free sheaf or isomorphic to a shift of ‘the cone on the identity
morphism of a torsion free sheaf by Lemma 3.1. If F is the shift of a sheaf, then it is
semistable by (1, dn/€)-semistability for any 0 < € < . If F* is the cone on the identity
morphism of a torsion free sheaf F and F' C F is a subsheaf, then we can consider
Cone(idz/) as a subcomplex. Then (1,d7/¢)-semistability of 7" implies semistability of
F. O

REMARK 3.6. Conversely, a shift of a semistable torsion free sheaf or a shift of a
cone on the identity morphism of a semistable torsion free sheaf is (1, d7/¢)-semistable
for any € > 0.

COROLLARY 3.7. The HN filtration of F[—k] with respect to (1,6n/€) is given by
the HN filtration of the sheaf F. Similarly, the HN filtration of Cone(id}:) with respect
to (1,9n/¢) is given by taking cones on the identity morphism of each term in the HN
ﬁltmtio?z of F.

By Corollary 3.3, the successive quotients in the HN filtration of F* with respect to
(0,6n) are either H(F")[—i] or isomorphic to Cone(idy, 4:)[— (i + 1)].

THEOREM 3.8. Let F be a complex concentrated in [my, ma] with torsion free
cohomology sheaves. There exists €9 > 0 such that for all rational 0 < € < €y the Harder-
Narasimhan filtration of F' with respect to (1,n/e) is given by refining the Harder-
Narasimhan filtration of F' with respect to (0, (5ﬂ)7by the Harder-Narasimhan filtrations
of the cohomology sheaves H'(F') and image sheaves Im d'.

Proor. If d:=dim X = 0, then every sheaf is semistable and so any choice of ¢
will work. Hence we assume d = dim X > 0. Let H*(F"); for 1 < j < s; (vesp. Imd} for
1 < j <t;) denote the successive quotient sheaves in the Harder-Narasimhan filtration
of HY(F") (resp. Imd'). The successive quotients in this filtration are either shifts of
H(F"); or isomorphic to shifts of the cone on the identity morphism of Im d;- and so by
Remark 3.6 are (1, dn/¢)-semistable for any rational € > 0. Thus it suffices to show there is
an e > 0 such that for all 0 < € < ¢y we have inequalities of reduced Hilbert polynomials
of the successive quotients. Since we know that the reduced Hilbert polynomials of the
successive quotients in the Harder-Narasimhan filtrations of the cohomology and image
sheaves are decreasing, it suffices to show for m; < ¢ < mgy — 1 that:

P(H'(F)s,) P(Imdi)  mi + Nt

VR m(Fy, O tma;, 0 2
P(Imdj)) i + Nit1 P(H™ (F)1)

2) e rklmdi, g e rk Hi+L(F), Omis1:

These polynomials all have the same top coefficient and we claim we can pick € so that
we have strict inequalities in the second to top coefficients if 0 < € < ¢y. Let p(A)
denote the coefficient of z4~1 in the reduced Hilbert polynomial of A and let §*°P > 0
be the coefficient of 971 in 6. Let M; := max{u(Imd}) — u(H (F")s,), p(HTHF)1) —
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p(Imd; )} for my < i < mg — 1; then pick ¢ > 0 so that when M; > 0 we have
€ < (5t0p(77i+1 — 7]1)/2M1 O

REMARK 3.9. In the bounded derived category D®(X), this filtration corresponds
to a sequence of distinguished triangles

0\\77 /]:(1) - /}'(2) ...... / Flay —> o 7J;
HAF -4 HY(F )| K] HY(F ), [ H] HY(F ) [-1]

which is given by combining the ‘filtration’ coming from the standard t-structure with
heart equal to Coh(X) with the (shifted) Harder-Narasimhan filtrations of the subquo-
tients in Coh(X).

4. The stratification of the parameter space.

In this section we study the GIT stratifications of the parameter space T for com-
plexes associated to the collection of stability conditions (1,4d7/¢) given in Section 3 and
compare these stratifications to the natural stratification by Harder-Narasimhan types.

4.1. The Hesselink-Kirwan-Ness stratification.

Given a projective G-scheme B with an ample linearisation £, there is a stratification
of B by G-invariant subschemes {Sg : 8 € B} [8], [12], [13]. If we choose a compact
maximal torus T" of G and positive Weyl chamber t; in t = LieT, then the index set
B can be identified with a finite set of rational weights in t; as follows. By fixing an
invariant inner product on the Lie algebra K of the maximal compact subgroup K C G,
we can identify characters and cocharacters as well as weights and coweights. There are
a finite number of weights for the action of 7" on B and the index set B can be identified
with the set of rational weights in t; which are the closest points to 0 of the convex hull
of a subset of these weights.

Associated to (3 there is a parabolic subgroup P3 C G, a rational 1-PS Ag : C* — T
(ie. Aj is a 1-PS) and a rational character xg : Tc — C* which extends to Pg. Let
Z3 be the components of the fixed point locus of A\g acting on B on which Ag acts with
weight —||\5/|* and Z 5" be the GIT semistable subscheme for the action of the reductive
part Stab 8 of Pg on Zz with respect to the linearisation £X-#, which is the original
linearisation £ twisted by the character x_g : Stab3 — C*. Then Y3 (resp. Yﬂss) is
defined to be the subscheme of B consisting of points whose limit under the action of
Ag(t) as t — 0 lies in Zg (resp. Z3°) and there is a retraction pg : Y3 — Zg given by
taking a point to its limit under Ag. Then

Sp = GY§* =G TPy

can be defined for any rational weight 3, although Sg is nonempty if and only if 3 is an
index.
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4.2. GIT set up.

We consider the collection of stability parameters (1,6n/e) from Section 3. The
parameter space T = Tp(n) for (1,0n/€)-semistable complexes with invariants P is a
locally closed subscheme of a projectivg bundle ® over a product Q = Q™ X --- X Q™2 of
open subschemes Q' of quot schemes. The reductive group G = SL(ED, V) N[, GL(V?)
acts on ¥ and a linearisation of this action is determined by the stability parameters (see
Section 2.4 and [14]). We work with the natural projective completion T of T given in
Section 2.6. For any n > 0 and € > 0, associated to this action we have a stratification
of T into G-invariant locally closed subschemes such that the open stratum is the GIT
semistable subscheme. As we are primarily interested in complexes with torsion free
cohomology sheaves, which form an open subscheme th of the parameter space T, we

look at restriction this stratification to the closure ftf of ¥t/ in T

=] 85 (6)

BeB

We also have a stratification by Harder-Narasimhan types with respect to (1,dn/¢):
T =| |R, (7)

where the union is over all Harder-Narasimhan types 7.

NOTATION. Let us fix a complex F  with torsion free cohomology sheaves and
invariants P and pick e sufficiently small as in Theorem 3.8. We assume that F has
nontrivial Harder-Narasimhan type 7 with respect to (1,dn/€). Let H;; (resp. I; ;)
denote the Hilbert polynomial of the jth successive quotient H*(F"); (resp. Imd}) in
the Harder-Narasimhan filtration of the sheaf H*(F") (resp. Imd") for 1 < j <'s; (resp.
1< j < ti). Let H,L'J = (Hik,j)kEZ and IiJ' = (Iik,j)kEZ be given by

o H;; ifk=4, 4 I Li; ifk=414+1,
i = an i =
7 0 otherwise, 7 0 otherwise.

Then 7 = (Hppy 1,y - - - 5 Hiny sy Tna s -+ Dyt s Himg 41,15 -+ - ,Hmz,sw) is the HN type
of F* with respect to (1,6n/¢), which we abbreviate to 7 = (H,I). We note that a
complex with Hilbert polynomials specified by the tuple H; ; = (Hfj) kez 1s a complex
concentrated in a single degree ¢ (i.e., a shift of a sheaf), whereas a complex with Hilbert
polynomials specified by I; ; is a two term complex concentrated in degrees 7 and 7 + 1.

Following Lemma 3.5 and finiteness results regarding variation of GIT (for example,
see [3] and [16]), we may make the following assumption about the two term complexes

with Hilbert polynomials specified by the tuple I; ;:

AssuMPTION 4.1.  We assume ¢ is sufficiently small so that the only (1,0d7n/€)-
semistable complexes with Hilbert polynomials I; ; are isomorphic to cones on the identity
morphism of a torsion free semistable sheaf.
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4.3. Overview of the proof.

In the remainder of this section we compare the GIT stratification (6) with the
Harder-Narasimhan stratification (7). We are working towards Theorem 4.15, which
states for n > 0 that R, C T/ parametrises all complexes with Harder-Narasimhan
type 7 and that R, is a union of connected components of Sg N Tt/ where 3 is a weight
associated to 7. The first step is to show we can pick n >> 0 so that R, C T/ contains all
complexes with Harder-Narasimhan type 7 which we do in Section 4.4. Then in Section
4.5, we find the required index § = (7). In Section 4.6 we describe the components of
Sj that we are interested in (i.e. which contain R;) and in Section 4.7 we complete the
proof.

4.4. Boundedness.

A result of Simpson (cf. [15, Theorem 1.1]) states that a collection of torsion free
sheaves on X of fixed Hilbert polynomial is bounded if the slopes of their subsheaves are
bounded above by a fixed constant. It follows from this that:

LEMMA 4.2.  The set of sheaves occurring in a complez of torsion free sheaves with
Harder-Narasimhan type (Py,. .., Ps) with respect to (a,x) is bounded.

COROLLARY 4.3.  Let (P1,...,Ps) be a Harder-Narasimhan type with respect to
(g,Xx). Then we can choose n sufficiently large so that for 1 < i3 < -+ < i < s all
the sheaves occurring in a complex of torsion free sheaves with Harder-Narasimhan type
(P, ..., Pi,) are n-regular.

ASSUMPTION 4.4.  We assume n is sufficiently large so that the statement of Corol-
lary 4.3 holds for the Harder-Narasimhan type 7 = (H,I) of our fixed complex F'. In
particular this means every complex £ with Harder-Narasimhan type 7 is parametrised
by R, C T.

4.5. The associated index.

Let z = (¢,[¢ : 1]) be a point in T'f which parametrises the fixed complex F
with HN type 7. The stratification can be described by adapted 1-PSs, so rather than
searching for a rational weight 3 such that z € Sz, we can look for a 1-PS Ag which is
adapted to z i.e. is most responsible for the instability of z. It is natural to expect that
A should induce the filtration of F* which is most responsible for the instability of this
complex; that is, its HN filtration. To distinguish between the cohomology and image
parts we write the HN filtration of F* as

CcZ

0CH, c---CH m (D) Ly () & 1,00 & E Hong (o) = F

- mh(l) - - :m'lv(sml) -
where the quotient H;, ; (resp. Il'w-) of H;, ) (resp. I, (j)) by its predecessor is isomor-

phic to H*(F");[—k] (resp. Cone(idy,, 4 )[—(k+1)]). This induces vector space filtrations

mi, mi, mz,

OCVni,Ll’(l)C-..CVi (Sml)CWi ’ )chl (tml)c_._cvi (sz):Vi (8)

for m1 <11 < mg where
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Vi iy = H(¢' () H(Hj, ;y(n)) and W ;= H°(¢'(n)) "' H*(Z, (;,(n)).

Let Vi ; (resp. Wy ;) denote the quotient of Vki’(j) (resp. W,Q(j)) by its predecessor in
this filtration. By the construction of the HN filtration (see Theorem 3.8) we have that
Vki’j = 0 unless k = ¢ and W,i] =0 unless k = i,i — 1 and W ; = ijl

Given integers 1 > 0 > Gy, > by > > bmlat'rnl > Qmyr1,1 > 0 >
Ams,s,,, Such that

Smy

mo—1 t;

i Xa”dlmw +2 30 b dim W =0, (9)

i=my j=1 i=my j=1

we can define a 1-PS A(a,b) : C* — G which induces the above filtrations as follows.
Let Vi = @5k, Vi, and W} = @;’“:1 W} ;; then define 1-PSs AP € — GL(V)) and
AL CF — GL(W]) by

b
iy, ety
H,i . i
Ak *(t) = " ) )‘kl(t) = .
tak Sk Ivz tbk K Iwz

sy k.tp,

Then A(a,b) := (Amy,-- -5 Am,) is given by

AL ()

Ai(t) = A1) e GL(Vi) = GL(Wz ) @V’@Wl) (10)
A ()

For all pairs (a,b) the associated 1-PS A(a,b) of G induces the HN filtration of F.

The weight “(z, A(a,b)) is given by Proposition 2.8 i). Let (1,67 /€) be the stability

parameters associated to (1,0n/¢) which satisfy >, n/r* = 0 (cf. Remark 2.2) and let

= (32, P'(n))/(8(n) 32, r*); then define

1 ni\ tk(H; ;) 1 n; + iy \ tk(Z; ;)
i = < — = : d bi‘Izi— :
i ) (C i ) ey M T sy T\ T ) T

where rk(H; ;) and rk(l; ;) are the ranks determined by the leading coefficients of the
polynomials H; ; and I; ;. These numbers minimise the normalised Hilbert-Mumford
function p“(z, M(a,b))/||A(a,b)|| subject to condition (9).

Take a basis of V? which is compatible with the filtration of V* defined at (8) and
define T} to be the maximal torus of the compact group U(V?) given by taking diagonal
matrices with respect to this basis and let

ti-‘r = {idiag(al,...,adimvi) ayp Z Z adimvi} C ti = LleTl

Let T be the compact maximal torus of G determined by the tori T; and let t; be the
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positive Weyl chamber associated to the t; .

DEFINITION 4.5. Let 8 = ((r,n) € t; be the rational weight defined by the
rational weights

B = ddiag(bi—1,1,. - bi1,t, 15 @ity Qisyy bty big,) € by

where a; ; appears H; ;(n) times and by ; appears I j(n) times. This rational weight
defines a rational 1-PS Ag of G by Ag = A(a, b).

4.6. Describing components of Sg.

Consider the closed subscheme F; of il consisting of z = (¢, [t : (]) where 1) is
determined by boundary maps d’ and we have decompositions

ti—1 Si

t; ti
¢ =Pr;o@Pd,;oPr;, ad d=Pd (11)
Jj=1 J Jj=1 j=1

1

where ¢ ; : V', @ Ox(—n) — &/ ; is a point in Quot(V;'; ® Ox(—n), H; ;) and p}w :
Wi ; @ Ox(—n) — G; ; is a point in Quot(Wy ; @ Ox(—n), I} ;) and dj : G; ; — g;j;.l.

By Remark 2.7, the Ag(C*)-fixed point locus of ftf decomposes into three pieces:
a diagonal piece, a strictly upper triangular piece and a strictly lower triangular piece.
Each of these pieces decomposes further in terms of the Hilbert polynomials of the direct
summands of each sheaf in this complex. In particular:

LEMMA 4.6. F, is a union of connected components of the fized point locus
(ftf))‘ﬁ((c*) which is contained in the diagonal part of this fixed point locus.

REMARK 4.7.  Every point in T,y := F. N Tt/ is a direct sum of complexes with
Hilbert polynomials specified by 7 and it follows that there is an isomorphism

Ttf

my,smy Iy

tf

Ly X X% X - X Zy X %y XX Ty

Myt mq+1,1

=T

o
LEMMA 4.8. Let z € T(;) = F, N T, then 2z € Zg.

PRrOOF. The weight of the action of Ag on z = (g, [¢ : 1]) is equal to p*(z, \g)
and using the formula given in Proposition 2.8 i) we can check that u*(z, A\g) = —||Ag||?
as required. O

Let F be the union of connected components of Z3 meeting € (;); then F is contained
in the diagonal part of Z3. Consider the groups

mo 8§ mo—1 t;

Stab § = ( IT ITceovip < IT T 62wy x GL(WJ#)) n ﬂ(@vi)

i=mq j=1 i=mq j=1

~ m2 g mz—1 i ~(n - (n
and G = {(vi,j,wi,j) e ((C*)El:ml +Elfm1 t : Hi,j(vi,j)HL’J( )(wi,j)QIL’J( ) — ]_}
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LEMMA 4.9. G is a central subgroup of Stab 8 which fixes every point of F. This
central subgroup acts on the fibre of L over any point of F' by a character xp : G — C*
given by

XE (Vi wi ) = [ J(ws,g) a9 ()i oa GO i) o),

.
ProorF. The inclusion G — Stab [ is given by
(i wig) = (vigdvy, wiglw; s wiglwiv).

Let z = (¢, [% : ¢]) be a point of F; then we have a decomposition of ¢* and d* as at
(11). A copy of C* acts trivially on each quot scheme and so the central subgroup G
fixes this quotient sheaf. As (v, ;, w; ;) € G acts on both G ; and Qf;l by multiplication
by w; ;, the boundary maps are also fixed by the action of G. The calculation of the
character xp : G — C* is done by modifying the calculations for C*-actions in Section
2.6 to general torus actions. O

Let £X-# denote the linearisation of the Stab 3 action on Zz given by twisting the
original linearisation £ by the character x_g associated to —f3 and let

G':={(g},hi; hit') € Stab 3 : det gi =1 and det b ;det hit" =1}
mo  S; ma—1 t;
= IT TIsevip < I1 TI (Guowiy) < cuowih) nsu(wi, @witt).
i=my j=1 i=my j=1

PROPOSITION 4.10.  If F' is the components of Zg which meet T(.); then
FStabﬁfss(EX_ﬁ) _ FG”fss(E)'

ProoOF. There is a surjective homomorphism @ : Stab § — G such that the com-
position of G — Stab 3 with & is

(wi g, wig) = (uh, wlh)

for some positive integer M. Hence, ker ® x G surjects onto Stab g with finite kernel and
FStabB=ss(fx-p) = fker ®xG=ss(rx-5) The restriction of y_s to the central subgroup
G is

o ) — —ai jHij(n) —bi ;21 (n)
X-p(vi 5, wij) = Hvi,j w; )

,J

which is equal to the character xp : G — C* given in Lemma 4.9. As we are
considering the action of ker® x G on F' linearised by L£X-2 the effects of the ac-
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tion of G’ and the modification by the character corresponding to —( cancel so that
Fler®xG=ss(px—p) = pker®=ss(r) Finally as G’ injects into ker ® with finite cokernel,
we conclude Fker®=ss(£) = FG'=ss(p), O

Let z; = (q;j, [0,1]) be points in the parameter spaces Ty, ; for complexes with
invariants H; ; which correspond to complexes H; ; concentrated in degree i and let
Yij = (pﬁ,j,pxl [goé, 1]) be points in ‘Itlfj corresponding to a complex Z; ; concentrated in
degrees i and 7+ 1. Then let 2 € %,y denote the associated point under the isomorphism

Ty =Ty X X%y x Tt ><~-~><T§f X T X X%y

my,1 ™mi,8mq Imq mytm, mi+1,1

of Remark 4.7. By Proposition 4.10, we have

ss ._ Stabf—ss _ _ &G’ —ss .
=T (LX72) =50y " (Ll )i

therefore, z is in T, if and only if p=(z,A) > 0 for every 1-PS X of G'. A 1-PS X of G’
is given by

e 1-PSs A of SL(V};) and

o 1-PSs M, = (AL AT of (GL(WY,) x GL(W,TY)) N SL(WE, @With).

LEMMA 4.11.  Forn > 0, if z € Z(;) is as above and a direct summand 'H; ; or

Z; ; is (1,6n/€)-unstable, then there is a 1-PS X of G' such that u*(z,\) < 0.
PrOOF. We suppose n is sufficiently large so that semistability of a torsion free
sheaf with Hilbert polynomial H; ; (respectively I; ;) is equivalent to GIT-semistability
of a point in the relevant quot scheme representing this sheaf. We also assume n is
sufficiently large so for 1 <7 <m—1and 1 < j < t;, we have that (1, dn/e)-semistability
of a complex with Hilbert polynomials I; ; is equivalent to GIT semis‘;aubility of a point
in z[w. .

If H;j is unstable, then the point q;j in the quot scheme is unstable for the action
of SL(V}';) and so there is A/; for which u(q} ;, A\f;) < 0. If we let all other parts of
A= (A, Al;) to be trivial, then it follows immediately from (2) that pE(z,A) < 0.

If 7; ; is unstable with respect to (1,6n/€), then it is not isomorphic to the cone
on the identity map of a semistable sheaf by our assumption on €. Let d : IZ i Iff;l
denote the boundary morphism of this complex. If d = 0, we can choose a 1-PS X to
pick out the subcomplex IZ J 0. If d # 0 but has nonzero kernel, then consider the
reduced Hilbert polynomial of this kernel. If the kernel has reduced Hilbert polynomial
strictly larger than Ii"’j, then choose A\ to pick out the subcomplex kerd — 0. If the
kernel has reduced Hilbert polynomial strictly smaller than Z; ;, then choose A to pick
out the subcomplex 0 — Imd. If the kernel has reduced Hilbert polynomial equal to
I; j/ vk I; j, then choose A to pick out the subcomplex Zj ; — Imd. Finally, if d is an
isomorphism but Z; ; is unstable, then let C be its maximal destabilising subsheaf and
choose a 1-PS A which picks out the subcomplex C — d(C). In all these cases we can

check that p“(z, \) < 0 using Proposition 2.8. U
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LEMMA 4.12.  Suppose n is sufficiently large and we are allow a rescaling of (0, 7).
If z € T(7) and all the direct summands H; ; and Z; ; are (1,6n/€)-semistable, then for
every 1-PS X of G’ we have pu*(z,\) > 0

PrOOF. Let n be chosen as in Lemma 4.11. We can diagonalise the 1-PSs )\fI]

and /\I simultaneously to get decreasing integer weights v, > - -+ > =, and weight space
_ 1 1 s i+1 _

decomposmons Vi = Vl PD-- @ij“ and W, = WZ D---PW and W; T =
”H 'D-- @ijl v, The corresponding vector space ﬁl.tratlons give rise to sheaf
ﬁltratlons of H! ., I! . and TH and we let Ho% T0% and IZ;l’k denote the successive

1,5 7,, 0,57 l »J
quotients. If A induces a ﬁltratlon by subcomplexes, then by Proposition 2.8 we have

u ! . / ,
N=> % l > (C + ") rkZ)F + (C + 77“) rkZ}HhF
k=1 my<i<mg—1 € €
Z ;i ik

i<j<t;
my1<i<mg
1<j<s;

where C = (3, P'(n )/ (6(n) >, r?). By construction of the linearisation, C' + n}/¢ is

positive. As H! 4 Ii ; and Iﬁ;l are semistable, the Hilbert-Mumford criterion gives

Z'ykrkH >0 and Z’yk<rkf7’f—[j(r’;) dlmWi’f) >0 forl=id,i+1.
k=1 b

Using these inequalities and the fact that /\i[)j is a 1-PS of SL(Wf)j éh ijl), we obtain

rkf ARy i R
HE(E ) 2 Z ZZ%KCHL )dlmW F (C+:1> dlmWijl’k}

mo—1 t;

= rkIJ Z yo 77”1 ) Z%dlmW”““.

'Lmljl

As X induces a filtration by subcomplexes,

dim (W @@ @ W) < dim (Wi P Dwi™)

and it follows that — >, _; v dim WZ’f =Yk dim W;;Hk > 0 and so p“(z,\) > 0.

As in [14, Theorem 1.7.1] (see also Remark 2.9), we can rescale (4,7) to (Kd,n/K)
for K a large integer so that we can verify GIT-semistability by only chgcking for 1-PSs
which induce filtrations by subcomplexes. O

Let T3, , (resp. 77 ) be the subscheme of Ty, ; (resp. ‘Itlfc j) which parametrises
(1,9n/€)-semistable complexes with Hilbert polynomlals H, ; (resp. I; j). We assume the
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pair (d,7) have been scaled as required by Lemma 4.12. Then it follows from Proposition
4.10, Lemma 4.11 and Lemma 4.12 that:

PROPOSITION 4.13.  For n sufficiently large, we have an isomorphism

SS
X oo X EY

m,tmy

SS SS
X TH X oo X TH

my1+1,1 ma,smy

SS
x %7

mq,1

?75—) = S;‘?WUJ X X 3:'SI'ISWLLSml
LEMMA 4.14.  Let F*® denote the connected components of Z3° meeting Tff_); then
for n sufficiently large

Pyt (F) N3 =pst(T)

where pg : Yg — Zg is the retraction given by pg(y) = limy_,0 Ag(t) - y.

PROOF. Let n be chosen as in Proposition 4.13. Let y € pgl(‘if‘:)) so that pg(y) €
Ty CF=. Ity ¢ Tt/ then for all t # 0 we have \g(t) -y ¢ T/ which would contradict
the openness of T N F*5 in F*°.

Let y = (q,[p: 1]) € T be given by ¢' : VI® Ox(—n) — & and d* : £ — &L If
z =pg(y) € F*°, then as F'*® is contained in the diagonal components of Z3°, the 1-PS
Ap induces a filtration of y by subcomplexes and the associated graded point z represents
a direct sum of complexes (cf. Lemma 2.6). In particular, z = pg(y) € T(+) and is GIT
semistable for the action of G’ on Zg with respect to £ by Proposition 4.10. We can
use similar arguments to those used in the proof of Lemma 4.11 to show that the direct
summands z; ; € Ty, ; and y; ; € Ty, ; of z are (1, n/¢)-semistable. O

4.7. A comparison of the stratifications.

We are now ready to prove the main result relating the GIT stratification (6) with
the Harder-Narasimhan stratification (7) with respect to (1,dn/¢) of the parameter space
Ttf. Let B(1,n) denote the rational weight given in Definition 4.5.

THEOREM 4.15.  For n sufficiently large we have:

i) B =p(r,n) belongs to the index set B for the stratification {Sg: 5 € B} offtf.

ii) Ry =Gpy(T)-

iii) The subscheme R, = Gpgl( fj)) of the parameter scheme T parametrising com-
plexes with Harder-Narasimhan type T is a union of connected components of Sg
ng.

PRrROOF. Suppose n is sufficiently large as in Proposition 4.13. We defined 8 by
fixing a point z = (¢™,...,¢™2,[¢ : 1]) € R, corresponding to the complex F* with
HN type 7. For i), it suffices to show Sg # ¢ and we claim Z := pg(2) € Z3°. As Ag
induces the HN filtration of ', Z = lim;_,g Ag(t) - 2z is the graded object associated to
this filtration. Then by Proposition 4.13 it suffices to show that each summand in the
associated graded object is (1, dn/e)-semistable, which follows by definition of the HN
filtration. a

The above argument shows that pgl(ffj)) C R, and since R, is G-invariant we
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have Gpgl( ‘E’j)) C R,. For ii), suppose y = (¢"*,...,q™2,[p : 1]) € R, corresponds to
a complex £ with Harder-Narasimhan filtration

0& Hony & & H, S Imiy ot CH 2

ma(smy) & Lm may(tmy) 7 F Pina(smy) =

of type 7. Then this filtration induces a filtration of each vector space V? and we can

choose a change of basis matrix g which switches this filtration with the filtration of V*
given at (8) used to define 3. Then g -y € pgl(T‘(j)) which completes the proof of ii).

Since F*¢ is a union of connected components of Z3°, the scheme Gp[;l(FSS) is

a union of connected components of Sz. Therefore, Gpgl(F ) N T is a union of

SS

connected components of S3NT!. Finally, by Lemma 4.14 we have R, = Gpgl( (T)) =
Gps' (F**) N T which proves iii). O

5. Quotients of the Harder-Narasimhan strata.

In the previous section we saw for small €, there is a parameter space R, for com-
plexes of Harder-Narasimhan type 7 with respect to (1,6n/¢) and R, is a union of con-
nected components of a stratum Sg(7) N T/ (n) when n is sufficiently large. In this
section we consider the problem of constructing a quotient of the G-action on this Harder-
Narasimhan stratum R,. If a suitable quotient did exist, then it would provide a moduli
space for complexes of this Harder-Narasimhan type. In particular, it would have the
desirable property that for two complexes to represent the same point it is necessary that
their cohomology sheaves have the same Harder-Narasimhan type.

By [9, Proposition 3.6], any stratum in a stratification associated to a linearised
G-action on a projective scheme B has a categorical quotient. We can apply this to our
situation and produce a categorical quotient of the G-action on R,.

PrOPOSITION 5.1.  The categorical quotient of the G-action on R, is isomorphic

to
mo  S; mo—1 t;
1 T vresmo-soem « TT TTwswo- x5
i=my j=1 i=mq j=1

where ML01/9=35( X PY denotes the moduli space of (1, dn/e)-semistable complexes with
invariants P. Moreover:

(1) A complex with invariants H; j is just a shift of a sheaf and it is (1, 6n/€)-semistable
if and only if the corresponding sheaf is Gieseker semistable.

(2) A complex with invariants I; j is concentrated in degrees [i,i+ 1] and it is (1, 0n/€)-
semistable if and only if it is isomorphic to a shift of the cone on the identity ‘mor-
phism of a Gieseker semistable sheaf.

PROOF. By [9, Proposition 3.6], the categorical quotient is equal to the GIT quo-
tient of Stab # acting on () with respect to the twisted linearisation £X-#. It follows
from Proposition 4.10 this is the same as the GIT quotient of the group G’ acting on
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T (r) with respect to £ and by Theorem 2.5, this is the product of moduli spaces of
(1,0n/e€)-semistable complexes with invariants given by 7. The final statement follows
from Lemma 3.5, Remark 3.6 and the assumption on € (cf. Assumption 4.1). O

In general this categorical quotient has lower dimension than expected and so is not a
suitable quotient of the G-action on R,. Instead, we should perturb the linearisation used
to construct the categorical quotient and take a quotient with respect to this perturbed
linearisation. However, it is not always possible to find a way to perturb this linearisation
and get an ample linearisation with nonempty semistable locus.

Since R, = GY(STS) ~ G xPs Y(Sj) where Y(STS) = pEl( fj)), a categorical quotient
of G acting on R, is equivalent to a categorical quotient of Pg acting on (STS) If we
instead consider Ps acting on Y(STS)7 then there are perturbed linearisations which are
ample although Pgs is not reductive. In fact moduli spaces of objects with filtrations is
one of the motivations for the work on non-reductive GIT (for example, see [4]).

Following [9], it is possible to take a quotient of the reductive part Stab§ of Pg
acting on Y(STS with respect to an ample perturbed linearisation and get a moduli space
for complexes of Harder-Narasimhan type with 7 some additional data. The additional
data is an ‘n-rigidification’ of the complex, which generalises the notion for sheaves given
in [9, Section 7], and compensates for the fact that we are not quotienting by the full
group Pj3. In fact it is easy to see that an n-rigidification of a complex of HN type 7 is
equivalent to n-rigidifications of its cohomology sheaves H*(F") and images Im d*. The
perturbation of the linearisation is given by a tuple @ of rational numbers and this also
determines a notion of semistability for complexes of HN type 7 via the Hilbert-Mumford
criterion.
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