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THE SECONDARY UPSILON FUNCTION OF L-SPACE
KNOTS IS A CONCAVE CONJUGATE

MASAKAZU TERAGAITO

ABSTRACT. For a knot in the 3—sphere, the Upsilon invariant is a piece-
wise linear function defined on the interval [0, 2]. It is known that this in-
variant of an L—-space knot is the Legendre—Fenchel transform (or, convex
conjugate) of a certain gap function derived from the Alexander poly-
nomial. To recover an information lost in the Upsilon invariant, Kim
and Livingston introduced the secondary Upsilon invariant. In this note,
we prove that the secondary Upsilon invariant of an L-space knot is a
concave conjugate of a restricted gap function. Also, a similar argument
gives an alternative proof of the above fact that the Upsilon invariant of
an L—space knot is a convex conjugate of a gap function.

1. Introduction

For a knot K in the 3—sphere, Ozsvdth, Stipsicz and Szabé [8] introduced
the Upsilon invariant Y g (t) which is a piecewise linear function defined on
the interval [0,2]. It is a smooth concordance invariant, generalizing the 7—
invariant [9]. Also, it gives lower bounds for the three—genus, four-genus and
concordance genus of a knot.

Although the Upsilon invariant was originally defined through a t—modified
knot Floer complex in [8], Livingston [7] later gave an alternative interpretation
through the knot Floer complex CFK*(K). To capture some lost information
in Tg(t), Kim and Livingston [6] further introduced the secondary Upsilon
invariant T%w(s) on [0, 2], which is also a smooth concordance invariant.

A knot K is called an L-space knot if it admits a positive Dehn surgery
yielding an L-space. It gives an important class of knots, including (positive)
torus knots, Berge knots. For an L-space knot, the complex CFK*(K) is al-
ways represented as a staircase diagram St(K'), which is determined only by
the Alexander polynomial (see Section 2). Hence the Upsilon invariant is also
determined by the Alexander polynomial, and [8] gives a concise formula of
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Tk (t). Based on this fact, Borodzik and Hedden [3] showed that the Upsilon
invariant of an L-space knot is the Legendre-Fenchel transform (or, convex
conjugate) of a gap function G(x) which is defined from the Alexander polyno-
mial. This immediately implies that the Upsilon invariant Yk (t) of an L—space
knot K is necessarily a convex function. In fact, Y% (¢) is piecewise constant
and has only finitely many singularities (see [7, Theorem 8.1] or [8]).

In this paper, we examine only L—space knots. Roughly speaking, the sec-
ondary Upsilon invariant Tﬁw(s) has an essential meaning at each singularity
t of Th(t). Except the singularities, T% ,(s) is identically co. For a fixed
singularity o, the staircase diagram St(K) determines two vertices p, and
pjo , called the negative and positive pivot points, which are grading 0 bifiltered
generators of CFK*(K) ([13]). The secondary Upsilon invariant Y% , (s) is
defined by examining the part of St(K) cut out by these two pivot points.

For our purpose, we define the convex conjugate and concave conjugate of
a continuous function as follows. For a continuous function G(z) defined on a
closed interval I, its convex conjugate is given by

G.(t) = max(te - G(2)),

and its concave conjugate is given by

G*(s) = 1;[1611[1(335 — G(x)).

In this paper, we always choose ¢, s € [0,2]. (In our argument, the gap func-
tion G(z) is a piecewise linear continuous function defined on R, whose graph
consists of segments with slope 0 or 2. This is the reason why we do not use
supremum and infimum in the above definition, unlike the standard convex
analysis.)

Let ®: R? — R? be a linear transformation defined by ®(z,y) = (v —
y,2x). In other words, ® is a composition of a m/2 counterclockwise rotation,
a doubling vertically, and a map (z,y) — (x + y/2,y). For a point p € R
®4(p) denotes the first coordinate of ®(p). We use this @ to transform St(K)
into the graph of the gap function G(x) of K.

Theorem 1.1. Let K be an L—-space knot and Y i (t) its Upsilon invariant. Let
to € (0,2) be a singularity of Y (t), and let p~ and p* be the corresponding
negative and positive pivot points on the staircase diagram St(K). Then the
secondary Upsilon invariant T%(’to (s) at to is given by

T%{,to(s) = G"(s) — Tk(to),

where G*(s) is the concave conjugate of the restriction of the gap function G(x)
on the interval [®1(p™), ®1(p™)].

Remark 1.2. If we add Yk (t9) to G(z) on [®1(p~), P1(p™)] beforehand, then
the secondary Upsilon invariant coincides with its concave conjugate.
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By a similar argument, we can give an alternative proof that the Upsilon
invariant of an L-space knot is the convex conjugate G (t) of the gap function
G(z). See Section 4.

We should mention that the secondary Upsilon invariants for some torus
knots and L—space knots are computed in [2,13].

2. Gap function

In this section, we suppose that K is an L—space knot with genus g. Its
Alexander polynomial has the form of

2n
(2.1) Ag(t) = (—1)kt
k=0
for some strictly increasing sequence of integers ag, ay, ..., as,, where ag = 0

and as, = 2¢ [11]. By the symmetry of Alexander polynomial, a — g =
—(agn—k — g), and we know that a; = 1 and as,—1 = 29 — 1 by [5]. Then the
knot Floer complex CFK* (K) can be represented as a diagram St(X) in the
(alg, Alex)—plane, where each element x of CFK*(K) has an algebraic and an
Alexander filtration, denoted by alg(z) and Alex(x), respectively ([4,9-11]). It
is well known that St(K') has the form of staircase specified by

(2.2) l[a1 — ag,a2 — a1, ..., a2, — G2p—1],

where the indices alternate between horizontal and vertical steps. More pre-
cisely, we start at the black vertex at (0, g) on the plane R?. Go right a; — ag
and put a white vertex, go down as — a; and put a black vertex. Repeat this
procedure until we reach the black vertex (g,0). Draw an arrow from each white
vertex to the two adjacent black vertices to represent the boundary map. In
this paper, we do not use boundary maps. All black vertices have homological
(Maslov) grading 0, but all white ones have grading 1.

The full complex CFK*(K) is obtained by taking all integer diagonal trans-
lations of St(K'), where the action of the formal variable U decreases both alge-
braic and Alexander filtrations by one, and homological grading by two. Thus
CFK*(K) = St(K) ® Zs[U,U~'] as modules. Also, Ho(CFK™(K)) & Zs is
generated by any one of black vertex of St(K).

By the symmetry of Alexander polynomial as mentioned before, (2.2) and
its reverse

(2.3) [agn — G2n—1,02n—1 — G2n—2, ..., 01 — ag]

coincide. This immediately implies the symmetry of St(K) along the line y =
on R2,
The Alexander polynomial also has the form of

Ag(t) =14 (t — 1)t +1°2 4 .- 4 tb9),
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where by,...,b, are positive integers ([4]). The strictly increasing sequence
b1,ba, ..., by is called the gap sequence. Consider the set

G=ZcoU{bi,... b4},

where Z.q is the set of negative integers. This is called the gap set of K. In
fact, Z — G coincides with the formal semigroup S introduced in [12]. As a
formal power series, we expand

Ak(t)
= t°.
S
SES
Then § = {0,¢1,¢2,...,¢9-1} U Z>o4, where Z>oy = {m € Z | m > 2g}.
By the symmetry of Alexander polynomial, we see that x € S if and only if
2g—1—x2 ¢ S. (Indeed, this observation implies that the gap sequence consists

of exactly g integers.)
Define a function on Z by

I(m)=#{zx €Z |z >m,z € G},

and set J(m) = I(m + g) as in [3]. Then we extend J(m) linearly to obtain
a piecewise linear function on R. That is, for k € Z, if J(k) = J(k + 1), then
J(x)=J(k)on [k, k+1], and if J(k+1) = J(k) —1, then J(k+z) = J(k)—=x
for 0 <z < 1. Borodzik and Hedden [3] showed that the Upsilon invariant of
an L-space knot K is the Legendre—Fenchel transform, or convex conjugate, of
the function 2J(—xz). We set G(z) = 2J(—xz), and call it the gap function of
K.

Example 2.1. Let K = T'(3,7) be the torus knot of type (3,7). It admits a
(positive) lens space surgery, so K is an L-space knot. Also, it has genus 6,
and the Alexander polynomial Ag () is 1 —¢+¢> —t* 416 — 8 49 — 11 4 ¢12,
Hence the staircase diagram St(K) is specified by the sequence

[al—ao,ag—al,...,ag—a7] = [1,2,1,2,2,1,2,1}.

See Figure 1.

4

1 L

o 1T 12 135 1% 15 16

FIGURE 1. The staircase diagram of K = T(3,7).
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On the other hand, § = Z .o U {1,2,4,5,8,11}. Tables 1 and 2 show some
values of I(m) and 2J(—m).

TABLE 1. The values of I(m) for T'(3,7).

0] -1 -2
6

5 4 2
345 6[6]7 8

| =

m_ |[>12]11 8
Im)[| 0 [1 2

TABLE 2. The values of 2J(—m) for T'(3,7).

6|5 -2 12 4 5]6][7 8
0 [ 2 4 6 8 10 12|12|14 16

m |
2J(—m) H

Figure 2 shows the graph of the gap function G(x) = 2J(—=x) and its convex
hull (dotted line). Here, the convex hull f(x) of the gap function is given by

0 for x < —6,
%x—|—4 for —6 <z <0,
3z+4 for0<z <6,
2x for 6 < z.

fz) =

16 |5 M 3 2 [1 |o 1T |2 3 |4 5 |6

FIGURE 2. The graph of the gap function G(z) = 2J(—z) for
T(3,7) and its convex hull (dotted line).
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Then the convex conjugate G, (t) gives the Upsilon invariant

—6t for()ﬁtﬁ%7
YTi(t) =< —4 for % Stﬁ%,
6t —12 for 3 <t <2,

by [3]. Thus ¢ = 2/3 and 4/3 are the singularities of YT’ (¢).
We remark that G, (t) (= Tk (t)) is convex, so the convex conjugate of G (t)
returns back to the convex hull of G(x).

In general, the gap function of an L-space knot has a specific property: the
slope of each segment of the graph is 0 or 2. To be precise, the next lemma
describes the form of the graph. Consider the vectors u = (1,2) and v = (1,0)
on R2.

Lemma 2.2. The graph of G(x) restricted on [—g,g] has a form of staircase
specified by (2.3). More precisely, we start at the point (—g,0), and move along
U Aoy — A2n—1 tiMeS, along v ag,_1 —asn_o times, and so on. Finally, we reach
the point (g,2g).

Proof. Recall that
A (t) = (890 — %) 4 (872 —¢93) 4 (t% — t95) + -+ - 4 (E92072 — @201 f g02n,
where a9 =0, a; = 1, as,—1 = 29 — 1 and ag,, = 2g9. Then

Ak(t)

T = L@ T e (0 gt g

4 (taznfz 4 ta2n72+1 L ta2n71_1) + (tazn 4 tazn-‘rl 4. )

as a formal power series. (Here, we expand 1/(1 —t) =1+t +t>+---.) Thus
the gap sequence is

{alzal+17-~~aa2_1}U{a37a3+17-~-7a4_1}U"'U{a2n—17a2n—l+17~~-7a2n_1}~

We input the integers 2g,2g — 1,...,1,0 to I(m) in descending order. First,
I(2g) = I(az,) = 0, so J(g) = 0. Then we have G(—g) = 0, which gives the
starting point (—g, 0) of the graph. Second, I(29—1) = I(az,—1) = I(az,—1) =
1. If m € {agn—1,a2,—2,...,a2,_1}, then I(m) increases by one. This implies
that G(g —m) increases by two ag,, — a2,—1 times.

Next, I(m) does not change if as,—1 > m > ag,—2, so G(m — g) records
the same values as G(g — aa,—1) a2p—1 — aop—2 times. Repeat this process.
Finally, if m € {as — 1,a2 — 2,...,a1}, then I(m) increases by one, and if
m € {a1—1,a1—2,...,a0} (= {0}), then I(m) does not change. Since I(ag) =
1(0) = g, J(—g) = g and G(g) = 2g. O

Recall that ®: R? — R? is a linear transformation defined by ®(z,y)
(x —y,2z). Also, for p € R%, ®;(p) denotes the first coordinate of ®(p).
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Lemma 2.3. Let K be an L—space knot, and let St(K) be the staircase diagram
representing CFK® (K). Then ®(St(K)) coincides with the graph of G(x) on
[~9.9].

Moreover, if S is the part of St(K) between two black vertices p~ and p™,
where p~ is located higher, then ®(S) coincides with the graph of G(z) restricted

on [®1(p7), @1 (p™)].

Proof. First, ®((0,9)) = (—g,0) and ®((g,0)) = (g,2¢9). A horizontal vector
(agi41 — a2i,0) maps to (agi+1 — a2, 2(a2i+1 — ag;)), and a vertical vector
—(0, ag;y2 — aziy1) maps to (agi+2 — azi+1,0). Thus Lemma 2.2 shows that the
image of St(K) gives the graph of G(z) on [—g, ¢].

The second conclusion easily follows from a similar argument. O

3. Upsilon and secondary Upsilon invariants

We quickly review the Upsilon invariant along [7], and the secondary Upsilon
invariant introduced by Kim and Livingston [6] (see also [1,13]). For our
purpose, we consider only L—space knots.

Let K be an L-space knot. For any ¢ € [0,2] and s € R, let the subcomplex
Fi.s C CFK*(K) be the one generated by basis elements z satisfying

%Alex(x) + (1 - ;) alg(z) <'s

on the (alg, Alex)—plane. The subcomplex F; s is represented by the half plane
to the left-lower of the line L; s with slope 1 —2/t and the Alex-intercept 2s/t,
which is called the support line of Fy s.

Put

vk (t) = min{s | Hy(Fs) — Ho(CFK™(K))is surjective},

and Tg(t) = =27k (t). Intuitively, the line L; s moves upward as s increases
with a fixed ¢. Then g (¢) outputs the first moment when this line meets St(K)
(at some grading 0 vertex).

Fix a singularity ¢ € (0,2) of Y (t). Let L = Ly, ). Then this line L
meets the staircase complex St(K) in at least two points ([7, Theorem 8.1]).
Among such intersection points, the top most point p; is called the negative
pivot point, and the bottom most point p;” is called the positive pivot point. In
Figure 1, p, = (0,6) and p;” = (2,2) for t = 2/3.

We consider the part S; of St(K) between p; and p; . For s € [0,2], Yi.1(8)
is the minimum value of r such that p, and p?‘ represent the same homology
class in Ho(Fy . (t) + Fs,r). In other words, 7%(7t(s) is the maximum value of
r such that L, meets S;. Define T%Qt(s) = foyfw(s) — YTk (t). This is the
secondary Upsilon invariant at the singularity ¢. Except singularities, T%t(s)
is identically oo.



476 M. TERAGAITO

Example 3.1. Let K = T(3,7) as in Example 2.1. First, put ¢t = 2/3. Then
we see

s+2 if0<s<2,

2
S) =
7K,2/3() {38+1 if%§s§2,
from Figure 1. Since YT (2/3) = —4, we have

—2s if0<s<2,

2 _ 2 _
TK,2/3(5) = *Q’YK,Q/?)(S) —Tk(2/3) = {—55 L9 if % <s<2.

Next, put t = 4/3. Then we see again

5 : 4
—35+6 if0<s< 3,

2 —
'7K,4/3<5) = {S+4 if% <s<?2,
and
5s—8 if0<s
2 _ 2 _ =
TK,4/3(3) = _27K,4/3(5) - Tk(4/3) = {25 _4 if % <s

4. Proof of Theorem 1.1
We are ready to give a proof of Theorem 1.1.

Proof of Theorem 1.1. Fix a singularity to € (0,2) of T (t). Let Si, be the
part of St(K) between the negative and positive pivot points p~ and p™ of .

Under ® used in Section 2, Sy, maps to the part of the graph of G(z)
restricted on the interval [®4(p~), ®1(p")] by Lemma 2.3.

Recall that r = 7%, (s) is determined by the line Ly,. Since Ly, has
slope 1 — 2/s and intercept 2r/s, ®(Ls,) gives the line y = sz + 2r on R2.
Hence G*(s) = —2r = —2y%, (s). Thus Y%, (s) = —27%, (5) — Tk(to) =
G*(s) = Tk (to)- 0

By a similar argument, we can give an alternative proof that Yk (¢) of an
L-space knot K is the convex conjugate G.(t) of G(x).

Set s = vi (t). Then the line L; , gives the support line for St(K') with slope
1—-2/t. Again, ® maps L , to the line y = tx+2s. Thus G*(t) = —2s = Tk (t).

Acknowledgment. We would like to thank the referee for careful reading.

References

[1] A. Alfieri, Upsilon-type concordance invariants, Algebr. Geom. Topol. 19 (2019), no. 7,
3315-3334. https://doi.org/10.2140/agt.2019.19.3315

[2] S. Allen, Using secondary upsilon invariants to rule out stable equivalence of knot com-
plezes, Algebr. Geom. Topol. 20 (2020), no. 1, 29-48. https://doi.org/10.2140/agt.
2020.20.29

[3] M. Borodzik and M. Hedden, The Y function of L-space knots is a Legendre transform,
Math. Proc. Cambridge Philos. Soc. 164 (2018), no. 3, 401-411. https://doi.org/10.
1017/5030500411700024X


https://doi.org/10.2140/agt.2019.19.3315
https://doi.org/10.2140/agt.2020.20.29
https://doi.org/10.2140/agt.2020.20.29
https://doi.org/10.1017/S030500411700024X
https://doi.org/10.1017/S030500411700024X

THE SECONDARY UPSILON INVARIANT 477

[4] M. Borodzik and C. Livingston, Heegaard Floer homology and rational cuspidal curves,
Forum Math. Sigma 2 (2014), Paper No. e28, 23 pp. https://doi.org/10.1017/fms.
2014.28

[5] M. Hedden and L. Watson, On the geography and botany of knot Floer homology, Selecta
Math. (N.S.) 24 (2018), no. 2, 997-1037. https://doi.org/10.1007/s00029-017-0351-
5

[6] S.-G. Kim and C. Livingston, Secondary upsilon invariants of knots, Q. J. Math. 69
(2018), no. 3, 799-813. https://doi.org/10.1093/gmath/hax062

[7] C. Livingston, Notes on the knot concordance invariant upsilon, Algebr. Geom. Topol.
17 (2017), no. 1, 111-130. https://doi.org/10.2140/agt.2017.17.111

[8] P. Ozsvath, A. Stipsicz, and Z. Szab6, Concordance homomorphisms from knot Floer
homology, Adv. Math. 315 (2017), 366-426. https://doi.org/10.1016/j.aim.2017.05.
017

[9] P. Ozsvéath and Z. Szabd, Knot Floer homology and the four-ball genus, Geom. Topol.
7 (2003), 615-639. https://doi.org/10.2140/gt.2003.7.615

[10] P. Ozsvéth and Z. Szabd, Holomorphic disks and knot invariants, Adv. Math. 186
(2004), no. 1, 58-116. https://doi.org/10.1016/j.aim.2003.05.001

[11] P. Ozsvath and Z. Szab6, On knot Floer homology and lens space surgeries, Topology
44 (2005), no. 6, 1281-1300. https://doi.org/10.1016/j.top.2005.05.001

[12] S. Wang, Semigroups of L-space knots and nonalgebraic iterated torus knots, Math. Res.
Lett. 25 (2018), no. 1, 335-346. https://doi.org/10.4310/mrl.2018.v25.n1.a15

[13] X. Xu, On the secondary Upsilon invariant, Algebr. Geom. Topol. 21 (2021), no. 4,
1661-1676. https://doi.org/10.2140/agt.2021.21.1661

MASAKAZU TERAGAITO

INTERNATIONAL INSTITUTE FOR SUSTAINABILITY

wiTH KNOTTED CHIRAL META MATER (WPI-SKCM?)
HirOSHIMA UNIVERSITY

1-3-1 KAGAMIYAMA, HIGASHI-HIROSHIMA, 739-8526, JAPAN
Email address: teragai@hiroshima-u.ac.jp


https://doi.org/10.1017/fms.2014.28
https://doi.org/10.1017/fms.2014.28
https://doi.org/10.1007/s00029-017-0351-5
https://doi.org/10.1007/s00029-017-0351-5
https://doi.org/10.1093/qmath/hax062
https://doi.org/10.2140/agt.2017.17.111
https://doi.org/10.1016/j.aim.2017.05.017
https://doi.org/10.1016/j.aim.2017.05.017
https://doi.org/10.2140/gt.2003.7.615
https://doi.org/10.1016/j.aim.2003.05.001
https://doi.org/10.1016/j.top.2005.05.001
https://doi.org/10.4310/mrl.2018.v25.n1.a15
https://doi.org/10.2140/agt.2021.21.1661

