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We prove an integral surgery formula for framed instanton homology I#(Y,,(K)) for any knot K in a
3-manifold Y with [K]=0¢€ H;(Y; Q) and m # 0. Although the statement is similar to Ozsvith-Szabd’s
integral surgery formula for Heegaard Floer homology, the proof is new and based on sutured instanton
homology SHI and the octahedral lemma in the derived category. As byproducts, we obtain a formula
computing instanton knot homology of the dual knot analogous to Eftekhary’s and Hedden—Levine’s work,
and also an exact triangle between I#(Y;,(K)), I*(Y,4%x(K)) and k copies of 1#(Y) for any m # 0 and
large k. In the proof of the formula, we discover many new exact triangles for sutured instanton homology
and relate some surgery cobordism map to the sum of bypass maps, which are of independent interest. In
a companion paper, we derive many applications and computations based on the integral surgery formula.
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1 Introduction

The framed instanton homology 7 #(Y) for a closed 3-manifold Y was introduced by Kronheimer and
Mrowka [2011] and has been conjectured to be isomorphic to the hat version of Heegaard Floer homology,
ﬁF(Y). This conjecture is still widely open and, due to the computational difficulty of instanton Floer
homology, not many examples are known. In recent years, many people have done computations of the
framed instanton homology of special families of 3-manifolds; see for example [Lidman et al. 2022]
and [Baldwin and Sivek 2023; 2021]. So far, most results have focused on computing the dimension of
framed instanton Floer homology and many techniques only work for S* or rational homology spheres,
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but a general structural theorem that relates the framed instanton homology of Dehn surgeries to the
information from the knot complement still remains elusive.

In [Li and Ye 2021], we proved a large surgery formula for framed instanton homology, which led to a
series of applications in computing the framed instanton homology and studying the representations of
the fundamental groups of Dehn surgeries of some families of knots. However, in that work, the Dehn
surgery slope must be large (at least 2g + 1, where g is the Seifert genus of the knot), and thus still not
much is known about the framed instanton homology of small Dehn surgery slopes. In this paper, we
further prove an integral surgery formula for rationally null-homologous knots, inspired by Ozsvéth and
Szabé’s surgery formula [2008; 2011] for Heegaard Floer homology. For simplicity, in the introduction
we present only the discussions and results for (integral) null-homologous knots (eg knots in S3) and
leave the general setup to Section 3.3.

First let us recall the results from [Li and Ye 2021]. Suppose K C Y is a null-homologous knot. Let
Y\ N(K) be the knot complement, and let I";, be the union of two oppositely oriented meridians of the knot
on d(Y\N(K)). Let SHI(-Y \N(K), —I';,) be the corresponding sutured instanton homology introduced
by Kronheimer and Mrowka [2010], where the minus sign denotes orientation-reversal for technical
needs; note that SHI(— M, —y) = SHI(M, y) and in particular, I#(—=Y_,,(K)) 2= I*(Y_,(K)). A Seifert
surface of K induces a Z-grading on SHI(—Y\N(K), —I"y). In [Li and Ye 2021], we constructed a set
of differentials on SHI(=Y\N(K), —T'y),

d}: SHI(=Y\N(K).—T.i) = SHI(=Y \N(K). ~T}. /)
for any gradings i # j € Z. We then constructed bent complexes

Ag = (SHI(—Y\N(K),—Fu)a YA+ ) df)’

s<i<j §=i>j
Bt = (SHI(—Y\N(K),—FM), Zd;’) and B~ = (SHI(—Y\N(K), —Tp). Z‘d}).
i<j i>j
From [Li and Ye 2021], the homologies of these complexes are related to the Dehn surgeries of K by
(1-1) H(BY)~ H(B™) ~ I*(-Y),
[(m—1)/2]
(1-2) Iﬁ(Y_m(K)) ~ @ H(Ag) for any integer m > 2g(K) + 1.
s=[(1-m)/2]
To state the integral surgery formula, we introduce more notation. For s € Z, let BsfE be identical copies

of B*. Define chain maps
a5 Ay — BE

as follows. For x € (SHI(=Y\N(K), =I'y), i),

RO TS IS SRS ST
0 ifi<s, 0 ifi>s.
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Let 7% denote the direct sum of all 7. While this slightly abuses the notation, we also use it to denote
the induced maps on the homologies. The main result of the paper is the following.

Theorem 1.1 (integral surgery formula) Suppose K C Y is a null-homologous knot. Let Ay, BsfE and
n* be defined as above. Then for any m € Z\{0}, there exists an isomorphism

Em: @ H(B) = P H(B; )

SEZL SEZL

as the direct sum of isomorphisms

~

Em,s: H(B;") — H(By,,,)
such that

IH(=Y_n(K)) = H(Cone(n_ +Emont: P H(4s) — P H(Bs‘)))-

SEZ SEZ

Remark 1.2 As an analog of the surgery formula in Heegaard Floer homology, the map 7~ is related
to the vertical projection map v, and the map E,, o 77T is related to the map %, which is defined by
the composition of the horizontal projection and a chain homotopy equivalence between C{j > 0} to
C{i > 0}. Here we bend the horizontal part of the hook complex to become vertical, so the differentials
go upwards. The homotopy equivalence in Heegaard Floer homology depends on many auxiliary choices;
cf the construction before [Hedden and Levine 2024, Lemma 2.16]. The same situation applies to & .

Hence we only state the existence of the isomorphism.

Remark 1.3 The hypothesis of Theorem 1.1 excludes the case where m = 0. This is due to the sign
ambiguity in the definition of sutured instanton homology. The original version of sutured instanton
homology defined by Kronheimer and Mrowka [2010] was only well-defined up to isomorphisms, and
then Baldwin and Sivek [2015] proved that they are well-defined up to a scalar in C. As a result, all
related maps are only well-defined up to scalars. When m # 0, the maps 7 ** and E,, o 7% have
distinct target spaces, namely B and Bg4,. As a result, the scalar ambiguity for individual maps does
not influence the dimension of the homology of the mapping cone. However, when m = 0, different
scalars would indeed make differences. For an example of this subtlety, see the end of Section 4.

Remark 1.4 We also obtain a formula computing instanton knot homology KHI(—Y_,,(K), K_,,) of
the dual knot K_,, inside the resulting manifold in Theorem 3.22, which is analogous to the results by
Eftekhary [2018, Proposition 1.5] for knot Floer homology HFK and by Hedden and Levine [2024]. In
this formula, we may assume m = 0 because the scalar issue in Remark 1.3 does not appear.

With the isomorphisms in (1-2) and (1-1), we can truncate the above formula for 7#(Y_,,(K)) to obtain
the following exact triangle.
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Corollary 1.5 (generalized surgery exact triangle) Suppose K C Y is a null-homologous knot, and m
is a fixed nonzero integer. Then for any sufficiently large integer k, there exists an exact triangle

TH(=Y_ 4 (K)) @i, IH(-Y)

~

IF(=Y_n(K))

Remark 1.6 The analogous result of the exact triangle (1-3) in Heegaard Floer theory was proved by
Ozsvath and Szab6 [2008] using twisted coefficients, which is a crucial step towards proving the integral
surgery formula in their setup. The proof cannot be applied to instanton theory directly. Thus, in this
paper, we adopt a reversed approach: we use sutured instanton theory to prove Theorem 1.1 and derive
Corollary 1.5 as a direct application. The strategy to prove Theorem 1.1 can be found in Sections 3.1
and 3.2.

The analogs of 7% in Heegaard Floer theory can be interpreted as cobordism maps associated to some
particular spin¢ structures. In instanton theory, there is a decomposition of cobordism maps along basic
classes. However, currently such a decomposition is only known to exist for cobordisms whose first Betti
number is zero. So for the moment let us assume the ambient 3-manifold Y is a rational homology sphere.
For any integer m, there is a natural cobordism W}, from —Y_3m (K) to —Y 3. From [Baldwin and Sivek
2023, Section 1.2], there exists a decomposition of the cobordism map I#(W,,) along basic classes

(W) =) IF (Wi, [s)),
SEZ

where [s] € H?(W) denotes the class that satisfies the equality
[s1(S]) = 25 —m.
We make the following conjecture.

Conjecture 1.7 Suppose that K C Y is a null-homologous knot. Suppose that 51 (Y) =0 and m € Z
with m > 2g(K) + 1. Let Ay, By, n5*5, Wy, I#(W,,.[s]) be defined as above. Then for any s €

s 0

[Lm—1)/2], | (1 —m)/2]] N Z, there are commutative diagrams

H(Ag)———— IN—Y_u(K)) H(Ag)—————— IH=Y_u(K))
ln_"“ ll“(Wm,[S]) Jn*s lI”(Wm,[Hm])
H(By) ———=—— I*(-Y) H(By) ————— I¥(-Y)

Remark 1.8 In Heegaard Floer theory, the large surgery formula in [Ozsvath and Szab6 2004, Theo-
rem 4.1] states that the homology of the bent complex Ay is isomorphic to the Heegaard Floer homology
of Y_,,(K) together with a spin structure specified by s. In instanton theory, we do not have the spin®
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structures in the construction of instanton Floer homology but a similar decomposition was introduced
in [Li and Ye 2022; 2024]. However, involving the spin®-type decomposition in the statement of
Conjecture 1.7 would make the statement more complicated. So here we only write the top horizontal
map in each commutative diagram as an inclusion.

The obstacle to obtaining a decomposition of the instanton cobordism map, in general, is one of the
difficulties in exporting the original proof of the integral surgery formula in Heegaard Floer theory to the
instanton setup. To overcome this problem, we need to work with a suitable setup for which some kind
of decompositions do exist. A good candidate is sutured instanton theory. In sutured instanton theory,
properly embedded surfaces induce Z-gradings on the homology, and bypass maps relating different
sutures are homogeneous with respect to such gradings. We have already used this setup to construct
spin‘-like decompositions for the framed instanton homology of Dehn surgeries of knots, construct bent
complexes in instanton theory, and establish a large surgery formula in our previous work [Li and Ye
2022; 2024; 2021].

In this paper, to prove the integral surgery formula, we further study the relations between different sutures
on the knot complement and establish some new exact triangles and commutative diagrams that may be
of independent interest. Then these new and old algebraic structures relating to different sutures enable
us to apply the octahedral lemma to prove the desired integral surgery formula. It is worth mentioning
that ultimately the whole proof in the current paper depends only on some most fundamental properties
of Floer theory: the surgery exact triangle, the functoriality of the cobordism maps, and the adjunction
inequality. This implies that the existence of the surgery formula is an inherent property of Floer theory.

The surgery formula developed in the current paper is a powerful tool to study the Dehn surgeries along
knots. It enables us to do explicit computations in many cases, even when the ambient 3-manifold has a
positive first Betti number. In a companion paper [Li and Ye 2025], we will use the surgery formula and
the techniques developed in this paper to derive many new applications and computations. We sketch the
results as follows.

(1) We study the behavior of the integral surgery formula under the connected sum with a core knot in
a lens space (whose complement is a solid torus) and then derive a rational surgery formula for
framed instanton homology.

(2) We study the 0-surgery on a knot K inside S3. We derive a formula computing the nonzero grading
part of 7#(So(K)) with respect to the grading induced by the Seifert surface.

(3) We study nonzero integral surgeries on Borromean knots inside ¥ = #28S! x S2, which gives
nontrivial circle bundles over surfaces. In this case the bent complexes A5 and BS:IE can be computed
directly and the maps 7 ¥ between them can be fixed with the help of the A* H; (Y; C)-action.
Moreover, we show dimc 7#(Y) = dimp, I/{TJ(Y) for most Seifert fibered manifolds Y with nonzero
orbifold degrees.
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(4) We study a family of alternating knots. Using an inductive argument by the oriented skein relation,
we can describe their bent complexes explicitly and then the surgery formula applies routinely.

(5) Using the same technique as above, we also study the nonzero integral surgery of twisted Whitehead
doubles. The results for Whitehead doubles can also tell us the framed instanton Floer homology
of the splicing of two knot complements in S*, where one knot is a twist knot, ie the Whitehead
double of the unknot.

(6) We study almost L-space knots, ie a non-L-space knot K such that there exists n € Ny with
dim / ﬁ(S,f (K)) = n+ 2; see [Baldwin and Sivek 2024] for the results in Heegaard Floer theory.
We prove a genus-one almost L-space knot is either the figure-eight or the mirror of the knot 5,.
We also show that almost L-space knots of genus at least 2 are fibered and strongly quasi-positive.

Organization The paper is organized as follows. In Section 2, we introduce basic setup, the notation
in sutured instanton homology, and deal with the scalar ambiguity mentioned in Remark 2.4. We also
present some algebraic lemmas including the octahedral lemma in the derived category that are used in
latter sections. In Section 3, we present the strategy to prove the integral surgery formula. We first restate
the integral surgery formula using sutured instanton homology, and explain how to apply the octahedral
lemma to prove it. Then we explain how to translate the integral surgery formula from the language
of sutured instanton theory to the language of bent complexes, which coincides with the discussions
in the introduction. All the rest of the sections are devoted to prove the three exact triangles and three
commutative diagrams that are involved in the octahedral lemma, ie equations (3-2) to (3-7). In Section 4,
we study the relation between the (—1)-Dehn surgery map associated to a curve intersecting the suture
twice and the two natural bypass maps associated to that curve. This helps us to prove equations (3-2)
and (3-5). In Section 5, equations (3-3) and (3-6) and part of equation (3-4) are proved. The last two
sections are devoted to prove equations (3-4) and (3-7), which is the most technical part of the paper. In
Section 6 we prove some technical lemmas that are finally used in Section 7 to finish the proof.

Acknowledgements The authors thank John A Baldwin and Steven Sivek for the discussion on the proof
of Proposition 4.1, and thank Zekun Chen and Linsheng Wang for the discussion on homological algebra.
The authors thank Ciprian Manolescu and Jacob Rasmussen, and the anonymous referee for helpful
comments. The authors also thank Sudipta Ghosh, Jianfeng Lin, Yi Xie and Ian Zemke for valuable
discussions. Ye is also grateful to Yi Liu for inviting him to BICMR, Peking University when he was
writing the early version of this paper.

2 Basic setup

2.1 Conventions

If it is not mentioned, all manifolds are smooth, oriented and connected. Homology groups and cohomology
groups are with Z coefficients. We write Z, for Z/nZ and IF, for the field with two elements.
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A knot K C Y is called null-homologous if it represents the trivial homology class in H;(Y; Z), while it
is called rationally null-homologous if it represents the trivial homology class in H;(Y; Q).

For any oriented 3-manifold M, we write —M for the manifold obtained from M by reversing the
orientation. For any surface S in M and any suture y C M, we write S and y for the same surface and
suture in — M , without reversing their orientations. For a knot K in a 3-manifold Y, we write (=Y, K)
for the induced knot in —Y with induced orientation, called the mirror knot of K. The corresponding
balanced sutured manifold is (=Y \N(K), —yg).

2.2 Sutured instanton homology

For any balanced sutured manifold (M, y) [Juhdsz 2006, Definition 2.2], Kronheimer and Mrowka [2010,
Section 7] constructed an isomorphism class of C-vector spaces SHI(M, y). Later, Baldwin and Sivek
[2015, Section 9] dealt with the naturality issue and constructed (untwisted and twisted versions of)
projectively transitive systems related to SHI(M, ). We will use the twisted version, which we write as
SHI(M, y) and call sutured instanton homology.

In this paper, when considering maps between sutured instanton homology, we can regard them as linear
maps between actual vector spaces, at the cost that equations (or commutative diagrams) between maps
only hold up to a nonzero scalar due to the projectivity. A more detailed discussion on the projectivity
can be found in the next subsection.

Moreover, there is a relative Z,-grading on SHI(M, ) obtained from the construction of sutured instanton
homology, which we consider as a homological grading and use to take Euler characteristic.

Definition 2.1 Suppose K is a knot in a closed 3-manifold Y. Let Y(1) := Y\ B3 and let § be a simple
closed curve on Y (1) 22 S2. Let Y\ N(K) be the knot complement and let 'y, be two oppositely oriented
meridians of K on (Y \N(K)) 2 T2. Define

I%(Y) := SHI(Y(1),8) and KHI(Y, K) := SHI(Y\N(K), T).
Remark 2.2 By the naturality results, we should specify the places of the removing ball, the neighborhood

of the knot, and the sutures to define 7#(Y) and KHI(Y, K). These data can be fixed by choosing a
basepoint in Y or K. For simplicity, we omit those choices in the notation.

From now on, we will suppose K C Y is a rationally null-homologous knot and fix some notation. Let p
be the meridian of K and pick a longitude A (such that A - & = 1) to fix a framing of K. We will always
assume Y\ N (K) is irreducible, but many results still hold due to the following connected sum formula
of sutured instanton homology [Li 2020, Remark 1.6]:

SHI(Y'#Y\N(K),y) = I*(Y') ® SHI(Y \N(K), y).
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Given coprime integers r and s, let I, /5 be the suture on d(Y \ N (K)) consists of two oppositely oriented,
simple closed curves of slope —r /s, with respect to the chosen framing (ie the homology of the curves are
+(—rp+sA) € Hi(IN(K))). Pick S to be a minimal genus Seifert surface of K, with genus g = g(S).
Note that 0.5 may have multiple components.

Convention For a fixed pair (A, i) as above, we write p = 05 - u and ¢ = 9.5 - A. Note that when
an orientation of the knot K is chosen, the orientation of S is induced by the knot. The orientation of
W is chosen such that p > 0, and the orientation of A is chosen such that A - © = 1. Note that p is the
order of [K] € H{(Y), ie p is the minimal positive integer satisfying p[K] =0 € H;(Y). When K is
null-homologous, we always choose the Seifert framing A = d.5. In such a case, we have (p,q) = (1, 0).

Remark 2.3 The meanings of p and ¢ above are different from our previous papers [Li and Ye 2022;
2021]. Before, we used /i and A to denote the meridian of the knot K and the preferred framing. In
particular, the framing is fixed by [Li and Ye 2022, Definition 4.2]. In that case, we assume that 9.5 is
connected, and hence it is the same as the homological longitude (with the notation A in previous papers,
while we use 1 to denote the homological meridian). Also, the numbers p and ¢ in this paper should be
q and g in previous papers.

For simplicity, we use the bold symbol of the suture to represent the sutured instanton homology of the
balanced sutured manifold with the reversed orientation:

rr/s = S_HI(_(Y\N(K))’ _Fr/s)-

When (r,s) = (£1,0), we write I',j; = I'yy. When s = +1, we write I'y = ' /1 = ') /(1) We also
write I';, and I, for the corresponding sutured instanton homologies.

Remark 2.4 Strictly speaking, the sutures corresponding to (7, s) = (1,0) and (—1, 0) are not identical
because the orientations are opposite. Since both sutures are on d(Y \ N (K)) of the same slope, they
are isotopic. Moreover, we can choose a canonical isotopy by rotating the suture along the direction
specified by the orientation of the knot. Due to discussion in Heegaard Floer theory [Sarkar 2015; Zemke
2015] and the conjectural relation between Heegaard Floer theory and instanton theory [Kronheimer and
Mrowka 2010], it is expected that rotating the suture back to the original position induces a nontrivial
isomorphism of the sutured instanton homology. So we pick the canonical isotopy to be the minimal
rotation of the suture. Hence we can abuse notation and write I';, for both sutures. The same discussion
also applies to the relation between I',/; and ')/ (—1).

We always assume that 0.5 has minimal intersections with I, /g, ie |5 N y| = 2|rp — sq|. When the
intersection number rp — sq is odd, then S induces a Z-grading on I';, /s. When rp —sq is even, we need
to perform either a positive stabilization or negative stabilization on S to induce a Z-grading, and the

Geometry & Topology, Volume 29 (2025)



Knot surgery formulae for instanton Floer homology, I: The main theorem 2277

two gradings are related by an overall grading shift of 1. To get rid of stabilizations, we can equivalently
regard that, in this case, the surface .S induces a (Z + %)-grading. We write the graded part of T,/ as

(rr/s’ l) = S_I—H(_(Y\N(K))? _Fr/s» Sv l)

withi e Zori e Z + %, depending on the parity of the intersection number. From the construction of the
grading in [Li 2021b], we have the following vanishing theorem due to the adjunction inequality.

Lemma 2.5 We have (I',/5,i) = 0 when

il > lrp —sq|—x(S)
> .

Proof This follows from [Li and Ye 2022, Theorem 2.21(1)] (which is ultimately based on [Kronheimer
and Mrowka 2010, Proposition 7.5]) and a direct computation in the new notation. O

The bypass exact triangle for sutured instanton homology was introduced by Baldwin and Sivek in [2022b,
Section 4]. In [Li and Ye 2022, Section 4.2], we applied the triangle to sutures on knot complements and
computed the grading shifts. We restate the results in the notation introduced before.

Lemma 2.6 For any n € Z, there are two graded bypass exact triangles

wn n wﬁn ]
(rn’i+%P) e (i1, 7) (I'n,i—%p) - (Tnt1.7)
(P i = 3(p —q)) (Cu.i + 3(1p =)

where the maps are homogeneous with respect to the homological 7., -gradings.

Proof This is [Li and Ye 2022, Proposition 4.14] in the new notation. The idea of the proof can be
found in [loc. cit., Lemma 3.18] (see also [loc. cit., Remark 3.19]). Roughly, we perturb the surface S by
stabilizations so that its boundary is disjoint from the bypass arc. Then the grading shifts are obtained by
counting the number of positive or negative stabilizations.

Unlike the setup in [loc. cit., Section 4], here K is not necessarily a dual knot of the Dehn surgery on a
null-homologous knot, so we adopt the remarks in the beginning of [loc. cit., Section 5]. For example,
when # is large enough so that np —¢ > 0 and [loc. cit., Proposition 4.14(1)] applies, we have

o _mp—=q—=x(S) & mp—q—x(S) ~ _p—x(S) -~  p—x(S)
Imax = f’ min — _f’ Imax = T’ Lnin = _T’

where we omit [ -] since we think about Z + % if necessary. Then

~ ~ P - ~ np—¢q
lrrrlli_rtl - r’rllin =—= and lr?lz;;l - lrﬁax = .
2 2
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An easy way to understand the grading shift was described in [Li and Ye 2022, Remark 4.15]. Note that
the grading shift of a map between two spaces equals half of the intersection number between 9SS and the
curve corresponding to the third space up to the sign, while the sign depends on the choice of the sign in
the bypass map. For example, we have 9.5 - © = p, so the grading shifts of Wi,n Lqare Fp /2. |

Remark 2.7 The reason to use balanced sutured manifolds with reversed orientation is because of the
above bypass exact triangles.

Remark 2.8 If we do not mention gradings, the above triangles and the results in the rest of this subsection
(except Corollary 2.9 and Lemma 2.19, since the statements involve gradings) also hold without the
assumption that K is rationally null-homologous since the proofs only involve the neighborhood of
I(=Y\N(K)).

Corollary 2.9 For any sufficiently large integer n, the following properties for restrictions of maps hold:

(1) The map ¥ . l(r,./ is an isomorphism when

— S
;TP q+ x( )‘

2

(2) The map y" , 41/, 1s an isomorphism when
— S
ie P4 2+ x(S)

(3) For any grading i such that

=g+ x(©S) . (=2p—q+x(©S)
2 2 ’

there is an isomorphism

W ) oyt (Tayi) => (Tuii + p).
(4) The map W:ﬁ _nl(r_,,i) is an isomorphism when
. _=2)p+q+x(S)
i< .
2
(5) The map ", _, |(r_,., is an isomorphism when

o _m=2p+q+xS)
2

(6) For any grading i such that

_=Dp+qg+x(©S) . _-Hp+q+x(S)
2 2 ’

there is an isomorphism
W) oy (T, i) => (T + p).
Proof It is a combination of Lemmas 2.5 and 2.6. m

Geometry & Topology, Volume 29 (2025)



Knot surgery formulae for instanton Floer homology, I: The main theorem 2279

Definition 2.10 The maps in Lemma 2.6 are called bypass maps. The ones with subscripts + and — are
called positive and negative bypass maps, respectively. We will use =+ to denote one of the bypass maps.
For any integer n and any positive integer k, define

n .
Lok btk OOV pgr i In = T

In [Li and Ye 2022, Section 4.4], we proved many commutative diagrams for bypass maps, which we
restate as follows by notation introduced before.

Lemma 2.11 For any n € Z, we have the following commutative diagrams up to scalars:

,wf"z_ nl wn+2
Iy ————TI'h+ | P —> 'y
+1
vt v, nt2 v,
Vi vE,
I —— Tug Iy ————1Iy

Proof The first diagram follows from [Li and Ye 2022, Lemma 4.33]. Note that the proof only used
the functionality of the contact gluing map and did not depend on the assumption that K is rationally
null-homologous. The second diagram is obtained from the first diagram by changing the choice of the
framed knot. Explicitly, let K’ be the dual knot corresponding to T'y,+1. Let / = —(n + 1) + A denote
its meridian. Then A’ = —pu is a framing of K’. Applying the first diagram to K’, we will obtain the
second diagram for the original K. Note that the sign of the bypass map may switch when we regard it as
the bypass map for the original knot. That is the reason for the signs in the second diagram. This can be
double-checked by keeping track of the grading shifts. |

Lemma 2.12 For any n € Z, we have the following commutative diagrams up to scalars:

l//—i- n+1 w— n+1
n+1 n+1
\ 4;&1 Win\ 4;14-1
+n+l 1'[[— n+1

n+1 n+1
W”\ A“ Ww\, /

There are more bypass triangles involving more complicated sutures, which are obtained from changing
the choice of the framed knot as in the proof of Lemma 2.11.
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Lemma 2.13 For a knot K C Y andn € Z, there are two graded bypass exact triangles:

) wn Aaen-n )
(rn—l,l + 3 (I’lp ‘I) (rl(zn_l)’l)

Lan—1)
2

Lui—3((n=1)p—q)

1//.I/ll

2(2n 1)

(rn—l’i _%(HP_Q)) (r%(Zn—l)’i)

1
5(2n—1)
%

(Tni+3((n=Dp—q))

Lemma 2.14 For a knot K C Y and n € Z, there are commutative diagrams up to scalars

yva
Vo greny
r,—— " T, ro e L
1@2n—-1) n
n—1
vE L Vi len-n Taen—n n
2 lﬁz,;z W*JL
n—1
r —Len—1 "
1 ———— T +u
n—1 1@2n-1) I ———— T,
w.‘ﬁ 1 v
n—

I'—)l"nl

W”\ /Jrnl W+\ %nl

wi(anl) 1/j2(2nl 1)
n n
—>
rl(2n 1) L I‘1(2n 1)

\ /(2n 1 yﬂk /(2;1—1)
2 ' I' wi,n

n

Remark 2.15 The choices of positive and negative bypass maps in Lemma 2.14 seem to be different
from Lemmas 2.11 and 2.12. But indeed they are the same up to changing the framed knot. In particular,
the grading shifts match. Similar to the second diagram in Lemma 2.11, we always use the notation of
the bypass maps for the original knot, while the signs may change if the maps are regarded as the bypass

maps of the dual knot.
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Suppose « is a connected nonseparating simple closed curve on d(Y\ N (K)). We can push « into the
interior of Y\ N(K). For any fixed suture on d(Y\N(K)) and a closure of the sutured manifold, the
push-off of « is inside the closure, which is a closed 3-manifold. We can then take the framing on
« induced by the surface d(Y \ N (K)) and there is an exact triangle associated to the instanton Floer
homology of the (—1)-, 0- and oo-surgeries along the push-off of . Since the push-off of « is disjoint
from d(Y \N(K)), the exact triangle descends to one between corresponding sutured instanton Floer
homologies.

According to [Baldwin and Sivek 2016a, Section 4], when « intersects the suture at two points, the
0-surgery along the push-off of o (with framing induced by d(Y \ N(K))) corresponds to a 2-handle
attachment along «o. Note that attaching a 2-handle along o C d(Y \ N (K)) will change the 3-manifold from
Y\N(K) to Yy (K)\B?, where Y, (K) is the Dehn surgery along K with slope specified by o. We write

Yr/s = [ﬁ(_Y—r/s(K))v

and in particular
Y :=I1*(—=Y_,(K)) and Y:=TI%-Y).

Lemma 2.16 [Li and Ye 2022, Lemma 3.21] For any n € Z, we have the following exact triangles:

r,,—>r,,+1 T, —>rn 1
\ AH \ /

Proof To obtain the first exact triangle, we can take the sutured manifold (— (Y \N(K)), —I';,), and take
a meridian o C d(Y\N(K)). As explained before the lemma, there is a surgery exact triangle associated
to the sutured instanton Floer homology of the three sutured manifolds obtained by taking (—1)-, 0-,
and oco-surgeries [Scaduto 2015, Theorem 2.1]; see also [Floer 1990] for the original construction and
[Baldwin and Sivek 2022b, Proof of Theorem 1.21, especially (16)—(19)] for the resolution of the subtlety
of the bundle data.

The oo-surgery will keep the manifold (—(Y\N(K)),—I,). The (—1)-surgery changes the framing and
hence we obtain (—(Y\N(K)), —TI,+1). The 0-surgery, as discussed above, gives rise to the manifold
Yo (K)\ B3, which is Y\ B? since « is the meridian. Hence we obtain the expected triangle. The second
exact triangle in the statement of the lemma is obtained similarly by taking « to be a curve on (Y \ N (K))
having slope —n instead of a meridian. |

Remark 2.17 From [Baldwin and Sivek 2016a, Section 4], we know the 0-surgery corresponds to a 2-
handle attachment and a 1-handle attachment. Hence Y in the above lemma is indeed KHI(—Y, U), where
U is the unknot in —Y bounding an embedded disk. By [loc. cit., Section 4], a 1-handle attachment does
not change the closure of the balanced sutured manifold, and then there is a canonical identification between
KHI(—Y, U) and I#(—Y). Hence we can abuse the notation. The same discussion also applies to Yy,.
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Furthermore, we proved the following properties in [Li and Ye 2022]. Note that the assumption that K is
the dual knot of a null-homologous knot in that paper is inessential by remarks in the beginning of [Li
and Ye 2022, Section 5]. The inequalities of the gradings are from Corollary 2.9.

Lemma 2.18 [Liand Ye 2022, Lemmas 3.21 and 4.9] For any n € Z, we have the following commutative
diagrams up to scalars:

1pf:—.n-i-l wz.n-i-l
I, — " Ty I— T,

Gn\ A\—H Gn\ %+1
Y Y

1//iid—.n-l—l wﬁ,n-ﬁ-l
I, ——— T I, —— Ty

Ix %ﬂ Ix %ﬂ
Y Y

Lemma 2.19 [Li and Ye 2022, Lemma 4.17, Proposition 4.26, Lemma 4.29 and Proposition 4.32] Let
F,, and G, be defined as in Lemma 2.16. Then for any sufficiently large integer n, we have the following
properties:

(1) The map G,—1 is zero and F), is surjective. Moreover, for any grading

=g+ x(S) . _np—q+x(S)

1,
5 1o ) p+
the restriction of the map

p—1

i=0

is an isomorphism.
(2) The map F_, 4 is zero and G_,, is injective. Moreover, for any grading

_(n=2)p+q+x(S) iy < (n=2)p+q+x(S)

L,
2 2 P+
the map
p—1
ProjoG_,: Y — EB(F_”, io+1)
i=0

is an isomorphism, where

p—1
Proj: T_, — @(r_,,, io+1i)
i=0
is the projection.

Geometry & Topology, Volume 29 (2025)



Knot surgery formulae for instanton Floer homology, I: The main theorem 2283
The following lemma is a special case of Proposition 4.1, which we will prove later.

Lemma 2.20 For any n € Z, let the maps Hy and Y} a1 be defined as in Lemmas 2.16 and 2.6,
respectively. Then there exist ¢y, c; € C\{0} such that

Hy =y, +avl, .
2.3 Fixing the scalars

By construction, sutured instanton homology forms a projectively transitive system, which means all the
spaces and maps between spaces are well-defined only up to nonzero scalars. When the balanced sutured
manifold is obtained from a framed knot as in the last subsection, we can make some canonical choices
to reduce the projective ambiguities.

Suppose K C Y is a framed knot with the meridian x and the framing A. Fix a knot complement Y\ N (K)
and the suture I';,. We fix a special choice of a (marked odd) closure of (Y\N(K),I',) following the
construction in [Kronheimer and Mrowka 2010, formula (18)].

Let F be a closed, oriented, connected surface of genus at least 2. Suppose cg is a nonseparating curve
in F. Let c =ptxco CS!x F and let (i¢, A¢) be the meridian and the longitude of ¢ (the latter comes
from the surface framing). Let

(2-1) (Y. R) = (S x FA\N(¢) Ut a)~ () Y \N (K). pt' X F),

where pt’ is a point different from pt. We can pick @ = S! x pt”” and  C R be a curve intersecting pt’ xcg
once. Since - R =1 and n- R = 0, the pair (YM, o U n) defines an instanton Floer homology in the
setting of [Kronheimer and Mrowka 2010, Section 7.1]. Moreover, 9, = (Y, R, n, o) forms a marked
odd closure in [Baldwin and Sivek 2015, Definition 9.2], which was used in the naturality result [loc. cit.,
Theorem 9.17]. The reason for g(F) > 2 is to apply the naturality result; cf [loc. cit., Remark 9.4].

Similarly, for (Y\N(K),T';) and (Y\N(K), I'(2,—1)/2), we fix closures %, and D (2,—1)/2 as in (2-1),
except replacing the gluing map (i¢, Ac) ~ (A, i) by

(theshe) ~(=p, —np+A) and  (pe, he) ~ (=np+ A4, (1=2n)p +22),
respectively.
For the sutured manifold (Y'\ B3, §), we regard it as (Y \N(U), I';,,u) by Remark 2.17, where U is the
unknot and I'y, 7 is meridian suture on the unknot complement. Then we apply the above construction
to obtain a special closure of (Y\ B3, §). We reverse the orientations of the chosen closures when the

orientations of the sutured manifolds are reversed. Note that we do not choose canonical closures for
(Yn(K)\B?,8) since we only care about the dimension of its framed instanton homology.

After fixing the choices of closures, we can view I', and Y as actual vector spaces, and then the elements
in them are well-defined. Strictly speaking, we also need to choose extra data such as the metric and the
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perturbation on the closure to define the instanton Floer homology of the closure, but different choices of
metrics and perturbations now induce a transitive system of vector spaces, from which we can construct
an actual vector space. So we omit the discussion on those extra data.

The construction of bypass maps and surgery maps may not be realized as cobordism maps between the
chosen closures, but the construction of the projectively transitive system (cf [Baldwin and Sivek 2015,
Definition 9.18]) guarantees the existence of such maps up to scalars. Now we make (noncanonical)
choices of the maps to get rid of the scalar ambiguities in the commutative diagrams mentioned in the
last subsection.

We first assume that 7#(Y) % 0. When [ #(Y) = 0, the first exact triangle in Lemma 2.16 is trivial for
any n and hence the maps Fj, and G, that play an important role in later sections are both zero. This
makes fixing the scalars a somewhat straightforward job: we just need to fix the scalars for the bypass
maps. Also, it is worth mentioning that, the Euler characteristic result in [Scaduto 2015, Corollary 1.4]
implies that 7#(Y) # 0 for any rational homology sphere Y and, up to author’s knowledge, there is no
known closed oriented 3-manifold Y with I#(Y) = 0.

To help us fixing the scalars, suppose the maps F; and G, are defined as in the proof of Lemma 2.16,
and we define

(2-2) ng=min{ne€Z|G,=0} and ng=max{neZ| F, =0}.

We have the following basic properties for these indices.

Lemma 2.21 Assume I#(Y) # 0. Suppose ng and n are defined as in equation (2-2). Then we have
-0 <ng <ng <oo.

Moreover, we have G,, = 0 if and only if n > ng, and F,, =0 ifand only if n < np.

Proof The fact that —oo <np < oo and —o0o < ng < oo follow from Lemma 2.19 and the fact that they
fits into an exact triangle as in Lemma 2.16. Next, the commutative diagrams in Lemma 2.18 imply that
Gn+1 = 0 whenever G, = 0, and thus we know G, = 0 if and only if n > ng. The argument for F;, is
similar. Finally, by definition we know G, = 0 and hence from the exact triangle we know that

Im F, 1 =ker Gpg = I1*(Y) #0.

Hence we conclude that ng < ng. O

By Lemma 2.19, we can pick a sufficiently large integer ng such that —ng < ng < ng. Pick arbitrary
representatives of the maps

—no —n w uw
G—no w+,u A Vino V=ionoe
and also pick arbitrary representatives of the maps
-1
Vi1 Vi ane1yn forall neZ.
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Now we explain how to fix the scalars for maps with n > ny. Note that we have already chosen a
representative for w;n_"no 41 and G_;,. From Lemma 2.18, we have

— ., 10
G—n0+1 - W+,_n0+1 o G—no,

where = means commutative up to a nonzero scalar. We can choose a representative of G_, 4 to obtain
an equality
— —ho
Gonot1 = W-h—no-}-l 0 Gny-

no

—no+1 SO that

We then choose a representative of

— o/, 10
G—n0+1 = 1p_’_no_|_1 ° G—no-

Next, we pick representatives of the maps ¥" 1 inductively, with the base case n = —ng constructed
above, so that
-1 -1
Ve oV, =V 0yl forall n=—no+1.

If the compositions happen to be zero, we could pick an arbitrary representative since the diagram will be
trivially satisfied. We will discuss the ambiguity arising from the possibility that 1//f’|r w1 © wﬁ;,l =0
more carefully later.

Similarly, we pick the maps ¥’} , inductively to satisfy the commutative diagram
n n—1 _ ,n—1
w‘i‘,ﬂv ° w_an - 1/[+’M :
We can choose representatives of y” Wi , and w’_L,n in a similar manner.

Furthermore, the representatives of

(2n—1)/2

2n—1)/2 —1
WL,Z ) ’ 1p—}:—,n—l’ wz,n—l’ z,(2n—1)/2’ w-f—,n

can be chosen according to Lemma 2.14. As mentioned in Remark 2.15, we always use the notation of
the bypass maps for the original knot even though we consider some dual knots in the proofs. Hence here
we first fix the knot K C Y and then fix the representatives, while we do not fix the representatives by
any commutative diagrams for the dual knot in the proofs.

Next, we deal with maps G, and F, in Lemma 2.16. We choose representatives of the maps G, inductively
so that
Gp+1 = w-nthrl oG, forall n> —ny.

We pick arbitrary representatives of the map F, . and then pick F; inductively so that
Fyiq0 W-’:-,n+1 =F, forall n>ng+1.
We can then use induction to prove the following two equalities.
e Guy1= wf’nﬂ o Gy, for all n > —ny.

e Fytqo0 wﬁ,n—i—l = ¢+ F, for a nonzero scalar ¢ that is independent of n withn > ng + 1.
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We verify the equality for G first. The base case n = ng is by construction. Assuming we have already
established the equality for n, from Lemmas 2.11 and 2.18, we have

_ ntl
Gni2 =V 150 Gnt1

= wl*nlﬂ oy ,,10Gy, by inductive hypothesis

= f;:_zowf_’nHOGn by Lemma 2.11

n+1
=V_n42° Gnt1-

The argument for Fj, is similar, once we take ¢ 7 0 to be the complex number such that

np+l1
(2-3) FnF+20w—,nF+2 —C'FnF+1.
The remaining issues are summarized as follows:

(i) When choosing representatives of " we use the commutative diagram

n+1°
n n—1 - . n n—1
Vo nr1°Vin =V nr10V=n-

However, when w_”hn 4+1© wﬁ;,l = 0, there is no unique choice of " -+ and one might worry

that different choices of " may affect the commutative diagrams in Lemma 2.18.

,n+1
(i) By Proposition 4.1, we can assume that the map H,, in the exact triangle in Lemma 2.16 has the
form

Hy =YY = V200
We want to pin down the values of ¢;.
(iii)) We want to get rid of the scalar ¢ in equation (2-3).
We treat these issues in several different cases.
Casel (nr+3=<ng) Inthiscase, we know that
Vi1 oWy #0
for any integer n. Indeed, if » + 1 < ng, we know from Lemma 2.18 that
Y a1 oV 0Guy = Gpyy #0.
Ifn+1>=ng = nr + 3, instead of the above equation involving G, we have
Fuy1o¥h oy =c - Fyoy #0.
This implies that inductively we can fix a unique representative of " n+1 foralln > —ng + 1.

For any integer n with —ng <n <ng — 1, we have G, # 0. Then we take an element « € Y so that
Gp+1(a) # 0. Then we can solve the scalar ¢, as follows:

0= HyoGu(a) = (W_’:_,n_H —Cn- Wf,nﬂ) o Gp(a)
= Wi,nﬂ oGu(a) —cp - Wf,nﬂ o Gyla)
=(I—cn) Gpt1(a).
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Hence we conclude that ¢, = 1. In particular, we can take n = ng + 1 <ng — 1. Note that F,, # 0 so we
can take x € I';, so that F,(x) # 0. Then we have

0= Fyp10Hy(x)=Fyqq0 (w—’il-,n+1 - wf,n—kl)(x)
= I'n+1 OW.’Z_,n_H(x)_ Fnq sz’n_{_](x)
=(1—-c)- Fp(x).

This implies that ¢ = 1 as well. Now for any n > ng —1 > nf + 2, we can take x € I';, such that
F,,(x) # 0. we have

0= Fyp10Hy(x)=Fyqq0 (W.’:_,n+1 —Cn Wz,n.H)(x) = (1—cn) - Fu(x).
Hence we conclude that ¢, = 1. In summary, in Case 1, we have the following:

 We can fix a unique representative of ¥ 4 forany n > —no.
e We have ¢, =1 for any n > —ny.

e We have c = 1.
Case2 (ng =nr+2) Some arguments in Case 1 still apply. We summarize as follows:

e Forn <ng—1, we have G, 41 # 0 so there is a unique choice of ¥” ntl:

e Forn>ng =ng+ 2, we have F,_; # 0 so again there is a unique choice of " ntl-

e Forn <ng—1, we have G, 41 # 0 so ¢, = 1 in the expression of Hy,.
e Forn>ng—1=np+1,wehave F, #0s0c, =c .

To resolve the issue (i), the only nonfixed index isn# = ng 4+ 1 = ng — 1. In the case that

-1
Vim0V, #0,

. . . n
there is a unique choice of w_’n 41 so that

-1 -1
Vi oV =V pevl,

Otherwise, we just fix any representative of 1//_,n 11

To resolve issues (ii) and (iii), we rescale the maps F}, according to the grading on I';,. To do this, for an
integer n and a grading 7, define

Lo i n
joi =55
It is straightforward that
j(n+1,i+%p)=j(n,i) and j(n—i—l,i—%p):j(n,i)—l.
Hence we define

(2-4) F, = Z D o Projt,,
i
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where the map .
Projy,: T — (Ty, 1)
is the projection. Equivalently, if we have an element x € (I, 1), we take
Fu(x) = ¢/ Fy(x).

We then need to verify the following two equalities for F:

® in+1 Ollfi,nﬂ = fn

* Fu owf,n+1 = Fn.
For the first one, note that Wi 1 increases the grading by p /2 from Lemma 2.6. So assuming x € (', 7),

ﬁn-i—l o w_nhn_i_l(x) _ Jm+Litdp) Fpi1(x)o wi,n-l—l — i) Fo(x) = ﬁn(x).
On the other hand, the map " et decreases the grading by p/2 from Lemma 2.6, and so for x € (I'y, i),
Fugroy” 1 (x) =c/OFm2D B () oy =Dl Fy(x) = Fu(x).

Hence we can use F), instead of Fj, to get rid of the scalar c. However, changing Fj, to Fy, we might
break the exact triangle in Lemma 2.16. Hence we need to alter the definition of H, as well. We define

(2-5) Hy = Mr,nﬂ - wﬁ,n—i—l’

and it remains to establish the exact triangle

| —> |
\ /ﬂ

When n < ng —2 = np, the triangle automatically holds. Indeed, for such n, we have ¢, =1 so ﬁn = Hy;
the fact that F,,+; = 0 implies that f,,_,_l = 0, so the new exact triangle is exactly the original one in
Lemma 2.16.

When n = ng, we still have ¢, = 1 and hence ﬁn = H,. So the exactness at I';, is from Lemma 2.16.
By construction we have Im fn+1 = Im Fj, 4 for any n so we conclude the exactness at Y. This also
implies that B

dimker Fj 41 = dimker Fj,; = dim Im H,,.

Hence to show the exactness at I';, 4 1, it remains to show that
Im H,, C ker ﬁn+1.
For any x € I';;, we have

Fn+1 o Hy(x) = n+1 © (w—i- n+1 I/f_,n_H)(x) n+1 OW+ n+1(x) Fn+1 Ol/’ﬁ,n_H(x)
= F,,(x) — F,,(x) =0.

Hence we are done.
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Finally, we verify the exact triangle for n > nr + 1. Define a homomorphism

tn:Tpn =Ty by (,(x)= Zc‘j(”’i)Projf,(x).

1

It is clear that ¢ is an isomorphism as its inverse is

o) = Z cj(”’i)Projil(x),
i

and from the construction of F in equation (2-4), we have
tnr1(ker Fyy1) =ker Fyp .

From the fact that H,, = l/f_’:_’n_i_l —c! -wf’n_H (we have ¢, = ¢ 1), f]n = w_’i’_,n_i_l — win+l’ and that
v, 1 shifts the grading by Fp /2, we conclude that

tng1(Im Hy,) = Im H,,.
As a result, we conclude the exactness at I',1 1. The exactness at ¥ holds as above, since we still have
Im fn+1 =Im F,,+; =ker Gy.
Dimension counting similar to the above argument then implies that
dim ker H, = dimIm G,.

We then verify that
Im G, C ker Hy,.

For any @ € Y, we have
HyoGu(@) =W,y =" 1) 0Gu(@) =V 4y 0Gu(@) =" 1, 0Ga(e)
= Gpt1(0) — Gpy1()
=0.
In summary, in Case 2, we do the following (extra things):
e We choose representatives of " 1 for all n > —ng + 1 so that
lM,n+1 °© W-'ilr,_nl = Wi,nﬂ °© wﬁ,_nl'
e We define new maps F,, for all n so that
(2-6) Fy=Foy10¥ 0y
e We define new maps ﬁn for all n so that we have the exact triangle

ﬁﬂ
T, — 5 Tpe

(2-7) \
Gn Fn—i—l
Y
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Case3 (ng =ngr+1orng =nr) The situation and argument are similar to those in Case 2. We
summarize the differences here:

e In Case 3, the composition W.’ﬁ ni1© wﬁ’_nl could only be zero when ng —1 <n <ng + 1. If the
composition is indeed 0, we choose an arbitrary representative of the map y” ;.
e We still define the maps F, asin equation (2-4) and the maps H, as in equation (2-5), and can

verify equation (2-6) and the exact triangle (2-7) as in Case 2.
From Lemma 2.21, we must have ng > n g, so the above three cases cover all situations.

Finally, we could extend the choice of representatives for all relevant maps for the indices n < —ng. Note
that when n < —ng, we have that G, is injective and F; = 0; hence we do not need to worry about the
issues (i), (i1) and (iii).

Convention From now on, we write the maps H, and F, simply as H,, and F;, respectively. From
the above discussion, when K C Y is a fixed rationally null-homologous knot, we can assume the first
commutative diagram in Lemma 2.11, and all commutative diagrams in Lemmas 2.12, 2.14 and 2.18 hold
without introducing scalars.

2.4 Algebraic lemmas

In this subsection, we introduce some lemmas in homological algebra. All graded vector spaces in this
subsection are finite-dimensional and over C, and all maps are complex linear maps. For convenience,
we will switch freely between long exact sequences and exact triangles.

From Section 2.2, we know the sutured instanton homology is usually Z&Z,-graded, where we regard
the Z,-grading as a homological grading. Many results in this subsection come from properties of the
derived category of vector spaces over C, for which people usually consider cochain complexes. However,
for a Z,-graded space there is no difference between the chain complex and the cochain complex. Hence
by saying a complex we mean a Z,-graded (co)chain complex, though all results apply to Z-graded
cochain complexes verbatim.

For a complex C and an integer n, we write C" for its grading »n part (under the natural map Z — Z,).
With this notation, we suppose the differential dc on C sends C” to C*T1. For any integer k, we write
C{k} for the complex obtained from C by the grading shift C{k}" = C"T*. We write H(C, dc) or
H(C) for the homology of a complex C with differential d¢. A Z,-graded vector space is regarded as a
complex with the trivial differential.

For a chain map f: C — D, we write Cone( f) for the mapping cone of f, ie the complex consisting of
the space D @ C{1} and the differential

dcone(f) = [dé) _df } -
—ac

Then there is a long exact sequence

o H(C) L5 H(D) - H(Cone(f)) L5 H(C){1} — -,
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where i sends x € D to (x,0) and p sends (x, y) € D @ C{1} to —y. If the differentials of C and D are

trivial, then we know

(2-8) H(Cone( f)) = ker(f) & coker(f).

Remark 2.22 Our definitions about mapping cones follow from [Weibel 1994], which are different from
those in [Ozsvath and Szab6 2008; 2011].

Note that the derived category is a triangulated category, so it satisfies the octahedral lemma; see for
example [Weibel 1994, Proposition 10.2.4].

Lemma 2.23 (octahedral lemma) Suppose X, Y, Z, X', Y’', Z' are Z,-graded vector spaces satisfying
the long exact sequences
s x Lyt s ximns.
s XLy U x>
-~—>Yi>Z—>X’L>Y{1}—>~-- )
Then we have the fourth long exact sequence
...%Z’Ly’i)X’Mqu}_)...

such that the diagram

AR
(2-9) J
gof

commutes, where we omit the grading shifts and the notation for the maps h, [ and j. We can also write

(2-9) in another form, so that there is enough room to write the maps:

Z s x{l}

Y Y/ f{l}
(2-10)

4 h{1}ol

s Z'{1}
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The maps ¢ and ¢ in (2-10) can be written explicitly as follows. By the long exact sequences in
the assumption of Lemma 2.23, we know that Z’, X’, Y’ are chain homotopic to the mapping cones
Cone( /), Cone(g), Cone(g o f), respectively. Under such homotopies, we can write

VY @ X{1} > Z e X{1}, ¢¥(y.x)— (). ),

O ZdX{1} > ZdY{l}, ¢(z,x) (z, f{1}(x)).
However, the chain homotopies are not canonical, and hence the maps ¥ and ¢ are also not canonical.

Thus, usually we cannot identify them with other given maps. Fortunately, with an extra Z-grading, we
may identify H(Cone(¢)) with H(Cone(¢’)) for another map ¢": Y’ — X',

First, we introduce the following lemma to deal with the projectivity of maps (ie maps well-defined only
up to scalars). Note that the Z-grading in the following lemma is not the homological grading used before.

Lemma 2.24 Suppose X and Y are Z.-graded vector spaces and suppose f, g: X — Y are homogeneous
maps with different grading shifts k1 and k,. Then Cone( f + g) is isomorphic to Cone(cy [ + ¢ g) for
any cy, ¢y € C\{0}.

Proof For simplicity, we can suppose k1 = 0 and k, = 1. The proof for the general case is similar. For
i,j € Z,we write (X,7) and (Y, j) for grading summands of X and Y, respectively. Suppose T is an
automorphism of X @ Y that acts by

J

cé ) ) )
—<_]d on (X,i) and —=1Id on (Y,)).
cl+1 CJ
1 1
Then T is an isomorphism between Cone( f 4 g) and Cone(cy f + ¢22). ad

Then we state the lemma that relates the map ¢ in Lemma 2.23 to another map ¢’ constructed explicitly.

Lemma 2.25 Suppose X, Y, Z, X', Y' are Z®Z,-graded vector spaces satisfying the horizontal exact

sequences 7 n Y’ 4 X{n
J/= ¢H¢’=a’+b’ lf{1}=a+b
oh’=a¢’oh’
7z PMEON x Ly

where the shift {1} is for the Z,-grading. Suppose ¢: Y’ — X’ satisfies the two commutative diagrams
and suppose ¢': Y' — X' satisfies the left commutative diagram. Suppose [ and I’ are homogeneous with
respect to the Z-grading. Suppose f{1} =a+ b and ¢’ = a’ + b’ are sums of homogeneous maps with
different grading shifts with respect to the Z.-grading. Moreover, suppose the diagrams

4 4

y — " xm y — " xy
N
Y — 1 Ly X — Ly

hold up to scalars. Then there is an isomorphism between H(Cone(¢)) and H(Cone(¢')).
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Proof Since ¢ and ¢’ share the same domain and codomain, it suffices to show that they have the same
rank. Fix inner products on Y" and X’ such that we have orthogonal decompositions

Y =Im(#)®Y” and X =Im(poh’)d X”.

By commutativity, we know both ¢ and ¢’ send Im(%’) onto Im(¢ o 4’). Hence if we choose bases with
respect to the decompositions so that linear maps are represented by matrices (we use row vectors), then

A B , 4 B
‘/’:[o C] and ¢_[0 C/}’

where A = A": Im(h’') — Im(¢ o h’) has full row-rank. Then it suffices to show C and C’ have the same
row-rank.

By the exactness at Y’ and X', we know the restriction of /” on Y” is an isomorphism between Y
and Im(/’), and the restriction of / on X"’ is an isomorphism between X and Im(/). By commutativity,
we know that both @ and » send Im(/’) to Im(/) and

row rank(C) = rank( {1} | Im(/’)) and rowrank(C’) = rank((cia + c»b) | Im(I"))

for some ¢q, ¢, € C\{0}. Since / and /" are homogeneous, there exist induced Z-gradings on Im(/) and
Im(!"). The maps a and b are still homogeneous with different grading shifts with respect to these induced
gradings. Then we can apply Lemma 2.24 to obtain that the ranks of the restrictions of f{1} =a + b and
c1a + cyb on Im(!’) are the same. O

3 Integral surgery formulae

3.1 A formula for framed instanton homology

In this subsection, we propose an integral surgery formula based on sutured instanton homology, and we
package it into the language of bent complexes in a later subsection.

Suppose K C Y is a framed rationally null-homologous knot, and we adopt the notation introduced in
Section 2.2. Define

+ ._ gmtk (2m+2k—1)/2,
Tk = Ve 142k ° VT mtk ‘Tem+2k-1)/2 = Tmt2k-1

and write nnj;’i as the restriction of nnfk on (T'2m+2k—1)/2.1). From Lemmas 2.13 and 2.6, we verify
that nrf’ « shifts grading by £(mp —¢)/2, and then the integral surgery formula can be stated as follows.

Theorem 3.1 Suppose m is a fixed integer such that mp —q # 0. Then for any sufficiently large integer k,

there exists an exact triangle
—+ —
nm,k+nm,k
Fomtok—1)2 ——————— Ttk

~,

Y = H(Cone(m,}  + 7, ).

Hence we have an isomorphism
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Remark 3.2 Let ¢ and A represent the meridian and the longitude of the knot K, respectively. Then,
mp — q # 0 is equivalent to the fact that —mu + A is not isotopic to a connected component of the
boundary of the Seifert surface. Specifically, if K is null-homologous, we must have m # 0.

In the rest of this subsection and in the next subsection, we state the strategy to prove Theorem 3.1,
and defer the proofs of some propositions to the remaining sections. An important step is to apply the
octahedral axiom mentioned in Section 2.4 to the following diagram:

Fomt2k—1)/2
Y —

(3-1)

U145 ® Ti—144

rm—l

To obtain the dotted exact triangle, we need to establish the following three exact triangles:

1%(=S3,,(K))

l \
(3-2) T,
\ rm_l

FComi2k—1)/2

(3-3)
| Fo14k ®Tre14k
o142k
(3-4) | PSRN DY

m—1 /

and establish the following commutative diagram:

r

| U144 ® Uim—1+4
(3-5)

/
\

1-‘m—l

The octahedral lemma then implies the existence of the dotted triangle and ensures that all diagrams in
(3-1) other than exact triangles commute.
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We will then use Lemma 2.25 to identify the map coming from the octahedral lemma with n:; kT Tom ke
We also require the following two extra diagrams to commute, where the maps other than n;’ kT Tk
come from (3-1):

Fomt2k—1)/2

+ —
w}

o142k

(3-6)

U144 ® Tm—1+4

r _
@em+2k—1)/2 e

N.k
Uin—1+2k
(3-7)
Ty
+

Indeed, by applying Lemma 2.25, it suffices to prove some weaker commutative diagrams involving 7~ .
separately.

3.2 A strategy of the proof

In this subsection, we provide more details of the strategy mentioned in Section 3.1. For simplicity, we
fix the scalar ambiguities of commutative diagrams as in Section 2.3. To write down the maps, we redraw
the octahedral diagram (3-1) as follows:

Yin — Ly
¥ 4
/ / Wi.m_l
- M

“ Lin—1 T om+2k-1)2 Y

Vim-1 W e Y )

GH v N

14k ® 14k

n 12 m—1+k
(vj—.m—l—&-k"/f—i-,m—l—&-k) \I"—,m—1+2k

ru, _gm—l+k 1-‘m—l—i—zk
+.m—1+2k

where
B = yymtk=1 _ 1//m+k—1
= Y —,2m+2k—1)/2 +,2m+2k—1)/2"
The reader can compare (3-8) with (2-9) and (2-10). We omit the term corresponding to Z’{1} because
there is not enough room, and the maps involving it are not important in our proof.
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The first exact sequence of (3-8),

1/f-‘f-,m—l —H/fib,m—l

follows from the second exact triangle in Lemma 2.16. Though the map A,,—; may not be the same as
"

the sum w+,m—1 + wf,m—l’

of Proposition 4.1) to identify Cone(A4,,—) with Cone(Wﬁ m—1 TV ._). Here we use the assumption

that mp —q # 0.

we can use the following proposition and Lemma 2.24 (another special case

Proposition 3.3 Suppose A,,—; is the map in Lemma 2.16. For any integer n, there exist scalars
¢1, ¢y € C\{0} such that
Ap—1 = Cll/fi,,_l + Czwin_l-

The exactness at
Tim—1445 ® Ti—14&

in the second and the third exact sequences are both special cases of the following proposition, which
will be proved in Section 5.1 by diagram chasing.

Proposition 3.4 Fixing the scalars as in Section 2.3, and givenn € 7, and kg € N, for any ¢y, ¢3,¢3, ¢4
satistying the equation
C1€3 = —C2C4,
the sequence
o~ n+kq

@V iy €2V i) &30 oy Tea Wi o
Iy Lotko ® Dhig | PR

1S exact.

Remark 3.5 The exactness at the direct summand for the second exact sequence (the one involving I';,)
might not be as clear from Proposition 3.4. Explicitly, we apply the proposition to the dual knot K’
corresponding to I, with framing A\’ = —p andn =0, ko = 1.

The exactness at I'y, and I'(2,,124—1)/2 in the second exact sequence of (3-8),

m+tk—1 _ m+k 1
r @ iV i) T4k = demsa— vy +. L @myak—1) r or
(3-10) " @ Lemt2k—1) = Lw
1-‘m—1+k

will also be proved by diagram chasing. We can explicitly construct the map /’ by the composition of

bypass maps

;o m+k Lem+2k-1) m+k Lem+2k-1)
I w+ m+k w oYZ m+k K

where the last equation follows from Lemma 2.14 and the conventions in Section 2.3. The following
proposition will be proved in Section 5.2 by diagram chasing.
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Proposition 3.6 Suppose I’ is constructed as above. For any ¢y, ¢, ¢3,c4 € C\{0}, the sequence

031//m+k71 +c41//m+k*l “ “
| PSS —.f@m+2k—1) +.Lemt2k-1 r I r v o2 i) Tm—14k
Lem+2k-1) L
Com—1+k Uim—1+k
is exact.

Remark 3.7 In the proof of [Li and Ye 2021, Theorem 3.23], we obtained a long exact sequence

W)
w | @rn_lﬁr%(zn_l)—)ru

by the octahedral lemma. However, we did not know the two maps involving I'; (2n—1) explicitly. Thus,
2
the second exact sequence here is stronger than the one from the octahedral lemma.

Remark 3.8 The reason that Proposition 3.6 holds for any choices of ¢y, ¢3, ¢3, ¢4 is because

ker((clwim—wk’ Czwi,m—l-i-k)) = ker(cy W—L,m—wk) n kelr(c2¢i,m—1+k)’

m+k—1 m+k—1 _ m+k—1 m+k—1
Im(c3w—,%(2m+2k—1) + C4w+,%(2m+2k—1)) = Im(cs w—,%(2m+2k—1)) + IIn(c“er,%(2m+2k—1))’

where the right-hand sides of the equations are independent of scalars.

The exactness at I',;,—; and I'y;,_1 425 in the third exact sequence of (3-8),

(\pm—l pm—1 ) lI,m—l-t—k _\pm—l—i-k
+.m—1+k>*— m—1+k —.m—142k +.m—142k /
(3-11) Ty L 146 ®m—1+x R e I

is harder to prove since the map / cannot be constructed by bypass maps. We expect that there are many
equivalent constructions of /, and we will use the one for which the exactness is easiest to prove. Even so,
we only prove the exactness under the assumption that k is large. See Section 7.2 for more details.

Proposition 3.9 Suppose c1, 3, c3,c4 € C\{0} and suppose k is a large integer. For any n € Z, there
exists a map | such that the sequence

n+k0 n+k0
3V vangteaVy o, ! (W gy 2V i)

| PMORICSD Lyiokg —> Tn | PMRICED P

is exact.

Remark 3.10 1In the first arXiv version of this paper, we only proved Proposition 3.9 for knots in S
because we had to use the fact that dim¢ / ﬁ(—S 3) =1 and S has an orientation-reversing involution.
The construction of / for knots in general 3-manifolds is inspired by the original proof for S3, and the
proof in Section 7 is a generalization of the previous proof.

Remark 3.11 For the same reason as in Remark 3.8, the coefficients in Proposition 3.9 are not important.
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Then we consider the commutative diagrams mentioned in Section 3.1. By Lemmas 2.6 and 2.12, we have

m—1 m—1 1% 12 _ 12 n
(\I}+,m—1+k’ W m—1+k) © (w-i—,m—l + w—,m—l) - (w—,m—1+k’ 1'”-i—,m—l—l—k)’

5

which verifies the commutative diagram in the assumption of the octahedral axiom.

Define

1 1
/. + — _ m+k E(2m+2k—1) m+k 5(2m+2k—1)
O =T et Tk =V 42k OV itk W 142k OV otk :

By Lemmas 2.13 and 2.14 with n = m + k, we have

1 1
¢ o’ = (qJ+,m—1+2kow—,m+k W 142k OV otk )

m+k—1 _mtk—1
O(w—,%(2m+2k—l) w+,%(2m+2k—1))
1 1
_ gmtk 2@m+2k=1) - mik—1 _ym+k 2@m+2k=1)  mik—1
- —,m—1+2kow+,m+k ow_,%(2m+2k_1) \I]+,m—1+2ko —,m+k Ow+,%(2m+2k_1)
_ \yym+k m+k—1_\ym+k m+k—1
=W 142k Yk Vi 142k OV etk

_ am—1+k _gm—1+k
_Lp—,m—1+2k lIJ—i—,m—l—f-2k'

This verifies the second commutative diagram mentioned in Section 3.1.

Finally, we state a weaker version of the third commutative diagram mentioned in Section 3.1, which is
enough to apply Lemma 2.25. The following proposition will be proved in Section 7.4.

Proposition 3.12 Suppose !’ and [ are the maps in Propositions 3.6 and 3.9. Then there are two
commutative diagrams up to scalars:

4 I

r%(2m+2k—l) » Ty I‘%(2m+2k—1) — Iy
‘/ﬂrjq_,k W-Lf—‘m—l ‘/”;t,k Tl’im_]
[ [
FLp—igok ———— Tt FCptgok ——— Tt

Proof of Theorem 3.1 We verified all assumptions of the octahedral lemma (Lemma 2.23) for the
diagram (3-8). Hence, there exists a map ¢ such that

Y = H(Cone(¢)).
We also verified all assumptions of Lemma 2.25 for ¢' = JT:;, kT Tk Thus, we have
H(Cone(¢)) 2= H(Cone(¢)) == Y.
Then the desired triangle in the theorem holds. |
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3.3 Reformulation by bent complexes

In this subsection, we restate Theorem 3.1 using the language of bent complexes introduced in [Li and Ye
2021]. Suppose K is a rationally null-homologous knot in a closed 3-manifold Y. We continue to adopt
the notation and conventions from Sections 2.2 and 2.3.

Putting bypass triangles in Lemma 2.6 for different n together, we obtain the diagram

Vo v e
| P | Fp 1 «+————F T —--
wi,n 1//{f—.n—l w—lf- n—2
Vi Vi Vi
(3-12) e 'y 'y 'y
(i v Vi
vE s vE vl
Tr2 Y2 Lot Yol L v Trt1 —

where the Z-grading shift of wi % © w:kt " is +p for any k € Z. From (3-12), we constructed in [Li and
Ye 2021, Section 3.4] two spectral sequences {Ey +,dp +},>1 and {E, _,dy _},>1 from T, to Y, where
dy + is roughly

(3-13) YE oW )T Teyl ,, forany keZ.

The composition with the inverse map is well-defined on the r™ page, and the independence of k (and
hence 7 in (3-13)) follows from Lemma 2.12. The Z-grading shift of d, + is £rp. By fixing an inner
product on I',, we then lifted those spectral sequences to two differentials ¢4 and d_ on I’y such that

H(Ty,dy)=HTy,d-)=Y.
In such a way, the inverses of \I/]i k4 are also well-defined, which we will use freely later.

Then we propose an integral surgery formula for Y, using differentials d4 and d_ on I'y,. To state the
formula, we introduce the following notation.

Definition 3.13 [Li and Ye 2021, Construction 3.27 and Definition 5.12] For any integer s, define the
complexes

Bi(s) = (@(Fu,s + kp), di),

keZ

B 5)i= (@ + ko) ),

k>0

B (=s):= (@(FM,S +kp), d_).

k=0
Geometry & Topology, Volume 29 (2025)
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Furthermore, define
IT(s): BT (=s5)— BT(s) and I (s):B (<s)— B (s)

to be the inclusion maps. We also use the same notation for the induced map on homology.

Remark 3.14 By Lemma 2.5, we know that the nontrivial gradings of I';, are finite. Then, for any
sufficiently large integer s satisfying

p—x(S)
2

p—x(S)

S—Sop =< — and s+sop = > ,

we have
BT (s)=BYt(=s—s0p) and B (s)=B (Xs+s0p).

In such a case, (s —sop) and I~ (s + 5o p) are identities.

By splitting the diagram (3-12) into Z-gradings, we can calculate homologies of the complexes defined
in Definition 3.13.

Proposition 3.15 Suppose n € N and i is a grading. Fix an inner producton T',. If i > %(p—x(S))—np,
then there exists a canonical isomorphism

—Dp—
H(B*(> i) = (Fn,i n w).
Ifi <—(p—x(S))/2+ np, then there exists a canonical isomorphism
—Dp—
H(B~(<i)) = (r,,,i — w).

Proof The proof mirrors that of [Li and Ye 2021, Lemma 5.13]. Following the notation in [Li and Ye

2021, (3.9) and (3.10)], if
i>?;nLax_nq:p_X(S)_ >
2

then I'é’+ = 0 (the corresponding grading summand of T'y), and the isomorphism follows from the
convergence theorem of the unrolled spectral sequence [Li and Ye 2021, Theorem 2.4]; see also [Boardman
1999, Theorem 6.1]. Note that the unrolled spectral sequence induces a filtration on I',, and the homology
is canonically isomorphic to the direct sum of all associated graded objects of the filtration. Then we use
the inner product to identify the direct sum with the total space I';,. The other statement holds for the
same reason. d

Definition 3.16 [Li and Ye 2021, Construction 3.27 and Definition 5.12] For any integer s, define the

bent complex
461 i= ( @Dos + ko). )
keZ
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where for any element x € (I'y, s + kp),

d4(x) if k>0,
ds(x) = qd+(x)+d_(x) ifk=0,
d_(x) if k <0.
Define
at(s): A(s) > BT (s) and 7 (s): A(s) = B~ (s)
by
if £ >0, _ if kK <0,
row=fy 1w o= ;120

where x € (I'y,, s + kp). Define

¥t @A(s) — @Bi(s)

SEZL SEL

by putting 7 % (s) together for all 5. We also use the same notation for the induced map on homology.

Remark 3.17 Similar to Remark 3.14, according to Lemma 2.5, there are only finitely many the nontrivial
gradings of I',. Then, for any sufficiently large integer s such that so > (p — x(S5))/2, we have

A(so) = B™(so) and A(—so) = BT (—s0).

In such a case, 7~ (so) and 7+ (—s¢) are identities.
Now, we state the integral surgery formula in the above setup.

Theorem 3.18 Suppose m is a fixed integer such that mp — q # 0. Then there exists an isomorphism
Em: @ HB () = P HB (s +mp—q))
SEZ SEZ

as the direct sum of isomorphisms

~

Em,s: H(BT (s)) = H(B™ (s +mp —q))
so that

m = H(Cone(n_ + Epont: EB H(A(s)) — @ H(B_(s)))).

SEZ SEZ

Proof According to Remark 3.17, we only need to consider the maps 7+ (s) for |s| less than a fixed
integer. For such values of s, we can apply the following proposition.
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Proposition 3.19 [Liand Ye 2021, Proposition 3.28] Fix m, s € Z such that |s| < %(p —x(S)). For any
large integer k, fix inner products on r%(2m+2k—1) and I'y,,_{ 4y ox. Then there exist s1, s;r, S5 s;r, S5 € Z
such that the diagram

H(AG) —O (8% (s))

o b

m.k

(r%(2m+2k_1)’ Sl) O (rm—1+2k7 S?:,t)
commutes, where the maps nri’zl, defined in Section 3.1, factor through (T'j, 4, sgc).

Remark 3.20 The maps 7% (s) factor through 7% (s) constructed in Definition 3.13. We write

nE(s) = I (s) o™ (s).
This corresponds to the factorization about (I, 4+, sgc) in Proposition 3.19 (we fix an inner product on
I}, to apply Proposition 3.15), ie the following diagrams commute:

at/(s)

H(A(s)) H(B* (=) H(B™(s))

l_ w%(2m+2k—l) l_ i l_

It(s)

—.m+k +.m—142k
(T4 sk 1y 1) —— (T 55— (Cpp 42 57)
x(s) _ I~ (s) _
H(A(s)) H(B™(=s)) H(B™(s))

l: w%‘z’”“k—l) l: gtk l:

+.m+k _ —m—142k _
T1omiak—1y51) = (D, 53) (Tm—142k.53)

From the calculation in [Li and Ye 2021, Remark 3.29] (we replace n and / there by m + k and k — 1,
and note that there is a typo about sign in the first arXiv version of [Li and Ye 2021]), the difference of

the grading shifts is

;r—s;=(m+k—(k—1)—1)p—q=mp—q.

s
Note that the notation in this paper and [Li and Ye 2021] are different (cf Remark 2.3).
Then we can construct the isomorphism

Em.s: H(BT(s)) => H(B™ (s +mp —q))
for |s| < %(p — x(8)) by identifying both H(B*(s)) and H(B~ (s +mp —q)) with (T,_1 12k s;r) for
a sufficiently large k. A priori, this isomorphism depends on inner products on

P Tiomyok—1y) Tm-1+26 and - Tppe.
For other s, we can take any isomorphism &, s since the choice does not affect the computation of the

mapping cone.
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Consequently, we obtain
H(Cone(n~ 4+ Epon™)) = H(Cone(n,;’k + n’: ) = Ym,

where the last isomorphism comes from Theorem 3.1. |

Remark 3.21 Theorem 3.18 is slightly weaker than Theorem 3.1. Indeed, when we use the integral
surgery formula to calculate surgeries on the Borromean knot in the companion paper [Li and Ye 2025],
we have to study the H; (Y) action on sutured instanton homology, where ¥ = #2" 5! x S? is the ambient
manifold of the knot. This action vanishes on I';, so vanishes on the bent complex. But it is nonvanishing
on I'y,+ 1 and I'y,,_1 4 2% and we use this information to realize the computation. This issue for the bent
complex might be resolved by introducing some E-pages for differentials d4 and d_ such that the action
is nontrivial on Ey-pages.

3.4 A formula for instanton knot homology

The third exact sequence (3-11) implies

N 14k 1+k
Ty 2 H(Cone(¥™ I 0 — W ok Tm—14+k ® D14k = Tm—1424))

for any sufficiently large integer k. Since there are two copies I';,—; +%, we can always regard the grading

shifts of the maps \IJ'" Hlljrz « as different ones by rescaling the grading of the first summand from i to

2i —1 and the second summand from i to 2i. Hence we do not need the assumption mp — g # 0 as in
the previous mapping cone formula in Theorem 3.1. By Lemma 2.24, we can replace the minus sign with
any coefficient.

In this subsection, we restate this result in the language of bent complexes. The formula is inspired by
Eftekhary’s formula [2018, Proposition 1.5] for knot Floer homology H/F\K; see also Hedden-Levine’s
work [Hedden and Levine 2024]. Since m can be any integer, we replace m — 1 by m.

Theorem 3.22 Suppose m, j € Z. Define

—NDp— —Dp—
(m 2)19 4 o j_=j+(m 2)1? 9

Jt=i-
Then there exists an isomorphism
i HBY () = H(B™(j7)
such that
(T, j) = H(Cone(I™(j7) + &, ;o I (j ) H(B™(< j7) @ H(BT (= j 1) — H(B™(j 7))

Proof As mentioned before, we have

I, = H(Cone(\l‘m+k

m+2k \11’”“‘ m2k)) = H(Cone(\IJ’”+ m+2k T \pm+ m+2k))

for any sufficiently large integer k.
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Since bypass maps are homogeneous, the above mapping cone splits into Z-gradings (or (Z + %)-gradings).
Hence we can use it to calculate (I';,, j). By Lemma 2.6, the corresponding spaces are

(Tomskr j — 3kp) ® Tk J + 5kp) and  (Tppok. J).

From Proposition 3.15 with i = j &+ %kp, by fixing an inner product on I',,, ; x, we know that

Ttk j —5kp) = H(B™(= j7))  for j—3kp <—3(p—x($))+ (m+k)p,
Ttk j + 3kp) = H(BT (= j 7)) for j+3kp> 3(p—x(S))—(m+k)p.
Since m is fixed, when k is sufficiently large, we know that any j with (I, j) nontrivial (ie with

7] < (|Imp —q|— x(S))/2 by Lemma 2.5) satisfies the above inequalities. By Proposition 3.15 again
(fixing an inner product on T, 55) and Remark 3.14, for k sufficiently large, we know that

T2k, /) = H(B~(j7) = HBT(j 1))

for such j. By unpackaging the construction of differentials ¢4 and d_ in [Li and Ye 2021, Section 3.4],
we know that the restrictions of maps \PT’m 4oy and \Dfm 4o On the corresponding gradings coincide with

the maps induced by the inclusions 7~ (7 ™) and *(j*) under the canonical isomorphisms, respectively.
For [j| = (Imp —ql = x(5))/2, let
Bt HBT( ) = H(B™(j7)

be the isomorphism obtained from identifying both spaces to the corresponding grading summand

of I'y, 1 2% . Note that it depends on inner products on I'y, Iy, x and Iy, 5% . For other j, we can take
any isomorphism &’ . since the choice does not affect the computation of the mapping cone. Then we

m, j
know that
(T, j) = H(Cone( '_”;rnlfi_zk + ‘I’TjnkJrzk | Ttk J + 7kp) ® (Cmtks J — 7kp)))
= H(Cone(I™(j7) + &, ;oI (jT))). =

4 Dehn surgery and bypass maps

In this section, we prove a generalization of Lemma 2.20 and Proposition 3.3.

Suppose (M, y) is a balanced sutured manifold and o C dM is a connected simple closed curve that
intersects the suture y twice. There are two natural bypass arcs associated to «, each of which intersects
the suture at three points and induces a bypass triangle (cf [Baldwin and Sivek 2022b, Section 4])

SHI(~ M, —y) v SHI(—M, —y5)

— —

SHI(—M, —yi)

where y, and )/;E are the sutures coming from bypass attachments. Note that the horizontal arrows involve
the same set of balanced sutured manifolds but have different maps. Let (M, y9) be obtained from
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(M, y) by attaching a contact 2-handle along ¢«. From [Baldwin and Sivek 2016b, Section 3.3], it has
been shown that a closure of (—Mq, —)) coincides with a closure of the sutured manifold obtained from
(—M, —y) by 0-surgery along « with respect to the surface framing. Hence there is also a surgery exact
triangle (cf [Li and Ye 2022, Lemma 3.21])

Hy
SHI(—M, —y) SHI(—M, —y»)

\/

@(_M()’ _J/O)

The map Hy, is related to the bypass maps ¥+ as follows:

Proposition 4.1 There exist ¢, c; € C\{0} such that
Hy =c1y4 + v

Remark 4.2 The proof of Proposition 4.1 was developed through the discussions with John A Baldwin
and Steven Sivek.

Proof of Proposition 4.1 Let A C dM be a tubular neighborhood of & C dM . Push the interior of 4 into
the interior of M to make it a properly embedded surface. By a standard argument in [Honda 2000], we
can assume that a collar of dM is equipped with a product contact structure such that y is (isotopic to) the
dividing set, « is a Legendrian curve, A is in the contact collar, and A4 is a convex surface with Legendrian
boundary that separates a standard contact neighborhood of « off M. The convex decomposition of M

along A yields two pieces
M=M ’;J V.

where M is diffeomorphic to M and V is the contact neighborhood of «. It is straightforward to check
that, after rounding the corners, the contact structure near the boundary of M is still a product contact
structure with M’ being a convex boundary. Let y’ be the dividing set on dM’. Also, after rounding
the corners, with the contact structure on V 2 S! x D2, we can suppose dV is a convex surface with
dividing set being the union of two connected simple closed curves on dV of slope —1. When viewing V'
as the complement of an unknot in S3, the dividing set coincides with the suture I'; C V, so from now
on we call it ['y. By the construction of the gluing map in [Li 2021a], there exists a map

Gy:SHI(-M’,—y') ® SHI(~V, —T') — SHI(~ M, —y).

As in [Li 2021a], the map G comes from attaching contact handles to (M, y’) LI (V, T'1) to recover the
gluing along A. From [Li 2021b, Proposition 1.4], we know that

Note that M’ and M are equipped with the product contact structure near their boundaries. From the
functoriality of the contact gluing map in [Li 2021a], we know that G is an isomorphism. Now both the
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(—1)-surgery along a push-off of @ and the bypass attachments can be thought of as happening in the
piece V. Note that the result of both (—1)-surgery and the bypass attachments for 'y is I',. Hence we
have the commutative diagram

G
SHI(—~M',—y") ® SHI(—V,—T';) —— SHI(—M, —)

4-) 1d ®ﬁal Hal

G
SHI(—M', —y") ® SHI(—V, —T;) —— SHI(— M, —y»)

where fAIO, denotes the surgery map for the manifold V' and G, is the gluing map obtained by attaching
the same set of contact handles as G;. A similar commutative diagram holds when replacing H, and H,

by ¥+ and
Y+ :SHI(—V,-TI'1) — SHI(-V, -T',)

in (4-1), respectively.

Since G is an isomorphism, to obtain a relation between H,, and ¥/, it suffices to understand the relation
between f[a and ¥ +. From [Li 2021b, Proposition 1.4], we know that

SHI(—V,—T,) = C?.
Moreover, the meridian disk of V induces a (Z + %) grading on SHI(—V, —I";) and we have
SHI(—V, —T5) 2 SHI(—V, T, 3) @ SHI(=V, —T', ).

with
SHI(~V.~T. 1) & SHI(~V.~T3.—)

I

C.

Let
1eSHI(-V,-T')=C

be a generator. In [Li 2021b, Section 4.3] it is shown that
1Z-_(l) € @(_Va _FZa %) and {ﬂ\—i-(l) € S_I_H(_Va _F2’ _%)

are nonzero. Also, when viewing V as the complement of the unknot U, there is an exact triangle

~

Ay
SHI(=V,-T) SHI(—V, —T})

@2 \ /
G F>

I%(—=S3)

as in Lemma 2.16. Comparing the dimensions of the spaces in (4-2), we have G; = 0 and I-Ala is injective.
From the fact that t; (U) = 0, we know from [Ghosh et al. 2024, Corollary 3.5] that

Fy |SHI(—V,—T3,1) #£0 and F, |SHI(—V,—T,,—1) #0.
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By the exactness in (4-2), we have ker(F,) = Im(PAIa) and then }AIO, (1) is not in S_I-H(—V, -1y, :I:%), ie it
is a linear combination of generators of S_}H(— V,—TI, j:%) Hence we know that there are ¢1, ¢, € C\{0}
such that

Hoy(1) = 194 (1) + 29— (1).

Then the proposition follows from the commutative diagram (4-1). |

In Remark 1.3, we discussed the ambiguity arising from scalars. It is worth mentioning that such ambiguity
already exists in instanton theory. For example, if M is the complement of a knot K C S3 and y consists
of two meridians of the knot, which we denote by I'y,, we can choose « to be a curve on (S 3\N(K)) of
slope —n. Then we have a surgery triangle

Hy
SHI(—M,~T}) SHI(—M, ~T_)

/

I#(=52,(K))

Note that this triangle is not the one from Floer’s original exact triangle, but rather one with a slight
modification on the choice of 1-cycles inside the 3-manifold that represents the second Stiefel-Whitney
class of the relevant SO(3)-bundle; see [Baldwin and Sivek 2021, Section 2.2] for more details. Floer’s
original exact triangle, on the other hand, yields a different triangle

SHI(—S*\N(K), ~T,) o SHI(—S*\N(K), ~T,_1)

\/

I#(=S2,(K). )

where u C —S3, (K) denotes a meridian of the knot. The difference between Hy, and HY, is that they come
from the same cobordism but the SO(3)-bundles over the cobordism are different. The local argument to
prove Proposition 4.1 works for both Hy and H,,. Hence there exists nonzero complex numbers ¢y, ¢3,
¢}, ¢y such that

H, = cnﬂi’n + Czl//l_/:n_l and Hj, =c} Win + cétﬂf’n_l,
where the maps
¥k oy SHI(=S*\N(K), —T)u) — SHI(=S*\N(K), =Ts—1)

are the two related bypass maps. When n # 0, these two bypass maps have different grading-shifting
behavior, so by Lemma 2.24, a different choice of nonzero coefficients does not change the dimensions
of the kernel and cokernel of the map. Hence we conclude that for n # 0,

I#(=82,(K). p) = I}(=S2,,(K)).
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However, when n = 0, the two bypass maps wi’n_l both preserve gradings, making the coefficients
significant, ie 1 1i(—Sg (K), ) and 1 ﬂ(—Sg (K)) might have different dimensions for different choices of
coefficients. Indeed, it is observed by Baldwin and Sivek [2021] that for what they called W-shaped knots
(which is clearly a nonempty class, eg the figure-eight knot [Baldwin and Sivek 2022a, Proposition 10.4]),
these two framed instanton homologies have dimensions that differ by 2.

5 Some exactness by diagram chasing

5.1 At the direct summand

In this subsection, we prove Proposition 3.4 by diagram chasing. We restate the result in Proposition 5.1.
We also adopt the conventions for scalars from Section 2.3, and this together with Lemma 2.11 implies

that

— \Ijn+k0 n

n+kog n
v °© q]—,n-l-ko —.n+2kgo °© +,n+ko

+,n+2ko
for any n and ky.

Proposition 5.1 Given n € Z and ko € N4, for any ¢y, ¢3, ¢3, ¢4 satistying

C1€3 = —C2C4,
the sequence
n+kg n+k0

(c1 ‘I’i,nkaO :62wﬁ5n+k0) €3 \Ilf,nJerO +c4‘ll+,n+2k0
| rn—i—k() @ rn—i—k() rn—l—Zko

is exact.

Proof For simplicity, we only prove the proposition for n = 0. The proof for any general n is similar
(replacing all I'y; below by I';,,, and modifying the notation for bypass maps). Also, we only prove the
case when

C1=C2=C3=1 and C4=—1.
The proof for general scalars can be obtained similarly.

We prove the proposition by induction on ky. We will use the exactness in Lemma 2.6 and the commutative
diagrams in Lemmas 2.12 and 2.11 many times. For simplicity, we will use them without naming them.

First, we assume ko = 1. The proposition reduces to
k Uyl y=1 0 0
er(l/f—,z 1/f-|-,2) m((w-hp W_,l))-
The commutative diagram in Lemma 2.11 implies
ker(W! , — vl ) DIm((WY 1. v2 ).
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We then prove
ker(wi,z — W_l,_’z) C Im((lﬂ.?.J ) WE,1))~

Suppose
(x1.x2) €ker(Yl , =y 5).ie ¥l (x1) =¥} ,(x2) =0.

Then we have
vl () =v3 ovl ,(x) =y 0¥ ,(x)=0.
By exactness, there exists y € I'g such that wg_’l (») = x1. Then
Vi,0v () =vl,0vd (0 =vl,(x1) and ¥ ,(2—v (»)=0.

By exactness, there exists z € ', such that

Vi @) =x2—v° ().
Let y) =y + wi’o(z). Then
Y00 =yl ,m=x1 and 2,0 =y (M) +v2 0yl () =v2 () + V] () =x,
which concludes the proof for ko = 1.

Suppose the proposition holds for ko = k. We prove it also holds for ko = k + 1. The proof is similar to
the case for kg = 1. Again by Lemma 2.11, we have

k+1 k+1 0 0
ker(WZ oy p =W okqn) D Im((W3 4y W2 ki)
Then we prove
k+1 k+1 0 0
ker(WZ oy 4 p =W okqn) CIM((WS 4y s W2 ki)
Suppose
(x1.x2) e ker(WrH)  —WKEE ) e WRELL L (e — WAL () =0

Then we have

k+1 2k+2 k+1 2k+2 k+1
W-hu (x1) = W+,,L ° Lp_,2k+2(xl) = W-}-“u, ° lIJ.|_’2k_|_2(xZ) = 0.

By exactness, there exists ¥ € I'y such that W_]f., k1 (¥1) = x1. By a similar reason, there exists y, € I'y
such that wf,k+1 (2) = x5. The goal is to prove

L oD =9k (0%

for some modifications yi and y; of y; and y, as for y’ in the case of kg = 1. Then the induction
hypothesis will imply that there exists w € I'g such that

\Ilg_’k(w) =y, and \I!g’k(w) = 5.
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Hence we will have

) =yk 0D =x1 and 90, w)=yE () =x.
This will conclude the proof for kg = k + 1.

Now we start to construct yi. We have
2k+1 k+1 k _ o 2k+1 k+1 2k+1 k
Y ok (W o1 (02) =W o VD)) = ¥k 0 W o (2) =¥ 0 W2 5 1)
_ gk+1 2k+1 k
=V k2 (%2) =V 2 0 W gy (01)

= ‘I’k+k+2(x2) qj+ 2k+2(x1)
=0.

By exactness, there exists z; € I'y, such that
n k+1 k
1ﬂ+,2k+1(21) lIJ+ 2k+1(x2)_\p_’2k+1(y1)-
Let y| = y1 + Wﬁ,k(ﬁ)- Then

w-khkﬂ(y;) = w_]f-,k_l,-l(yl) = X1,
W e 0D =5 D)+ 0wk )
= vk 2k+1(J’1) + V5 spa 1)

k+
=it 2k+1 (x2).
Then we start to construct y5. We have

k k
—2k+1(q’ 2k(y1) ‘I’+2k(y2))— 2k+1(y1) 1p—2k+1°‘p+,2k(3’2)

k+
= ‘p_ 2k+1(y1) vt 2k+1(x2)
=0.

By exactness, there exists z; € I'y, such that
Yt @) =W 0D =K ().

Let y), =y + 1/f’_ﬂ «(22). Then

Wf,k+1 (J’;) = Wf,k+1 (y2) = x2,

LIJI—T—,zk (1) = ‘I’i,zk(h) + lI'ﬁ,zk oyt (22)
=K L )+ 5 (22)
= WF L0
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Then we have the commutative diagrams

X1 € Fk+1
=

ylerk

\

r /
\ / \%*/
y’zerk\x)2 /

€Tk

| PYaT)

By the induction hypothesis, there exists w € I'g such that

i w)=p] and WO, (w)=y),

which concludes the proof for kg =k + 1. a

Remark 5.2 By similar arguments, we can prove that the sequence

n+kq n+koy
(e1W n+kq oW n+k2) 3V kg iy TV ke ks

Iy | PSEWCCD P Lotk ks

is exact for any k, k, € N4, where the scalars satisfy c¢jc3 = —cac4.

5.2 The second exact triangle

In this subsection, we prove Proposition 3.6 by diagram chasing. For convenience, we restate it as follows,
which is a little stronger than the previous version. Replacing the original knot in the proposition by the
dual knot in the Dehn filling of slope —(m + k)u + A with framing —u and setting n = —1 will recover
Proposition 3.6.

Proposition 5.3 Suppose
l'0+ n—1° wn-i-l - vfl—ld,n—l © Wﬁjl_tl
Then for any ¢y, ¢3, c3, cq4 € C\{0}, the sequence

c3"/fﬁgn+1+c4wi!n+1 ! (cry nl a021/f+ nl)
oI, | e P Iaerl,

is exact.
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Proof We adopt the conventions from Section 2.3. We will use Lemmas 2.6, 2.11 and 2.12 without
mentioning them. We prove the exactness at I';,_1 first. We have

YU ol =y oyl oyt =0.
Hence
ker((e1 923!, cay!i7,)) D Im(7').

Next we prove

ker((c1y", co¥’i7))) CIm(l').

Suppose
x e ker((er ¥ eyl h)) = ker(w ) Nker (v,

By exactness, there exists y € 'y, such that Win_l (y) = x. Then we have
VL) =y oyl () =y () =0.

By exactness, there exists z € I', ;1 such that w”"'l (z) = y. Thus, we have //(z) = x, which concludes
the proof for the exactness at I';,_.

Next we prove the exactness at I', 1. By exactness, we have

ker(l’) D) Im(C3 Wﬁ’n_{_] + C41ﬁ_7_,n+1) = Im(lﬁf,nﬂ) + Im(lﬂi,n_H)-

Suppose x € ker(/’). If W"H (x) = 0, then by the exactness we know x € Im(tﬂ+ ar) I W”H (x) #0,
then by the exactness, there exists y € I',, such that

v ) =yt .
Then we know
x—=y" () eker@ ) =Im@ L ).

Thus, we have
x €Im@?, ) +Im@l 4 ).

which concludes the proof of the exactness at I'y, . |

6 Some technical constructions

6.1 Filtrations

In this subsection, we study some filtrations on Y and I';, that will be important in later sections. We
continue to adopt conventions from Section 2.3. In particular, K C Y is a rationally null-homologous
knot and S is a rational Seifert surface of K.
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Lemma 6.1 The maps G, in Lemma 2.16 lead to a filtration on Y: for a sufficiently large integer ny,

0=kerG_p,, C---CkerG, CkerG,4; C---CkerG,, =Y.

Proof It follows from Lemma 2.19 that when n is sufficiently large we have
0=kerG_,, and kerGy,, =Y.
It follows from Lemma 2.18 that for any n € Z,

ker G, C ker G4 1. O

Lemma 6.2 For any n € Z, the map G, induces an isomorphism

Gn: (ker Gp1/ker Gy) —>ker gt Nkery” .

Proof Suppose x € ker G+ 1. Then from Lemma 2.18 we know that

wi,n_H 0Gn(x) =Gyy1(x)=0.

Hence we have
Gn(ker Gy41)) C ker wi,n+l Mker wﬁ’”‘*‘l )

Clearly G, is injective on ker G, 11 /ker G, so it suffices to show that the image is ker 1//5’r a1 ker v i1

To achieve this, for any element x € ker w_’:_ a1 Nker v 41> Lemma 2.20 implies that
x € ker H, = Im G,,.

As a result, there exists & € Y such that

Again from Lemma 2.18 we know that
Guy1(e) =Y o Gula) =y (x) = 0.

This implies that o € ker G, 1. O

Lemma 6.3 For any n € Z, the maps wi ,, induce isomorphisms

. +2 +1y =
Y Amy 2 imy it = keryt L Nkery” L,

Yk o (Im lﬁfjf/lm Wf?;l) —>kery} , NkeryZ .

Proof We only prove the lemma for positive bypasses. The proof for the negative bypasses is similar.

Let u € Im w_”ﬁlf By Lemmas 2.6 and 2.12, we have

1p-}:—’n-‘,-l © Wi,n(“) = O and wz’n+1 o W-lt,n(”) = w.l:’n_l_l(u) = 0
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Hence we know
yh ,my ) Ckeryl  Nkery” ).

Since ker % , =Im w_’f_"'ul, the map w+ , 1s injective on Im w”"'z/lm W”‘H To show it is surjective as
well, pick x € ker w_’f_ a1 Mker Y n41- Note that x € ker W.,. pp1 =1Im W+ ,, implies that there exists
u € I, such that Vfﬁ o (1) = x. Lemma 2.12 then implies that

w_ﬁ,n_{_l(u) = Wf,,ﬁ.l © Wﬁ,n(u) = 1/’2,”4.1()() =0.

As aresult, u € ker wi nq1 =Im 1/f”+2 O

Corollary 6.4 (1) For any n € Z, there is a canonical isomorphism
(ker Gpy1/ker Gy) = (Im ¢/ 42 Im g/t = (Imy 72 /Tm g0,
(2) For sufficiently large ng, there exists a (noncanonical) isomorphism

Y= (Imyl°, /Imy0) = (Imy2%, /ImyZ10).
Definition 6.5 For any integer n € Z and any grading i, define the map F? as the restriction
F} = Fy| (Tn.i).
where F}, is the map from Lemma 2.16.

Lemma 6.6 Suppose ng € Z is small enough that Fy, = 0 (cf Lemma 2.19). Then for any integer n > n
and any grading i, we have

AF (-1 p—q)

vl M(kerF’) = Im(Proj, oyi® B
where .
Pr JlﬂFz((n p—q) . ‘T, — (F,L,i - (n— ;P—Q)

is the projection.

Proof We only prove the lemma for positive bypasses and the proof for negative bypasses is similar.
First, suppose

L((n—1)p—q) (n—1)p—q
ueIm(Prol =P wi‘ju)zlmw;’fuﬂ(l‘u, _f)

Pick x € (T'y,,i — %(n —ng) p) such that

v () =u.

Taking y = W% (x), we know from Lemma 2.6 that y € (I, i), from Lemma 2.18 that F,(y) =
Fp(x) =0, and from Lemma 2.12 that wi,u(y) = u. As a result, we conclude that u € w_"hu(ker F,i).
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Second, suppose u € Y} (ker F,’;) is nonzero. Pick x; € ker F,’; such that

vf—ril—,u(xl) =u.
By Lemmas 2.5 and 2.6, the fact that Y} | (x1) = u # 0 implies that

_p=x©8) . m=Dp-q _p—x(S)
2 - 2 - 2
Pick a sufficiently large integer k and then take

(6-1)

k
xp =W, 4 (x1) and x3= lI’ili:,rszrzk—no(’62)'

By Lemma 2.18 we have

Fontok—ny(X3) = Fuyr(x2) = Fp(x1) =0.

Note that the grading j of x3 equals

.. kp (m+k—no)p . (n—no)p
6-2 = B SO S 2 S 2
(6-2) J=it 3 i >
Combining (6-1) and (6-2), we obtain
(no—=2)p—q—x(S) _ . _nop—q—x(S)
2 SIET

Note that we pick k to be a sufficiently large integer. In particular, we can assume

—@nt2k—no)p+q+x(S) | (0=2)p=q-x(S)
2 - 2 ’
nop—q—x(S) _ @n+2k—no)p—q+x(S)
2 - 2 '
Thus j is in this range as well, and Lemma 2.19 implies that F,, 24y, 1s injective on the grading ;.

Hence x3 = 0. Then the following lemma (Lemma 6.7) applies to (x, y) = (x3,0), and there exists
x4 € Iy, such that

\Dz(jn+k(x4) = X2.
Thus by Lemma 2.12,

i—3((n—1)p—q)
w=y, (x) =it () = v, (x4) e Im(Proj,, 2 T oyl ). =

Lemma 6.7 Supposen € Z and ky,k, € N. Suppose x € Ty, and y € T, are such that
n+k __yntk
‘Ij-i—,n-il-kl-i—kz (X) - \D—,n-ﬁkl-i-kz (y)

Then there exists z € I', such that
\Ijz,n+k1 (z) =x and LIlf’i_’n_i_kz(z) = .
Proof This is a restatement of Remark 5.2. The proof is similar to that of Proposition 5.1. |
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6.2 Tau invariants in a general 3-manifold

Definition 6.8 An element « € Y is called homogeneous if there exists an n € Z and a grading i such
that ¢ € Im F,’;. Note that from Lemma 2.18 and Corollary 2.9, we know that

. i+l
cvelmF, = « eIan+12p.

For a homogeneous element o € Y, we pick a sufficiently large no and define

—Dp—
tT () := max{i | Fy,(x) = a for some x € (rno,i)}—w’
1
(o=Dp=g

T (o) :=min{i | Fy,(x) = o for some x € (I'p,, i)} + 3 ,
1
T (o) —t () + ¢ __ min —max
p

() =1+

+ ny.
We will prove the independence of these 7 invariants about n¢ later in Lemma 6.12.

Remark 6.9 Here we fix the knot K C Y and define the tau invariants for a homogeneous element
o € I#(Y). The reason we go in this order is because

(1) currently the definition of homogeneous elements depends on the choice of the knot, and

(2) 1in this paper we only focus on the Dehn surgeries of a fixed knot.

Remark 6.10 The normalization % ((no—1) p—q) comes from the grading shifts of wl‘) u in Lemma 2.6.
When K is a knot inside ¥ = S3, we have that 7+ («) is equal to the tau invariant 7 (K) defined in [Ghosh
et al. 2024], where « is the unique generator of 7#(—S?) 2 C up to a scalar. Then 7(a) = 1 — 277 (K).

Lemma 6.11 We have the following properties.

(1) Suppose ny,ny are two integers and iy,1, are two gradings such that there exist x; € (I'y,,1;) and
Xg € (l“,,z, ip) with

Fn1 (xl) = Fnz(XZ) 7é 0.
Then there exists an integer N such that

Ny —n
iz=i1—( 2 . 1)P+Np’

ie when we send x| and x, into the same I'y,; withnz > ny,ny by bypass maps, then the difference
of the expected gradings of the images is divisible by p (the grading-shitts of the bypass maps

Yl pyq ae Fp/2).
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(2) Suppose we have an integer ny, a grading i; and an element x| € (I'y,,,i1). Then for any integer
ny > ny and grading i, such that there exists an integer N € [0, ny —nq]| with

Ny —n
i2=i1—( 2 . 1)P+Np’

there exists an element x5 € (I'y,, i) such that

Fnl(xl) = Fnz(x2)'

(3) Supposen € Z and for 1 < j <[ we have a grading i; and an element x; € (I'y, i) such that
F,(x1),..., Fy(xp) are linearly independent. Then the element

[
o= Z Fu(xj)
j=1

is homogeneous if and only if for any 1 < j </, we have

ij =i; (mod p).

Proof (1) Take nq a sufficiently large integer. For j = 1,2, take i J’ € (—% D, % p] to be the unique

grading such that there exists an integer N; with

no—nj
g:q—L17Q£+Mp
Take
+N,
x _qjijno] ﬁ]n +N,(XJ)

From Lemma 2.18 we know that

xj'- € (Try, ijf) and  Fpy(x]) = Fp, (X1) = Fy(x2) = Fpy(x5).
By Lemma 2.19, we know that x’l = x; and in particular, ii = ié. As aresult, we can take N = N; — N5,
and then it is straightforward to verify that

ny)—n
i2=i1——( 2 B 1)p+Np

(2) We can take

+N n
X2 —\Ifnl \Ij—i-lnl-}—N(xl)'

Then it follows from Lemma 2.6 that x, € (I',. i), and it follows from Lemma 2.18 that

Fry (x2) = Fny (x1).
(3) The proof is similar to that of (1). O

Lemma 6.12 For a homogeneous element o, we have the following:

(1) t*(«) and hence t (o) are well-defined, ie they are independent of the choice of the large integer n.

(2) We have t(a) € Z.
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(3) For any integer n and grading i, the following two statements are equivalent.
(a) There exists x € (I'y,, 1) such that F,,(x) = «.
(b) We have n > t(«) and there exists N € Z such that N € [0,n — ()] and

i = %(r*’(a) + 7 (@)= (n—1t(a))p) + Np.

(4) We have
p—x(S )

f+(a)2—p_TX(S) and 7t (@) < ——= 2

Proof (1) Suppose « is a homogeneous element. Then by definition there exists x € (I'y, i) for some
integer n and grading i such that

Fy(x) =a.
Then for sufficiently large ng, we can take
y = w:’—,no (x)
and then Lemma 2.18 implies that
Fn() (y) =a,

and hence 7 () exists.

To show that the value of 7¥ («) is independent of 1 as long as it is sufficiently large, a combination of
Lemmas 2.5 and 2.6 implies that the map

—n0+1 (rnovl)_)( n0+1»i+%p)

is an isomorphism for any i > g — 5(n0p —g —1). Then Lemma 2.18 implies that t* is well-defined.
The argument for 7~ is similar.

(2) It follows directly from Lemma 6.11 part (1).
(3) We first establish the following claim.

Claim There exists an element
z€ (T, %(f"'(a) +71 (a))) suchthat Fi)(z)=a.

Proof Suppose n¢ € Z is sufficiently large and

Yie€ (rno’ri(a) + M)

2

such that F,(x+) = . Note that the existence of x4 follows from the definition of % (). Let

xil: = qﬂ:f:,Zno—r(oe) (x£).

It follows from Lemma 2.6 that

(o) + 7 (@)
x;: € (FZno—r(a)a f)
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From Lemma 2.18 we know that

FZno—t(a)(xg-) == FZno—r(a) (x/—)

By Lemma 2.19 this implies that
X+ = x/_.

Hence Lemma 6.7 applies and there exists z € I';(4) such that
WD) = x4
Again Lemma 2.6 implies that z is in the grading

z e (rr(a)’ w)’

F,(a)(z) = . O

and Lemma 2.18 implies

Now if an integer # and a grading i satisfy statement (b), then (a) is a direct consequence of the above
claim and Lemma 6.11(2).

It remains to show that (a) implies (b). Suppose there exists x € (', i) such that F,(x) = «. From the
above claim, we already know that there exists

_l’_ f—
z € (I‘t(a), w) such that  Fr(y)(z) = a.

Hence Lemma 6.11(1) implies that there exists N € Z such that
‘i tH@) +1 (@ —(n—t(@)p L

Np.
) p
If N > n—t(a), we can take a sufficiently large n¢ and
= (x).
It follows from Lemma 2.6 that
“Dp—
x' € (Tpy,i") with i’ > 7 () + (no#.

Then Lemma 2.18 implies that
Fuy(x") =,

which contradicts the definition of 7T in Definition 6.8. Similarly, if N < 0 we can take
=0 (X)),

which would be an element contradicting the definition of 7~. When n < t(«) we have n — 7(«) < 0, so
there is always a contradiction by the above argument. This concludes (b).

(4) Tt follows from the definition of 7* and Lemma 2.19 that Fp, is an isomorphism when restricted to
the direct sum of p consecutive middle gradings of I';,, when ny is large. |
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Lemma 6.13 For any n € Z we have that
Im F,, = Span{« € Y | @ is homogeneous and 7(«) < n}.

Proof Suppose o € Im F),. Let

o= E o;, where @; € Im F,’1 is homogeneous.

From Lemma 6.12 we know that 7(¢;) < n for all i. On the other hand, suppose

o= Zai, where 7(o;) < n for all i.
i

By Lemma 6.12(3), we can pick z; € I';(y,) such that

Ft(a,-)(zi) = 0.

a_Fn(Z\IJT(al)(Zl) O

6.3 A basis for framed instanton homology

Then from Lemma 2.18 we know

We pick a basis ‘B for Y as follows. First

B =B

nez
To construct the set B, first, let B, = @ if F,, = 0. By Lemma 2.19 this means B, = & for all small
enough n. Write

B<n = Br.
k=<n
We pick the set ‘B, inductively. Note that we have taken 9B, = @& for n with F;, = 0. Suppose we have
already constructed the set *B<,_ that consists of homogeneous elements and is a basis of Im Fj,_;. We

pick the set B, such that °B,, consists of homogeneous elements with t = n, and the set
B<p=B<p—1 UDBy
forms a basis of Im F},. Note that Lemma 6.13 implies that B, exists and
|8,,| = dimc (Im Fy,/Im Fp,_).
For any n, k € Z such that k <n — 2, define maps
My g Bn— T

as follows: for any o € B, C Im F},, since « is homogeneous and 7(«) = n, we can pick

«(r. et @)

by Lemma 6.12(3) such that F,(z) = «. Then define
n’i,k(a) = Wi,k o 1ﬁ:}|1:,,u.(z)-
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Lemma 6.14 Suppose n, k € Z are such that k <n —2.

(1) The maps 77;’:’ i are all well-defined.

(2) Wehaven , ,=cp-n" ,_, for some scalar c, € C\{0}.
(3) Elements in Imn", , C Ty are linearly independent.

4) Im ”’i,n—z forms a basis for ker w;’_’_nz_l Nker WZ’_nz_ .

(5) For any o € B, we have

T (@) + 17 (@) - (n—2—k)p)‘

n e Ty,
o < (0 :

(6) We have
VA ooy =y and i onl =0
Proof (1) We only work with ”’jr,k’ and the arguments for 5"  are similar. Suppose there are
21,22 € (I'y, 1) such that Fy(z1) = Fu(z3) = a, where i = %(r"‘(a) + 77 («)). Then
z1 —zp € ker F,’;,
and by Lemma 6.6 we have
Y (1 —z) eyt (ker F}) CImy°, CImy kil
Here ny € Z is a small enough integer. As a result,
M@ = Y2 oW (1) = Yl oyl L(22)

is well-defined.

(2) This follows directly from Lemma 2.11. Note that in Section 2.3 we do not fix the scalars of the
second commutative diagram of Lemma 2.11, and hence a nonzero coefficient ¢, would possibly arise.

(3) We only work with ni « and the arguments for n” , are similar. Suppose
By, ={oy,...,00},
where [/ = |8, | = dimc (Im F,,/Im F,,_;).
Suppose there exists A1, ..., A; such that
I
Z)\j 'Ui,k(aj) =0.
j=1
Pick zj € (l"n, %(r*’(og) + r_(aj))) such that Fy(zj) = oj. Then we have

)
wi,k o wi,u(z ijj) =0.

Jj=1
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As a result, there exists x € I'x4; such that

[
yhtloo) = m(z A,-zj).
j=1

Note that, from Lemma 2.12, we know that
/
w_’f_’uo\llk-i-l(x) k+1(x) wi’“(Z)\ij),
j=1
so as a result there exists y € I',_1 such that
/

> iz = ER )+ 9L ).

j=1
Hence by Lemma 2.18 we have

/
> hjoj = Fn(ZA z,) w0 WEEN () + Fy oy (9) = Frg1 (%) + Fpm1 (») CIm Fyy.

Since «j form a basis of B, the sum cannot be in Im F,,_; except A; = 0 for all ;.
(4). For a € ‘B, pick z € (T, %(r"‘(a) 4+ 77 («))) such that Fj(z) = «. Then by definition
0 (@) =¥ oyl ().
Now we can compute
w—l—n 1o pop(a) = +n 1°W+n 20V 4 (2) =0,
and by Lemma 2.12
z!—nZ 1 77+n 2(0[) —n 1OW+n 2°W+ M(Z) Wi’n_lowi,u,(z):o-

Hence

Ny na(@) € kerw+n | ﬂkemﬁf,_nz_l
Then (4) follows from (3), Lemma 6.2, and Im F,, = ker G,,—.
(5) It follows directly from the construction of 1’} , and Lemma 2.6.
(6) It follows from the construction of 7% ,, the commutativity in Lemma 2.12 and the exactness in

Lemma 2.6. d

Convention We can define
Mox=nyyx and 7%, =cp-n”; suchthat 7%, ,=7", ,,

and the new maps satisfy all properties in Lemma 6.14 except (2). We will use n’i, « to denote ﬁi  In
latter sections.
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7 The map in the third exact triangle

In this section, we construct the map / in Propositions 3.9 and 3.12 and show it satisfies the exactness and
the commutative diagram. We continue to adopt conventions from Section 2.3. We restate the propositions
as follows, and no longer use the notation /, /” for maps.

Proposition 7.1 Suppose n € Z is fixed and k € 7Z is sufficiently large. Then there is an exact triangle

o,
n
Iy | PMIACR P
q>nk %
n n+2k
| Py

where two of the maps are already constructed:

n R n n .
n+k T (\D—F,n—i—k’ qj—,n—kk)‘ Ln = Togk ® T,
n+k ._ qyn+k n+k .
ok =V ok — Yigak Dotk @ Tk = ook
Proposition 7.2 Suppose n € Z is fixed and k € 7 is sufficiently large. Suppose @Zflzk_l is constructed
in Proposition 7.1. Then, there are two commutative diagrams up to scalars:

wn+k+low%(2n+2k+l) n+k+low%(2n+2k+l)
r +.u —.n+k+1 T T i +.n+k+1 r
L@n+2k+1) iz L@n+2k+1) w
1 : 1
nbkbl , F@nt2k+D) w nbk 1 Lantak+1) m
Y 2k ket Vin Y 2k 41V E k1 -
o2k otk
| Py | | PRy Iy

7.1 Characterizations of the kernel and the image

n+k

w2k These results will

Before constructing ®22%, we characterize the spaces ker o)., and Im @
motivate the construction of ®#+2k to ensure that

Im @2k = ker 7., and  ker "2k —m @Zié‘k.

n+k

s n
Since d>n+k and d>n+2

& are constructed using bypass maps, it suffices to consider their restrictions on
each grading.

Lemma 7.3 Supposen € Z is fixed and k € 7 is sufficiently large. Let
Projf,: I, — Ty,
be the projection. Then we have
ker @), N (Tp,i) = Im(Proj’; 0Gy).
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Proof We need to apply Lemma 2.20. Following conventions in Section 2.3, we have
(7-1) Hy = M—,nﬂ - ‘M,nﬂ-
Suppose x € Im(Projfl oGy). Pick « € Y and y € T, such that

Gp(o) =x +,
where Projﬁ;( y) = 0. When k is sufficiently large, we know from Lemma 2.19 that

Gp+k =0.
In particular, from Lemma 2.18,
W)+ WL (0) = Gp(@) = 0.

Since the maps \Pin 4 are homogeneous, we know that

W k() =0,
which implies that x € ker @}, N (Fp, ).

Next, suppose x € ker @), N (T, 7). We take xi = x and we will pick x,{ € (I'y, j) for all j # i such
that
Zx,{ € ker H, =Im G,,.
J

We will use the notation xg to denote an element in (I'y, b). Recall that from Lemma 2.6, the grading
shifts of ¥ ., are :F%p. Take

i+3k-Dp _ i+3k+Dp _
Xy ket = \I’—,n+k—1(x) and x, ;| =0.
Since x € ker @], N (T, i) we know that
s 1 s 1
ntk—1, i+2k=Dps  1n _ o gntk—1, i+3(k+Dp
(7-2) Yok Cpgimr )=V () =0=y e Oy )
Hence, from Lemma 6.7, there exists
l'+lkp . 1
xn+]2€_2 € (rn+k—2’l + fkp)
such that
ntk—2 i+3kp,  _i+3k+1)p ntk—2 i+3kp,  _i+3(k—=1p
k1 g k—2) = Xk =0and ¥ e (N k—2) = Xqi
Then we can take . .
Yntk—2 =0andx, ;0 7 =V ().
We can apply the same argument and use Lemma 6.7 to find
i+ (k+3)p i+3(k+1)p i+3(k—1)p i+3(k-3)p I
ntk—=3 0 Yntk-3 0 Yntk-3 0 Yutk-3 € Untk-3
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such that the witl’:,f_z send them to corresponding elements in I';, 1 ;_,. Repeating this argument, we

can obtain elements
x!TP e (Ty,i + pj) for je[l,k]NZ

such that
xh=x, Yt (P =0, gt L (PR =0,
and for any j €[1,k —1]NZ we have

n i+pjy _ .0 i+p(j+1
w—,n-l—l(xn pj)—‘ﬂ+,n+1(xn Py ))-

Note that we obtain the above xf,+p J for J €[1,k]NZ essentially from the fact that W" 4x(x)=0as
in equation (7-2). However, x € kerCIJZ L SO we have \Di ntk (x) = 0 as well. A similar argument as

above then yields
x!TP e (Ty,i + pj) for j e[—k,—1]NZ.

Together with x = x, we obtain x,i,+pj for all j € [k, k]NZ.
It is then straightforward to check that
k . .
y= Y xitP eker(W . — V" ,11) =ker H, =ImG,. O
j=—k

Lemma 7.4 Suppose a € Y is a homogeneous element and

[
o= ijwocj,
j=1

where Aj # 0 and oj € B for 1 < j <[. Letn be an integer, i be a grading and k be a sufficiently large
integer. For an element x € (I';,42%,1) such that F, 4, (x) = o, the following is true.

(1) We have
() = 1minl{tJr(ozj)} and 1 () = 1maxl{r_(oej)}.
=j= <Jj=

(2) We have x € Im CDZ:[]zck if and only if for any 1 < j <1, at least one of the following inequalities

holds: iir_(aj)_(n—lz)p—q’
i5r+(aj)+—(n_12)p_q.
(3) Ifx ¢Im<bZi§k then there exist j, N € Z suchthat1 < j </,0 <N < t(«j) —n—2 and
i=r+(aj)+%+(]\7+l)p.

Proof (1) We only demonstrate the proof of the result for + and the proof for t~ is similar. First, we
make the following two claims.
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Claim 1 For any homogeneous elements (not necessarily elements in *B) oy and oy such that oy + o is
also homogeneous, if T+ (ay) > v (a2), then T (o) + atp) = v (@02).

To prove Claim 1, let n¢ be sufficiently large. From Lemma 6.11(3) we know that
(7-3) () =t (@2) = 17 (@) +@2) (mod p).
Assume T (a; +a3) > 7T (az). Let

™t =min{t T (ay), T (01 + @2)} > T (@2).

We claim that there exist

—Dp—
e

2
such that
Foy(x1) =1 and Fp,(x3) = a1 + .

We prove only the existence of x, and the argument for the existence of x3 is similar. By Definition 6.8,
we know that

(o—Dp—q _ (1) + 1 (1) — (no — (1)) p

+
T (0!1)+ ) )

+ (o — t(a1)) p.
Taking |
N = (no— (1)) — ;(#(al) —t),

we know that
+ (mo—Dp—q () +1(a))— (mo—1(ry))p
T+ =
2 2
Equation (7-3) implies that N € Z. The definition of T makes sure that N < ng — t(a;). The fact
that 7 is sufficiently large and Lemma 6.12(4) implies that N > 0. Hence Lemma 6.12(3) implies the

(7-4)

+ Np.

existence of x; such that

(no—1)p—q

X1 € (r,,o,r++ >

) and  Fy,(x1) =a.
Now the existence of x; and x3 implies that
Fu(x3 —x1) = ay,
which contradicts the definition of 7™ (ar).
Claim 2 Suppose oy, ..., o, € B are pairwise distinct elements in B such that
tHa) =t (@) ==t (@) =1".

Suppose that

u
o = E Aj o

i=1

and suppose it is homogeneous. Then t+ () = ¢ .
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To prove Claim 2, assume that ¥ (a’) > . Without loss of generality, assume that A; # 0 and
T (1) = min {t (a;)}.
1<j=<u
Then a similar argument as in the proof of Claim 1 implies that
() < 7 (ay).

Note that we have assumed t+(a’) > t™ = 7+ (a;). Hence by Definition 6.8, t(a’) < 7(a;), which
contradicts the construction of the set ‘5.

Now we prove part (1). Suppose a1, ..., o; € B are pairwise distinct elements in B. Let

/
o = Z )»j Q.

j=1

We want to show that
7 (¢) = min {r+((xj)}.

1=j=<l

To do this, relabel the elements «; if necessary so that
T =t (@) ==t (@) <t (1) ST (@) <o =T (@),

Since o is homogeneous, from Lemma 6.11(3) we know that the sum

v
2 k-0
j=1

is also homogeneous for any v = 1,...,/. Applying Claim 2, we conclude that

r+(ZAj -aj) =T (ay).
j=1

Hence we can apply Claim 1 repeatedly to conclude that

l
t+(2kj '0[]') =1t () = 11;1}1;[{‘[4_(0{]‘)}.

=1
2) If x €eIm CDZIIZCk, then there exists y € (I',,+k,i — %kp) and z € (Fn+k,i + %kp) such that
X = \Df;’jdk ) + \pn+-j_nk+2k (2).

By assumption,

I
Fupor(x) =a = Z)\j "0,
j=1
with A; # 0 and & homogeneous. By Lemma 2.18 we have

o= Fyix(y+2).
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Since B forms a basis for Y, we can write
l
Fugk () =Y M-y and  Fupp(z) =) A} -,
— =
where / = |B|. Then for any 1 < j </, at least one of A; and 17 is nonzero. Since both F,1(y) and
F, 4k (z) are homogeneous, from part (1) we know
(n+k—-1)p—gq
2

k
i—TPZI_(aj)— when 4; # 0,

. kp (n+k—-Dp—gq
i +7 <tt(ej)+ 3 when 17 # 0.
Conversely, suppose for any 1 < j </ at least one of the inequalities
N —Dp—
i> t_(ozj)——(n ;p T or i <tt(e)+ =Dpr=q ;p 1
holds. We need to show that x € Im @"ié‘k We deal with three cases.

Case 1 The grading i satisfies
- (n+2k—=2)p—qg+ x(S)
> 5 .

We want to argue that P
. )4 .
lpn—;]ii_zk (rn-i-k?l - 7) - (rn+2k’1)

n+k
is surjective and hence conclude that x € Im ® waok 10 do this, note that U"* o +2 k|(Fn+k i—Lkp
n+k+j

ntk+j+1 |(rn+k+j i—tkp+Lljp) for

) is the

composition of maps ¥~ j=0,1,...,k—1. With the assumption of

Case 1, we have
kp jp_ (n+k+j=2p—q+x(S)  m+k+j)p—q+x(S)
-4 > > — :
2 2 2 2
(Note that since k is sufficiently large this is a very loose inequality.) Then Corollary 2.9(2) applies
n+k+j

nt+k—+j+1 |(rn+k+] Ji=3
Hence we conclude Case 1.

and we conclude that ¥~ L kp+djp) is an isomorphism for all j =0,1,...,k —1.

Case 2 The grading i satisfies

2k =2)p—q+x(S)
< : .

The argument is similar to that for Case 1, except for using gtk

4ok instead of lIJ”

42k
Case 3 The grading i satisfies
i < (n+2k—2)p—q+x(S).
2
Under the assumption of Case 3, Lemma 2.19(1) implies that F, 4, is injective when restricted to
Tk, 1)
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Now, foreach j =1,2,...,/, if we have

(n—1Dp—q
2 9

we claim that there exists y; € (44,1 — 2kp) such that

>t (aj)—

Fuyk(yj) = Aj-aj.

If instead
(n—Dp—q

P .
i<t (aj)+ >

we claim that there exists z; € (Fn+k, i+ %kp) such that
Foik(zj) =Aj-aj.

We will verify the existence of y; or zj in a moment, but for now let y be the sum of all the y; and z be
the sum of all the z;. Then from Lemma 2.18 it is straightforward to check that

+k +k
Fuo (W70 (0) + W E 1 (D) = @ = Fiyyop ().
Since in Case 3 the restriction of Fj, 4% on (I'; 12k, i) is injective, we conclude that

_ gntk +k +k
X = ‘I’Z,n+2k(y) + lI’}—1|r,rz+2k (z) €Im P70, .

It remains to show that the desired y; or z; exists. We only prove the existence of y;, and the argument
for zj is similar. Now assume that

—1p—
izf—(aj)_w_
This implies that
. kp . _ (mn+k—-Dp—q
1—72‘( (j) — 5 .

The hypothesis of the lemma and the definition of 7™ («;) in Definition 6.8, together with Lemma 6.11(3),

imply that .
=1 (aj)— % (mod p).
As a result, there exists an integer N > 0 such that
ok _ n+k—1p—
l——p=‘[ (ocj)—( )P q~|—Np.

2

From Definition 6.8, we know that
n+k—Dp—q @) +7" ()= (n+k—7(2j))p

2 2 '

2

T (o) —
As a result, we have
_kp _tH@) () —(ntk—T(@)p
2 2
The assumption in Case 3 and Lemma 6.12(4) then implies that N < (n+k)—7(cj). Hence Lemma 6.12(3)

implies the existence of ;.

+ Np.
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(3) IfxgIm ®" K then part (2) means that there exists some j such that

n+2k’
() + n=Dp=q I;p < T (o) — w=Dp=q I;p —1
Note that, by Lemma 6.11(3), we must have
i=1 (aj)— % =t (o)) + % (mod p).
By direct calculation, we have
()~ ") () + ) < o) -,
Then we can choose N with 0 < N < 7(aj) —n — 2 as desired. |

7.2 The construction of the map

n+k
n+2k

the exactness and the commutativity. Given the grading shifts in Lemmas 2.6 and 2.13, the map <I>Z+2k

Since o7 4 and @ are homogeneous, we can construct @Z“k for each grading to achieve both

preserves the gradings. From Lemma 2.5, for any grading i with

np—ql|l—x(S
|l.|>| P —4ql—x( )
2
we have (I',i) = 0. From Corollary 2.9, we know either lp’—:——f_nk—l—Zk or ‘Iﬂ;ﬁzk
(T 42k, 1) for such a grading i. Thus, on such a grading i, the zero map satisfies the exactness for ®Z+2k

is surjective onto

(although we still have to verify the commutativity in Proposition 7.2).

On the other hand, from Lemma 2.19, the restriction of F},,; on the consecutive p middle gradings is
an isomorphism. In particular, when p = 1, it is an isomorphism when restricted to each middle grading.
Also from Lemma 7.3, it seems that the definition of @Ziik on (I'y, 42k, i) should involve Projfl o Gy,.
However, if we simply take

Projy, oGy o Fyyok

as the definition, the current techniques fall short of demonstrating exactness and commutativity.
We resolve this issue by introducing an isomorphism
1Y =5,
and define
(7-5) "2k (x) = Proj, oGy o I 0 Fyypp(x) for x € (Tppok.i).

The construction of 7 is noncanonical but it helps us to prove the exactness and commutativity.

Remark 7.5 In the first arXiv version of this paper, we deal with the special case Y = S3. In this case
Y == C so up to a scalar we have / = Id. In this special case indeed we could prove the exactness and
commutativity without explicitly writing down the isomorphism / as follows.
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We first define the map / on the basis

B =B,

nez

of Y chosen in Section 6.3 that consists of homogeneous elements, and then extend the map on the whole
space linearly. We will show it is an isomorphism.

Fix ny € Z small enough such that Corollary 2.9 and Lemma 2.19 apply. For any « € ®8,, there exists a
grading i (&) € (—%p, %p] such that there exists N («) € Z with

. @)+t (@) (t(@)—2—ng)p
i) = 2 - 2

From the above equality, we know that

(@) —2-ng  2i(@)—tT(@)—1 (@)
2 + 2p ’

+ N(a)p.

Note that, except for ng, the rest of the terms are bounded, so N(«) > 0 when n¢ is small enough.
Similarly,

() —2+ng . 2i(a) — () — T ()

N —
(&) +ng 7 2

so we have N(«) +ng < (o) — 2 when ng is small enough. As a result, by Lemma 6.14(2) and (6) (and
the convention after the lemma), we know that for any o € B,

no+N(a) /. t(x) _ o t(w)
—(,)r(ot)—z( +,n0+N(a)(a)) - 77—}-,1:(01)—2(0[)
_ (@)
- n—,r(a)—2(a)
_ gy t(@)—2—N(a) (, t(@)
=¥ J—2 ( —,r(a)—z—N(a)("‘))-
Then by Lemma 6.7, there exists w € (I'y,, i («r)) such that
no _ (@)
(7-6) Y no+N@ W) =14 g v (@)-
\Ijzor(a)—z—N(a)(w) = 772(o?(oz)—z—N(az)(O‘)-
Let

Proj: I'p, — @ Ty, 7).
i€(=%p.3p]
From Lemma 2.19, we know
ProjoGy,: Y — @ Ty, 1)
ie(-1p,5pl
is an isomorphism. Hence we define

(@) = (Proj oGpy) ™ (w).
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Writing n = t(«), ny = 7(e) —2— N(«) and ny = ng + N(«), the following diagram might be helpful
for understanding the construction of I:

n’i,nl (Ol) € rnl
.

no

—.nq
w € Iy, @ =1, @) €T, zel,

\Iji“:’(),nz
G”O . Fy
M4, (@) € Tpy < 'y
1

I(x)eY aeY

Remark 7.6 For a general 3-manifold Y, our construction of I is noncanonical since there are many
choices such as the basis B and the element w for each o € B. However, one could still ask whether
we could simply pick I = Id or not. If we take I = Id, then Proposition 7.2 can finally be reduced to
Conjecture 7.7, which we state below. We believe that the following conjecture is true, although currently
we do not find a proof for it. Hence, in order to fulfill the main purpose of the paper, we introduce the
isomorphism [ to bypass this conjecture.

Conjecture 7.7 For any « € B, and any integer n < 7(«) — 2, we have
n5%) (@) = Projy* oGu(@),

where

@)+t () _ (t(@)—2—n)p
+ = + ,
2 2
and
T4 :
Proj,=: Ty — (Ty, j1)

is the projection.

Lemma 7.8 (1) Suppose o € B and ngy, w, N (o) are chosen as above. Suppose n and k are two
integers such thatny <k <n. Then
(@) WK, oWl (w)#0
if and only if
(b) k<ng+ N(x)andn—k <1(a)—2—nog— N(a) (in particular, we have n < t(a) —2).
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(2) Themap I:Y — Y is an isomorphism.

(3) For an element o € ‘B, an integer n and a grading i, the following two statements are equivalent.
(a) We have Proj’, oGy o I(et) # 0.
(b) We have n < t(«) — 2 and there exists N € Z such that N € [0, t(x) —2 —n] and

Tt T @2y,

(4) Suppose for an integer n and a grading i we have ay, ...,ar € ‘B such that Projfl oGpol(aj) #0
forall1 < j < L. Then Projil oGpol(any),... ,Projﬁl oGy o I(ay) are linearly independent.

(5) Suppose « € B. For any n € Z such thatn < t(«) — 2, we have

. + - S
Proji,jE oGpol(x) = n;(a;) (¢) where iy = AR (oz);: (@) n).

Proof (1) First, when k > ng + N(«), from the construction of w, we know that

n __ ho+N(@) n o +N(@) t(a) _
WO (w) = WPy oW N W) = Wik N4 o+ Nia) (@) = O-

The last equality is from Lemma 6.14(6). Similarly, if n —k > t(0) —2 —ng — N(«), we know from
Lemma 2.11 that
—k
WL, o W) = W o ()

__ \yh+no—k t(a)—2—N(a) n
=W oY ek ° Y i @—2— N @)

.y n+no—k t(a)—2—N(a) ()
- \Ij+,n 0 °© qj—,n—i—n()—k °© n—,t(a)—Z—N(a) (O()

=0 by Lemma 6.14(6).

by definition of w

Next, we need to show that \Iflj’n ) lIlflk"’k(w) #0whenk <ng+ N(x) andn—k <t(0)—2—n9o— N(x).
Again, from Lemma 2.11 we have

W Nk © Y 0 W () = W koY N @)
= Z(:;:)]i(ﬁlza) nk © ni(?:z)o N (@) by definition of w
= 77:-(,0:1)0+N(a)+n—k (@) by Lemma 6.14(6)
#£0 by Lemma 6.14(3).
(2) Suppose B = {ay,...,ar}, where L = dimc Y. We order the elements ¢; such that

T() = (1)
Let w;, N; = N(o;) be the data associated to «; as above. Since
wie P (Tuy.j) forany i,

je(=3p.30]
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and by Lemma 2.19, the map

ProjoGy,: Y — @ Ty )

je(=1p.1p]
is an isomorphism, in order to show that [ is an isomorphism, it suffices to show that wy, ..., wg are
linearly independent.
Now suppose there are complex numbers Ay, ..., Ay such that

L
Z)\iw,’ =0.

i=1

\IJ”’(H‘NI P

+,‘L’(0[1)—20 —,no+N; to

Our goal is to show that all A; are zero. The idea is to apply various maps
filter out different indices by part (1) of the lemma.

no+N; no
+r(@)-2° \Ij—,no+N1 ?

L
no+N n
0= a2 Y N (Z Aiwi)

i=1
— (@) .
= Z)”n:l:t(lal)—z(a’)’

o

Applying the map ¥ from the construction of w;, the order of «; and part (1) of

the lemma, we know

where the summation in the second line is over all «; with
T(oj) = 1t(t;) and N; = Ny.

From Lemma 6.14(2) and the convention after the lemma, we know nr(al) w(@1) From

+t(ay)—2 = n—r(al)—Z'
Lemma 6.14 again, we know that njc(f(loz l)_z(al’) are linearly independent, and as a result all relevant A;
must be zero. Suppose iy is the smallest index in the rest. By our choice of «;, the element «;,, has the
no+Nj, no )
2y )—2 o \Ij—,n0+N,~0 to filter out «;
with smaller 7. Repeating this argument, we could prove that all A; must be zero.

largest T among the rest of the «;. Hence we can apply the map ¥

(3) Letng, w,i(x) and N(«) be constructed as above. We first prove that (b) = (a). Note that, when
constructing the isomorphism /7, from Corollary 2.9 and Lemma 2.18 we can take n6 =ng—2 and
w = (wi‘:;oz_l)_l o (wi‘f;ol)_l (w) that will lead to the same [ as ng and w. (Note that, by construction,
passing from n to ng — 2 will increase N(«) by 1.)

Remark 7.9 The main goal of the current paper is to derive an integral surgery formula. For n that is
sufficiently large, we already know a large surgery as in [Li and Ye 2021]. When # is small enough, we
can pass to —n for the mirror of the knot. As a result, instead of changing n¢ for particular n, we could
assume a universal bound for all the integers n that we care about and make 7 universally small.
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As a result, we can always assume that 7 is small enough compared with any given n. Now recall by

construction
. @)+t (@ (@) =2-ng)p
i(a) = —
2 2
and by the assumption in (b) we have
i = @)+t (@) —(t(@)—2=n)p
B 2
We can assume that 7 is small enough such that N (o) > N. Take k = N(«) — N + ny. By construction

+ N(a)p,

+ Np.

we have w € (I'y,,i(«)), so from Lemma 2.6 we know that

Wh, oW, () & (0o~ E1OP L TPy )

As a result, we conclude from the definition of w and Lemma 2.18 that

Wk 0w (w) =Wk oW, o Proji® oGy, o I(w)

= Proj., o\If]f’n o \Ijn+0,k o Gpyol(a)
= Projil oGy o l(a).

Then it is straightforward to verify that k —ng < N(a) andn —k < t(0) —2—ng— N(a). As a result,

we conclude from part (1) that
Proj!, oGy, o I(e) # 0.

Next we show that (a) = (b). Again assume that 7 is small enough compared with the given n. Then
there exists i’ € (—% p. % p] such that there exists N” € Z with

i/:i_@_i_]v,p'

By Lemma 2.18, we know that

Projl, oGy 0 I(ar) = WFN o W0 1 0 Projy 0 Gy o I ().

From the construction of /(«) and Lemma 2.19 we know Proj;; oGuol(a) #0onlyif i’ =i(x), in

which case

Projfl oGyol(a) = ‘IJZ?IN/ o \Ilio,no-i-N’ ) Projf{0 oGy o l(a) = \IJZ");}'N/ ) \IJ'_:_"’no_i_N,(w).
Hence Projf, oGy o I(a) # 0 implies that
N <N(e) and n—N'<t(a)—2—N(x)
by part (1). Taking N = N(«a) — N', it is then straightforward to check that

@+ (@)~ (@) =2-n)p
I = > +

N €[0,t(0)—2—n] and Np.

(4) The proof is similar to that of (2).
(5) It follows from the proofs of parts (1) and (3). O
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7.3 The exact triangle

In this subsection, we prove the exact triangle. Note that we choose the basis ‘B of Y as in Section 6.3.

Proof of Proposition 7.1 We will verify the exactness at each space of the triangle.
The exactness at I',  ;, @ I';, 5 This follows from Proposition 5.1.

The exactness at I';, From Lemma 7.3 and the construction of <I>Z+2k in (7-5), we know that Im @Z‘”k C
ker ®F 4~ Now pick an arbitrary
x € (I'y, i) Nker <I>Z+k = Im(Projf, oGy).

Since [ is an isomorphism, we can assume that

/
x =Y Proj, 0Gu(h;j - I(et))),
j=1

where o; € 95 and Projz oGy o I(aj) # 0. From Lemma 7.8(3), we know that this implies that for any
J €[1,I]NZ, we have n < t(cj) — 2 and there exists N; € Z such that N; € [0, («j) —2 —n] and

i @) + 17 () — (x(@j)—2—n)p
2
Now, for k sufficiently large, we have n + 2k > t(o;). Taking

+ Njp.

Ni=n+k+1-t(e;)+ N, €Z,
it is straightforward to verify that when k is sufficiently large, we have

+(o: —(a:) — —
N]fe[O,n+2k—t(oej)] and =" @) +v (@) 2(n—|—2k T(a]))p+Nj'p.

Hence by Lemma 6.12(3), there exists y; € (I'y42k,17) such that Fy,x(yj) = ;. As aresult, it is

straightforward to check that

l
X = (DZJFZk(Z)‘j -yj) € Im 2k,
j=1

The exactness at I';, ,;  Suppose x € (I';;1+2%, 1) and
/
Frpor(x) =) _hj-e;
=1

with A; # 0 and «j € B.

First, if x € Im @Zilzc &> then from Lemma 7.4(2), we know that for any 1 < j </ we have
—Dp— —Dp—
either i Zr_(aj)—w or i §t+(aj)+w.
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If we write + _
_THe) + (@)~ () ~2=n)p
2

+ Njp,

then for some N; the inequality
—1Dp—
i> ‘C_((Xj)——(n ;p 1

implies that

Nj =z %(1_(05])— = 12)p—q G/ RaaC) ; (z(«j) —Z—H)P)
1 (1 N () — 1 (e)) —|—q) N (o)

= — 1—n
)4 2

2
=1(aj)—1—n.

Note that the last equality uses the definition of 7(«) in Definition 6.8. Similarly, we can compute that
the inequality
—Dp—
i <tt(aj)+ t=Dr=q ;p 1

implies that

N; < l(rJr(ozj) + (n=Dp—q ") +T_(O‘j)—(T(Oéj)—2—n)p)
p

2 2
1 T () —q) | ()
_5( 1+ . )+ o1
=—1.

12€k implies that for all 1 < j </, either N; > t(«j) —1 —n or N; < —1. Hence

In summary, x € Im QDZI
from Lemma 7.8(3), we know that

Projﬁ; oGy ol(aj) =0

forall 1 < j </ and as a result, <I>Z+2k (x)=0.

n+k

wtok- Forany 1 < j </, we can write

Second, suppose x & Im &

‘= (o) + v (o) — (t(aj) —2—n)p
2
for some ;. Then from Lemma 7.4(3) we know that there exists j such that I < j < [, and

+ Njp

Nj €0, 7(aj)—2—n]|NZ.
Hence by Lemma 7.8(3) and (4) we know that
Proj, oGy 0 I(aj) # 0 = ®Z+2k(x) # 0.

Hence we conclude that
n+k __ n+2k
Im©n+2k = ker @, . |
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7.4 The commutative diagram

In this subsection, we will prove the commutative diagram presented at the beginning of the section. Note
that we choose the basis ‘B of Y as in Section 6.3.

Lemma 7.10 Supposen € Z and i is a grading. Suppose x € (I'y,, 1) such that

I
F,,(x) = ijaj,
J

withAj #0 andaj € B forall 1 < j <. Then forany 1 < j </, there exists Nj € [0,n + 1 — ()]

such that n _
T (o) + 1t () —(n+1—1(a;))p
2
Proof This is a combination of Lemma 6.11(3), Lemma 6.12(3) and Lemma 7.4(1). The proof is similar

to that of Lemma 7.4(2). O

+ij

Proof of Proposition 7.2 We only prove the first commutative diagram

gL Lentar+1)
+.u —.n+k+1

I%(2;1+2k+1) Ty
n+k+1 2(2n+2k+l) I
l‘p-i- 2k OV k1 Vi
¢Z+2k
| Py Ly

The other is similar. Note that at the end of Section 6.3, we introduce new notation of 1’y , _, to remove
the scalars. Then the second commutative diagram only holds up to a scalar.

First, note that the maps from I’ 1L 2n+2k+1) to 'y, and T',, 5 both factor through I';, 4 41 1. As a result,
we only need to prove the commutative diagram

n+k41
W+ 123
| PR Iy
+hk+1 u
lwi n+2k ‘w+,n
‘1)1711+2k
1—‘In—i-Zk Iy

for sufficiently large k. Now suppose x € (I'yy4x+1,1). Write

Frtr41(x) = Z Ai-aj

with A; #0and oj € B for 1 < j < /. We want to ﬁrst establish an identity
(7-7) P ovii = 3 e ),

1<j=<l; n<t(aj)—2
Nj=n+k+1-1(a;)

and then show that the other composition has exactly the same expression.
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From Lemma 7.10, we know for any 1 < j </, there exists Nj € [0,n + k + 1 — t(«;)] such that

(o) + 1) — (K +1—(@)p
B 2
Taking n; = 7(o;) and Nj’ = 0, we can apply Lemma 6.12(3) to find an element

(7-8) +Njp

() + 17 (o))
Xj € (I‘T(aj), / > / ) such that  Fr(q;)(xj) = ;.
It is then straightforward to check that
DN gt .
(7-9) yi= ‘I’i(;]lkﬂ o ‘I’i,oflj(ij)JrNj (xj) € Tntr+1,1)-
Write

/
y =X—Z)\j'yj € (Fntk+1,0).
j=1

From Lemma 2.18 we know that

Fuyry1(y) =0.

As a result, by Lemma 6.6,

w+no¢n+k+l(x) Z)\ w+nown+k+l(yj)‘

j=1
Note that, unless N; =n+k + 1 —t(«;), we have

n+k+1 r(aj)+Nj _
w + n+k+1 0

by the exactness. As a result,

+k+1 +h+1 g T(@)
‘/’4- n W" (x) = E Aj ‘/’4- nOW" _ ‘L'](O(j)+1v]‘ (x5)
1<j=<I
Nj=n+k{i-1—r(a]-)

Z Z (

= )\‘ w'_i_nowf(a] ( j)+ )L w_i_nowt ;) (X])
1<j=<I; n<t(aj)-2 1<j=<l; n=zt(aj)—1
Nj=n+k+1-1(a;) Nj=n+k+1-1(a;)

(
- > 3w vt ()
1<j=<l; n=<t(a;)—2
Nj=n+k+1-1(a;)

(
= Z Aje :—0:1] (o).
1<j=<I; n<t(aj)—2

Nj=n+k+1-1(a;)

where the second equality is by Lemma 2.12, the third equality is by equation (7-10), and the last equality

is by definition of 7.’ (a’ ),
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This verifies equation (7-7) if we show that

> vt e =o.
1=j=<l; nzt(aj)—1
Nj=n+k+1-1(a;)

To verify this last equality, assume that n > 7(«j) — 1. Then from Lemma 2.12 and the exactness of the
bypass maps, we have

() (@))
(7-10) Yh oyl () =k oyt oWl () =0.
Now we deal with CIDZ"‘Z" ) \I/Z_Jrnk_:'zlk (x). Since F,4x+1(y) =0, Lemma 2.19 implies that

n+k+1 _
V() =0.

Hence l
kA1 — . +hk+1
\pfli—,n-l-zk(x) - Z)‘J ’ \I’:_’,H_zk()ﬁ),
j=1
where y; is defined as in (7-9). By definition we have y; € (I}, 14x,1), so from Lemma 2.6, we know

. (k=Dp
Wkl () € (rmk,z )

2
By (7-9) and Lemma 2.18, we know that

Foyak © lI]:lLJ,rnijzlk(J’J') = Fr(a))(x)j) = ;.

Hence

/

=L (k-1

Ot o WL (x) = ) A - Projy 202 oGy o 1),
j=1

We write n _
k=D e ) e =2mmp
2 2 J
Comparing the above formula with (7-8), we know

Nj~/=Nj +t(aj)—n—k—1.

By construction, Nj <n + k + 1 —t(«;), which means N j/ =< 0. Hence from Lemma 7.8 we know

i—L(k—=1)p

Proj, oGpol(nj) #0
if and only if Nj’ =0,ie Nj =n+k +1—1(x). Also when Nj’ = 0 from Lemma 7.8(5) we know
i—L(h— )
Proj, 27 0G0 I(aj) = ni(f);li)(aj)-

We can focus on indices j such that Projff%(k_l)p o Gy o I(j) # 0 because if an index j makes

L (- . . .
Proji=2&=1D? 5 G, 0 I(aj) = 0, then on one hand it does not contribute to ®”+2¥ o \Ili‘f'nk:zlk (x) since

the corresponding summand is 0, and on the other hand we have N; # n + k 4+ 1 — 7(r), hence

per equation (7-7) it does not contribute to ‘/fﬁ,n o 1//1";{‘ *1(x), either. Also, we know from Lemma 7.8(3)

that when Projf,_%(k_l)p oGy o I(aj) #0 we must have n < t(oj) — 2.

Geometry & Topology, Volume 29 (2025)



Knot surgery formulae for instanton Floer homology, I: The main theorem 2341

As a result, we know

Ptk ourtkil (v) = Zx proi) 2T oGrot@n = Y i)
1<j=<l; n<t(a;)—2
Nj=n+k+1-1(a;)

_ w+ ; wn+k+1()€),

where the last inequality holds by equation (7-7). |
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