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Stable Khovanov-Rozansky polynomials of algebraic knots are ex-
pected to coincide with certain generating functions, superpolyno-
mials, of nested Hilbert schemes and flagged Jacobian factors of
the corresponding plane curve singularities. Also, these 3 families
conjecturally match the DAHA superpolynomials. These super-
polynomials can be considered as singular counterparts and gen-
eralizations of the Hasse-Weil zeta-functions. We conjecture that
all a-coefficients of the DAHA superpolynomials upon the sub-
stitution g — ¢t satisfy the Riemann Hypothesis for sufficiently
small g for uncolored algebraic knots, presumably for ¢ < 1/2 as
a = 0. This can be partially extended to algebraic links at least
for a = 0. Colored links are also considered, though mostly for rec-
tangle Young diagrams. Connections with Kapranov’s motivic zeta
and the Galkin-Stohr zeta-functions are discussed.
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1. Introduction

The aim of the paper is to approach the Riemann Hypothesis, RH, for
DAHA superpolynomials of algebraic links colored by Young diagrams upon
the substitution ¢ — ¢t. The parameter g, a counterpart of the cardinality
of F in the Weil conjectures, is assumed sufficiently small, which is com-
plementary to the classical theory. Then RH presumably holds for any a—
coefficients of DAHA superpolynomials of uncolored algebraic knots; more-
over, ¢ < 1/2 seems sufficient when a=0. For links, stable (any q) irregular
(non-RH) zeros appear. For instance, the number of their pairs is conjec-
tured to coincide with the number of components of uncolored algebraic
links minus 1 as a=0. We provide tools for finding such bounds for any
Young diagrams and arbitrary a—coefficients; finding the exact RH-range
of ¢ is much more subtle, which is somewhat parallel to the theory of spectral
zeta-functions.

Let us try to put this conjecture into perspective and explain the ratio-
nale behind it and its relations to the classical Weil conjectures.

1.1. Superpolynomials

1.1.1. Topological and geometric theories. The superpolynomials
have several reincarnations in mathematics and physics; the origin is the
theory of stable Khovanov-Rozansky polynomials, which are Poincaré poly-
nomials of the HOMFLY-PT triply-graded link homology [Khl [KhR1]. They
depend on 3 parameters g, t, a and are actually infinite series in the unreduced
case. Generally, they are difficult to calculate and there are unsettled prob-
lems with the formulas for links, in the presence of colors and in the reduced
case, though the categorification theory generally provides their definition
for any colors (dominant weights). For uncolored unreduced algebraic links,



412 Ivan Cherednik

they were conjectured to coincide with the ORS superpolynomials, certain
generating series for nested Hilbert schemes of the corresponding plane curve
singularties [ORS].

These two families in the reduced setting are conjecturally related to the
geometric superpolynomials introduced in [ChP1l [ChP2|. They were defined
there for any algebraic knots colored by columns (wedge powers of the fun-
damental representation), developing [ChDI1l [GM| [Gor|. Their construction
is in terms of the flagged Jacobian factors of unibranch plane curve singular-
ities. Jacobian factors are (indeed) factors of the corresponding compactified
Jacobians; the definition is entirely local. In turn, Jacobian factors are al-
most directly related to the affine Springer fibers in type A (the nil-elliptic
case), and therefore to the corresponding p—adic orbital integrals; see the
end of [ChPI] for some references and discussion.

Inspired by [ORS| (GORS], [ChP1, [ChP2| and various prior works, es-
pecially [Kapl IGSh|, the geometric superpolynomials can be considered as
“singular” analogs of the Weil polynomials, the numerators of the Hasse-
WEeil zeta-functions of smooth curves. To analyze this we switch to the 4m
type of superpolynomials, the DAHA ones from [Ch2] [Ch3| [GN] and further
works; the most comprehensive paper on them by now is [ChDZ2].

1.1.2. DAHA superpolynomials. The DAHA superpolynomials deal
with the combinatorial data of iterated torus links and allow any colors
(Young diagrams). Importantly, they almost directly reflect the topological
type of singularity, in contrast to the ORS construction and the geometric
superpolynomials from [ChP1 [ChP2]. We note that the latter are related to
restricted nested Hilbert schemes of singularities, some subvarieties of those
used in [ORS] (geometrically simpler). See Section The DAHA super-
polynomials are expected to be connected with physics superpolynomials
IDGRI, [AS] IGS, DMS, [FGS], which is not discussed in this work.

They are defined so far for iterated torus links. All initial intrinsic con-
jectures from [Ch2| concerning torus knots were proved (but the positivity
discussed below) and extended to any colored iterated torus links (not only
algebraic). The theory of DAHA-Jones polynomials is very much uniform
for any colors (dominant weights) and root systems; the DAHA superpoly-
nomials are in type A.

In other approaches, the limitations and practical problems are more sig-
nificant, especially with links and colors. The ORS polynomials are generally
difficult to calculate since they are based on the weight filtration in cohomol-
ogy of the corresponding nested Hilbert schemes. The KhR polynomials are
known only for simple knots. For torus knots, they were recently calculated
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using Soergel bimodules [Mel2]; see also Corollary 3.4 there, which proves
Conjecture 2.7 (i) (uncolored) from [Ch2[; not all details are provided in
[Mel2], but the proof seems essentially a direct identification of Gorsky’s
combinatorial formulas with those in [Ch2]. See also [EH| Hog] concerning
T(mr £ 1,r) and links T'(mr, r). The geometric superpolynomials and flagged
Jacobian factors from [ChP1l [ChP2] are relatively simple to define, but this
is done so far only for algebraic links colored by columns.

1.2. DAHA and Weil conjectures

Let us present the main features of the theory of DAHA superpolynomials as
analogs of the Weil conjectures. This connection is mostly heuristic and our
RH mostly serves the sector of ¢ < 1, complementary to Weil’s RH. The key
point of the whole work is the identification of ¢ in DAHA superpolynomials
with 7" in the singular counterpart of the Weil zeta-function.

1.2.1. Polynomiality and super-duality. First of all, the DAHA the-
ory and the geometric construction from [ChP1) [ChP2| directly provide su-
perpolynomials, counterparts of the Weil P;(T'). This is in contrast to the
classical theory, where P;(T') appears due to the rationality theorem:

(1=T)(1—qT)’

where X is a smooth projective curve over a finite field F = [F, with ¢ ele-
ments and Pj is of degree 2g for the genus g of X (its smoothness is actually
needed only for RH).

The coefficients of DAHA superpolynomials are presumably all positive
for rectangle Young diagrams and algebraic knots (the positivity conjectures
from [Ch2, [ChD1]), which is not present in the Weil-Deligne theory [Delll,
Del2|]. Such a positivity hints at a possible geometric interpretation and
“categorification” of these polynomials. However, they can be positive for
“very” non-algebraic knots. For links and non-rectangle Young diagrams, the
positivity holds only upon the division by some powers of (1 —t), (1 — q).
For instance, (1 —¢)"~! is presumably sufficient for uncolored links with x
components.

To avoid misunderstanding, let us emphasize that the positivity of DAHA
superpolynomials for knots (and for links upon the division above) is neither
necessary nor sufficient for the validity of the corresponding RH. However
when such positivity holds, one may expect a geometric interpretation of

(X, T) L exp (Z T" | X (Fy)
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DAHA superpolynomials as in [ChP1l I[ChP2|, which actually implies RH
for sufficiently small q.

Thus, a counterpart of the existence of Pj(T) is the polynomiality for
DAHA-Jones polynomials from Theorem 1.2,[Ch3|] (for torus knots, any
colors, and root systems) and its generalizations to iterated torus links.
The passage to the superpolynomials, Theorem 1.3 there, was announced in
[Ch2] (based on [SV]); its complete proof was provided in [GN]. See [ChD2]
for the most general version. We provide here many examples of algebraic
links and the corresponding DAHA procedures, significantly developing and
extending those from |[ChDI [ChD2].

Accordingly, the super-duality of DAHA superpolynomials matches the
Weil’s functional equation: ((X,q 1T~ 1) = ¢'=9T%729¢(X,T). It was con-
jectured in [Ch2| (let us mention prior [GS] in the context of physics su-
perpolynomials) and proved in [GN] on the basis of the g <> t—duality of
the modified Macdonald polynomials. An alternative approach to the proof
via roots of unity and the generalized level-rank duality was presented in
[Ch3]; it can work for classical root systems and some other families. The
proof of the duality from Proposition 3 from [ORS] is parallel to that of the
motivic functional equation [Kap]; see also Section 6 in [Gal|, Section 3 in
[Sto] and formula below concerning the functional equation for the
Galkin-Stohr functions.

We note that our parameter a and adding colors (numerically, we mostly
consider rectangle Young diagrams) do not have direct origins in the the-
ory of Hasse-Weil zeta-functions. The parameter a is associated with flagged
Jacobian factors in [ChP1l [ChP2]; we also define flagged Galkin-Stohr func-
tions by considering standardizable flags of ideals.

1.2.2. Riemann Hypothesis. For large g, corresponding to the cardinal-
ity |F|, RH for our superpolynomials and the zeta-functions from |Gal, [Sto]
generally fails. However the inequality ¢ < 1/2 is (surprisingly) sufficient for
uncolored algebraic knots at a=0 we considered; F[[z*, 26 + 27+2™]] pre-
sumably make 1/2 sharp here as m — oco. For uncolored algebraic links, the
number of stable pairs of irregular zeros is conjectured to be the number
of components minus 1 as a = 0. Adding colors to knots and links is more
subtle, though rectangle Young diagrams satisfy RH for sufficiently small ¢
upon the symmetrization at least for a = 0 in all examples we considered.
We note that RH can hold for non-algebraic links too, but algebraic links,
more generally positively iterated torus links, are a major class for RH (for
small q).
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Deviations from the classical theory. Focusing on the sector 0 <g<1
is a significant deviation. Even for ¢ close to 0, irreqular zeros generally
appear. For instance, one pair (always real) of such zeros is conjectured to
occur for uncolored algebraic links with 2 components.

The main change is of course that ¢ is arbitrary real in the DAHA
approach. It is a counterpart of |F| in the Weil conjectures, but this is just a
parameter for us. Accordingly, we calculate minimal w such that RH holds
for all w 2 1 /q > w. Also, we add colors and one more parameter a due to
the flagged Jacobian factors (or Hilbert schemes), which is a clear extension
of the Weil conjectures.

The field with one element is of importance. It corresponds to ¢=t in the
DAHA parameters (which becomes g = 1 after the substitution ¢ — ¢t), and
describes the HOMFLY-PT polynomials in topology. However, the bound w
is generally beyond 1; RH is not expected to hold for ¢ =t for sufficiently
general non-torus knots. We note that ¢ = 1 can be also interpreted as the
case of “field with one element”; see [ChP1l [ChP2].

1.2.3. On the structure of the paper. The motivic Conjecture [4.5]is
the best we have to clarify the meaning of the substitution ¢ — ¢t. Finding
7; and polynomials S? from Conjecture is an entirely algebraic procedure
and for any Young diagrams; these invariants are expected to be meaningful
topologically.

Conjecture [£.10] the “qualitative RH”, for small g is actually a corollary
of Conjecture [£.9] Conjecture the “quantitative RH”, gives a bound
for ¢ in the case of uncolored algebraic knots.

If the motivic superpolynomials are known and coincide with the DAHA
superpolynomials (which is conjectured), then the validity of RH for suffi-
ciently small ¢ (sufficiently large w), i.e. Conjectures|4.9 can be checked
by an entirely algebraic and relatively straightforward procedure. For uncol-
ored algebraic knots, the geometric superpolynomials were defined in [ChP1]
and they do satisfy Conjecture which almost directly follows from their
definition in terms of the corresponding flagged Jacobian factors.

The motivic superpolynomials at a = 0 are quite close to the Hasse-Weil
zeta-function for singular curves and the Galkin-Stohr (local) zeta-functions.
The exact relation is Conjecture Conjecture is its generalization to
any a. Adding colors is more subtle; the motivic superpolynomials of alge-
braic links are known by now for (any) columns. The DAHA superpolyno-
mials are well developed for any Young diagrams.
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1.3. Motivic approach

Let us discuss some arithmetic-geometric details. Connecting DAHA super-
polynomials with the numerators of the Hasse-Weil zeta-functions seems a
priori some stretch, but we think that the following chain of steps provides
a sufficiently solid link.

1.3.1. Kapranov’s zeta. The first step is the Kapranov zeta-function of
a smooth algebraic curve C' of genus g over a field k. It is defined via the
classes of [C1"] of the n-fold symmetric products of C' in the Grothendieck
ring Ko(Var/k) of varieties over k. The motivic zeta-function of C' from

[Kap] is then a formal series ((C, u) def 350 u"[CM]. Here one can replace
[C] by p([CM)) for any motivic measure p. If k = F = F, and pu(X) is the
number of F—points of X, then this is the classical presentation of the Hasse-
Weil zeta-function for u="T.

Theorem 1.1.9 from [Kap| establishes the first two Weil conjectures (the
rationality and the functional equation) in the motivic setting. The justifi-
cation is close to the Artin’s proof in the case of F.

One can then extend the definition of motivic zeta to reduced singular
curves C, replacing C™ by the corresponding Hilbert schemes of n points
on C, subschemes of length n to be exact. Let us assume now (and later)
that C' is a rational planar projective reduced curve of arithmetic genus 9.
Then Conjecture 17 from [GSh] states that in Ky(Var/C):

y i+1-5
(11) Zunﬂ—d[c[n]] - Z Ne(i) <<1 AT U[Al])> ’

n>0 0<i<s

where Ng ) € Z.[A']. To be exact, this is stated for any reduced curve, not
only rational, the total arithmetic genus g must be then used in the left-hand
side instead of § and the resulting expression must be divided by the same
series for the normalization of C' (calculated by Macdonald for smooth C').
In the right-hand side, we must set ¢ +1 — 6 — ¢ — . This substitution is
due to the Macdonald formula for P*.

1.3.2. Nested Hilbert schemes. When the classes [X] are replaced by
their (topological) Euler numbers e(X), we arrive at

w i+1-4
(1.2) > wrt ey = 3 ne(i) ((1_14)2) :

n>0 0<i<s
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The rationality here was motivated by Gopakumar and Vafa (via the BPS
invariants) and justified in [PaT]. The positivity of ng) was deduced from
the approach based on versal deformations: [FGvS| for ¢ = ¢ and then (for
arbitrary i) in [Shl.

The OS-conjecture [ObS], (extended and) proved in [Ma], is a geometric
interpretation and an a-generalization of . ) for rational planar curves C'
and their nested Hilbert schemes C"<"+7] Tt is actually a local formula and
one can switch from a rational curve C' to its germ C at the singular point
under consideration. Then Csn+ml — {In+m CI, | mIL, CIn4m}, where I, €
C!" and m is the maximal ideal in the (local) ring of C.

1.3.3. ORS polynomials. Let C be an arbitrary plane curve singularity

of arithmetic genus § (its Serre number); the Hilbert schemes are defined cor-

respondingly. Considering the construction above for Ko(Var/F) and then

applying the motivic integration from Example 1.3.2b from [Kap] is essen-

tially what was suggested in [ORS] (for nested Hilbert schemes of punctual
pairs). The reduced ORS polynomial is

gst a 1_qt 2 2 <
19 e (B Pt ¥ e meee)

QAst 1 + asttst nom

Here 4 is the Milnor number (¢ = 26 in the unibranch case) and to is the
weight filtration in the compactly supported cohomology of the correspond-
ing scheme. See the Overview and Section 4 in [ORS]; Proposition 3 there
contains the functional equation. And also see Section 9.1 from [GORS].
The parameter tg is associated with this filtration, we put g, ts, as here
to distinguish these parameters from the DAHA parameters (below). They
are really standard in quite a few topological-geometric papers; see (|1.4))
below. For ¢t = 1, u = g5+ and at the minimal possible degree of ag, the
sum in essentially reduces to the right-hand side of .

Conjecture 2 of [ORS] states that &, coincides with the reduced sta-
ble Khovanov-Rozansky polynomial of the corresponding link, the Poincare
polynomials of the triply-graded HOMFLY-PT homology. Accordingly, its
unreduced version Z,), is related to the unreduced stable KhR polynomial.
The problem with the identification of the ORS and KhR polynomials is
that the number of examples is very limited in both theories. Though see
[Mel2] concerning the stable KhR polynomials for torus knots via Soergel
bimodules.
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1.4. DAHA approach

The following two families of superpolynomials are much more explicit and
calculatable. DAHA superpolynomials are the key for us; their full definition
will be provided in this paper. They were defined in [Ch2] for torus knots,
triggered by |AS], and extended to any iterated torus links in further papers.

1.4.1. Geometric superpolynomials. The connection of the DAHA
superpolynomials to geometry of plane curve singularities goes through
the geometric superpolynomials, a class of superpolynomials introduced in
[ChP1, [ChP2], which generalizes [ChD1], [GM] (for a = 0 and torus knots)
and Gorsky’s approach from [Gor] (a combinatorial theory for torus knots
and any powers of a). Flagged Jacobian factors were used in [ChP1] instead
of the nested Hilbert schemes in [ORS]; though see Section where re-
stricted nested Hilbert schemes emerge (the pairs of ideals that become
trivial upon tensoring with the normalization ring).

The geometric superpolynomials do not require root systems at and the
a—stabilization of the DAHA-Jones-WRT polynomials. They are uniformly
defined for any root systems, but their a—stabilization naturally requires
classical series A, B, C, D. However see [ChE]| for some superpolynomials for
the Deligne-Gross exceptional family [DG]. Presumably they exist for any
root systems and their construction is geometric, in terms of the correspond-
ing spectral curve.

The relation between the DAHA superpolynomials and geometric su-
perpolynomials for algebraic knots from [ChP1l [ChP2]| is confirmed in many
examples and is verifiable theoretically. One can connect the standard
(monoidal) transformations of the plane curve singularities with the cor-
responding recurrence relations in the DAHA theory.

1.4.2. ORS polynomials vs. geometric ones. Our uncolored geomet-
ric superpolynomials are parallel to &, from [ORS|]. Upon the division
by (1 —t) there is a conjectural connection with those. See Sections
and below. They can be expressed is terms of the weight filtration too
via a theorem due to N. Katz; see the end of [ChP1]. The DAHA parameter
q (or t~! due to the super-duality) is a counterpart of cardinality of F there.
Accordingly, ¢ = 1 is the case of the “field with one element”, which leads to
the DAHA theory at critical center charge for ¢ = 1. When ¢! is used, the
case t = 1 is the so-called ”free theory”. This is different from the usage of
the weight filtration in [ORS], where |F| corresponds to ¢% = q/t. Generally,
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the DAHA parameters a, ¢, t are connected with those in ([1.3) as follows:

= qst) q= QSttst , 4= asttsta

» P

In the ORS polynomials, the motivic measure and finite fields vanish at
ts = 1, i.e. at ¢ =t in the DAHA parameters, which is quite different from
q = 1 in geometric superpolynomials. Also, the normalization of singularities
is heavily used for the flagged Jacobian factors and our construction does not
require ideals and Hilbert schemes, though the Galkin-Stohr zeta-functions
are directly related to the latter.

Let us mention here that colors and arbitrary root systems (available
in the DAHA approach) are a challenge from the geometric-motivic per-
spective. However the OS conjecture (the case t = ¢ in DAHA parameters)
was established and proved in [Ma] for any colors (Young diagrams) and
algebraic links using non-reduced singularities.

1.4.3. Galkin-Stohr zeta. We will consider here only the case a = 0.
The motivic measure will be the count of points over a finite field F of
cardinality ¢. With some simplifications, the zeta-function from [Gall [Sto]
is defined as the sum Zg () of t%m#(R/%) oyer all ideals a C R for the local
ring R of a curve singularity. This ring is assumed Gorenstein to ensure the
functional equation for (1 — t)Zg (t), which is for the substitution ¢ — 1/(tq).
The function Zz(t) is a (local) version of the Weil zeta for singularities. It
is quite natural from number theoretical viewpoint, but the corresponding
RH generally fails. However if we treat ¢ as a variable (which is ¢/t in the
DAHA parameters), then ¢ < 1/2 is presumably sufficient for RH in the
unibranch case at a=0.

The connection with our geometric superpolynomials can be stated as
some “combinatorial” identity, which seems not straightforward to check;
for instance, it generally holds only for planar singularities (not arbitrary
Gorenstein rings). Also, the positivity of the coefficients of (1—t)Zg(t),
which follows from this connection, generally requires plane curve singu-
larities. The formula from [Sto] has many positive and negative terms can-
celing each other in a non-trivial way. We provide examples of non-plane
curve singularities where the connection with our formula can be fixed, but
some non-trivial adjustments are needed for this. Importantly, the func-
tional equation for (1—¢)Zz(¢) is not difficult to established (see [Sto]) and
we do not see any direct proof of super-duality for our geometric (motivic)
superpolynomials, without the passage to ideals.
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1.4.4. Modular periods. The construction of DAHA superpolynomials
is actually parallel to that for modular periods, a starting point for p—
adic measures (Mazur, Manin, Katz, eigenvarieties), and for Manin’s zeta-
polynomials [OnRS|]. Namely, the DAHA-Jones polynomials of torus knots
T'(r,s) colored by Young diagrams A are essentially obtained by apply-
ing vrs = (; :)E PSL(2,7Z) to the Macdonald polynomials Py followed
by taking the DAHA coinvariant. The superpolynomials are due to the a—
stabilization for the root systems A,; this is important, since the super-
duality holds only upon the a—stabilization.

This procedure is analogous to taking the integral of a cusp form ®(z)
for z € H multiplied by z* for certain integers k over the paths [0, 200]. Here
2F can be seen (with some stretch) as counterparts of Py, the integration
[{-}®(y)dy plays the role of the coinvariant.

The latter obviously has nothing to do with modular forms. However, it
is the simplest level-one coinvariant among all DAHA coinvariants of arbi-
trary levels £ > 0 from [ChM]|. They are in one-to-one correspondence with
elliptic functions of level ¢ (Looijenga functions for any root systems). Using
them makes these constructions closer to each other. Vice versa, a challenge
is to find modular counterparts of the DAHA-Jones polynomials and super-
polynomials for iterated non-torus algebraic knots. It is not impossible that
they can be related to Manin’s iterated Shimura integrals [Man)|.

This is connected with the following (heuristic) interpretation of the
Dirichlet L—functions of conductor r via the families T'(r,*). The sums of
DAHA superpolynomials over the knots in such families are supposed to
be considered. In a more conceptual way, one applies >~ _; x(m) ((1) '1”)
inside the coinvariant for the corresponding Dirichlet character y. The ¢—
analogs of zeta and Dirichlet functions from [Ch4] are of this kind, but for
a different action of PSL(2,Z). They are the integrals of S°°_ x(m)q™**/?
for the Gaussian ¢*'/2 with respect to the Macdonald measure for A;. See
also Section 3 in [ChD2].

2. Double Hecke algebras

2.1. Affine root systems

Let us adjust the standard DAHA definitions to the case of the root systems
Ap, which is R={a=¢;—¢j,i#j} for the basis {¢;,1 <i <n+1} € R*
orthonormal with respect to the usual euclidean form (-,-). The Weyl group
is W = S,41; it is generated by the reflections (transpositions) s, for the
set of positive roots Ry = {&; —¢;,% < j}; R— = —R. The simple roots are
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a; = €;—¢i+1. The weight lattice is P = &, Zw;, where {w;} are fundamen-
tal weights: (w;, oj) = ;5. Explicitly,
7
+1
(n=1)e1 + (n=3)ea + -+ + (1—n)ey).

(2.1) wi=¢e1+--+¢&—

(51+"'+5n+1) for i=1,...,n,

n
1
P:W1+"'+wn:§
The root lattice is denoted by Q = @7, Z«;. Replacing Z by Z4 = {m €
Z,+m > 0}, we obtain Py, Q4. See e.g., [Bo| or [Chi].

The vectors & = [a, j] € R"*2 for a € R, j € Z form the affine root sys-

tem R D R, where a € R are identified with [a, 0]. We add aq def [—0,1] to

the simple roots for the mazimal root § = &1 — €,41. The corresponding set
R of positive roots is Ry U {[e, j], @ € R, j > 0}.

2.1.1. Affine Weyl group. Given a = [a,j] € R, be P, let
(22) S&("g) = z- (Z,O[V)&, b/(g) = [27C - (Z7b)]

for 7 = [z,¢] € R"™2. The affine Weyl group W = (sz,& € R.) is the semidi-
rect product Wx@Q of its subgroups W = (so,« € R;) and @, where « is
identified with

5aS[a,1] = S[-a,1]5a for a € R.
The extended Weyl group W is W X P, where the action is

(2.3) (wdb)([z,¢]) = [w(2),{— (2,b)] for we W,be P.
It is isomorphic to W I for T1 2 P/Q. The latter group consists of my =id
and the images 7, of w, in P/Q. Note that 7, ! is m,., where ¢ is the standard
involution of the non-affine Dynkin diagram of R, induced by a; — apa1—-
Generally, we set ¢(b) = —wg(b) = b*, where wy is the longest element in W
sending {1,2,...,n+1} to {n+1,...,2,1}. -

The group II is naturally identified with the subgroup of W of the ele-
ments of the length zero; the length is defined as follows:

(@) = |A®)] for A@) R na ' (-R,).

One has w, = mu, for 1 < r < n, where u, is the element u € W of minimal
length such that u(w,) € P_, equivalently, w = wou is of mazimal length
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such that w(w,) € Py. The elements u, are very explicit. Let wj be the
longest element in the subgroup Wy C W of the elements preserving wy;
this subgroup is generated by simple reflections. One has:

(2.4) upr = wowy and (u,) b = wowo = upe for 1 <7 <n.

Setting @ = m.@ € W for m, € II, @ € W, [(w) coincides with the length
of any reduced decomposition of w in terms of the simple reflections s;, 0 <
1 < n. Thus, indeed, II is a subgroup of W of the elements of length 0.

2.2. Definition of DAHA

We follow [Ch3l, [Ch2| [Chi]. Let m=n-+1; generally it is the least natural
number such that (P, P) = (1/m)Z. The double affine Hecke algebra, DAHA ,
of type A, depends on the parameters ¢,¢ and will be defined over the
ring Zgy def Z[g*/™ +=1/2] formed by polynomials in terms of ¢*'/™ and
t¥1/2_ Note that the coefficients of the Macdonald polynomials will belong
to Q(q,t).

It is convenient to use the following notation:

t:qk, Ok gg Za:kziwi.
i=1

a>0

We set m;1 =3 =mpo for 0 <i <n and m;; = 2 otherwise, generally,
{2,3,4,6} when the number of links between «;,«; in the affine Dynkin
diagram is {0, 1,2, 3}.

For pairwise commutative Xi,..., X,
def -
e i e T . ~
(25) XE - HX'quJ if b= [buﬂ: w(XZ) = X@(Z)a
i=1

n
1 _
where b = E liw,eP, je—7Z, weW.
m

=1

. def _
For instance, X == Xay, = qXy L

Definition 2.1. The double affine Hecke algebra #{ is generated over

Zgy by the elements {T;, 0 <i < n}, pairwise commutative {X3, b€ P}

satisfying ([2.5)) and the group II, where the following relations are imposed:
(o) (T; —tY*)(T;+t7%) = 0,0 < i < m
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i) TIT;... = T;1;Tj..., myj factors on each side;

(
(i) mTimt = T; if m(ag) = oy

(i) ;X = Xp X771 if (bay) =1, 0<i<m
(iv) T; X, = XpT; when (b,a;) =0 for 0<i<mn;
(V 7TrXb7Tr_1 = Xﬂr(b) = Xu:1(b)q(wt<r)7b)’ 1<r<n.

Given w € W, 1 <r <n, the product
def ~ ~
(2.6) T = m1; -1, where w=s;---s; for [ =I(w),
does not depend on the choice of the reduced decomposition of w. Moreover,

(2.7)  T5Ts = Tsg whenever 1(00) = 1(D) + (@) for 0,@ € W.

In particular, we arrive at the pairwise commutative elements
def it = def
(2.8) v, E[[v if b=) lw eP, Vi =T,,beP.
i=1 i=1

When acting in the polynomial representation V (see below), they are called
difference Dunkl operators.

2.3. The automorphisms

The following maps can be (uniquely) extended to automorphisms of # ,
where ¢!/™) must be added to Z,; (see [Chi], (3.2.10)—(3.2.15)) :

(wr,wr)

(2.9) T Xp—= Xy, =T (0>0), V= X, Y,q =2 |
Ty To—q ! XgTO_I, Ty q_Mszﬂr,« (1 <r<n),
(2.10) T Yy Y e Ti(i>0), X, oY, Xq 3,
T (Xo) = X7 'TLY 0 S rirTlry = Tl
(2.11) o(Xy) =Yy o(V) = Ty, X Ty, o(T3) = Ti(i > 0).

These automorphisms fix ¢, ¢ and their fractional powers, as well as the
following anti-involution:

(2.12) p: Xp Yy LYo X T T (1< 0 < ).
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The following anti-involution results directly from the group nature of
the DAHA relations:

(2.13) H*=H' for H e {Ty,Xy,Ys,q,t}.
To be exact, it is naturally extended to the fractional powers of ¢, t:
* : t% l—)fé, qem > @ 2m.

This anti-involution serves the inner product in the theory of the DAHA
polynomial representation.

Let us list the matrices corresponding to the automorphisms and anti-
automorphisms above upon the natural projection onto SLy(Z), correspond-
ing to t2 = 1 = ¢in. The matrix (: 5) will then represent the map X —

5
X2V, Yy s XPYP for b€ P. One has:
1 1 1 0 0 1 0 -1
70 1) 1) 77 = 0)0 T e 0 )
The projective PSLo(Z) (due to Steinberg) is the group generated by 74
subject to the relation 7,717, = 7='7,7-1. The notation will be PSL5(Z);
it is isomorphic to the braid group Bs.

2.3.1. The coinvariant. The projective PSL9(Z) and the coinvariant,
to be defined now, are the main ingredients of our approach.
Any H € 7H can be uniquely represented in the form

H= Z Cawd XaTwYsy for we W,a,be P

a,w,b

(the DAHA-PBW theorem, see [Chl]). Using this presentation, the coin-
variant is a functional #{ — C defined as follows:

(2.14) {Yeo: Xo = ¢ P9y s gl T s 12
The main symmetry of the coinvariant is

(2.15) {@(H) Yo = { H }on for H € HL.

Also, {t(H) }ey = { H }ev, where we extend ¢ to 7 as follows:

(2.16) UXp)=X,py, V) =Y0), Ti=Tu, 1<i<n
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The following interpretation of the coinvariant is important. For any
H € 7, one has: {HT,Yb}ey, = {H}ev X(TY3), where x is the standard
character (one-dimensional representation) of the affine Hecke algebra Hy-,
generated by T,,,Y; for w € Wb € P; x sends Y, — q\Prb) and Tj s t1/2,
Therefore {...}., acts via the projection H — Hl}d:ef H(1) of 7{ onto the
polynomial representation V, which is the 7H—module induced from y; see

[Chll [Ch2l [Ch3] and the next section.

2.4. Macdonald polynomials

2.4.1. Polynomial representation. It is isomorphic to Z, [ X3] as a vec-
tor space with the action of T;(0 < i < n) given by the Demazure-Lusztig
operators:

(217) Ty =t"%s; + (V2 —t7V)( X, — 1) Hs;— 1), 0<i<n.

The elements X, become the multiplication operators and 7,.(1 < r <n) act
via the general formula w(X,) = Xy for w € W. Note that 7_ naturally
acts in the polynomial representation. See formula (1.37) from [Ch3|, which
is based on the identity

(2.18) T(HY) = 7_(H)| = (T,(H))(l) for H € 7.

Symmetric Macdonald polynomials. The standard notation is Py(X)
for b € Py; see [Mac, I[Chl] (they are due to Kadell for the classical root
systems and due to Rogers for A;). The usual definition is as follows. Let
c+ be such that ¢y € W(c) N Py (it is unique); recall that Q4 = & | Z «;.
For b € P, the following are the defining relations:

P=>" Xo€ &7 o Qg,0)Xc and (P, Xeo p(X;q,1))=0 for
acW (b)

o
all ¢ in @ above; u(X;q,t) def H H
acR, j=0

(1-Xag))(1-X g7t
(1-Xatq?)(1— X5 'tgith)

Here and further (f) is the constant term of a Laurent series or polynomial
f(X); p is considered a Laurent series of X} with the coefficients expanded
in terms of positive powers of q. The coefficients of P, belong to the field
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Q(g,t). One has (see (3.3.23) from [Chl]):

(2.19) Py(X7Y) = Py (X) = BY(X), By(¢") = Pylq™)
(a,b)—1 .
k — kb 1 - q]tXOC(qpk)
(2.20) =(P(q ™) =q H H} ( 1— g3 X (g7 )

Recall that ¢(b) = b* = —wq(b) for b € P.
DAHA provides an important alternative (operator) approach to the
P—polynomials; namely, they satisfy the (defining) relations

(2.21) Li(Py) = f(a " ") Py Ly & f(X0 > Vo)

for any symmetric (W—invariant) polynomial f € C[X,,a € P]". Here b €
P, and the coefficient of X3 in P, is assumed 1.

Spherical normalization. We call P/ def P,/ Py(q"*) spherical Macdo-
nald polynomials for b € Py. One has (the evaluation theorem):

(a,b)>0 (ab)—1

em) A =ged [ ][ (SO,

a>0  j=0 1= ¢ Xa(g™)
2.5. J-polynomials

They are necessary below for managing algebraic links (spherical polynomi-
als Py are sufficient for knots) and are important for the justification of the
super-duality .

For b=>Y"" bw; € Py, ie. for a dominant weight with b; > 0 for all
i, the corresponding Young diagram is as follows:

_ - ’)" def
b—Z;)\iz—:i—n+1(61+~-—|—sn+1 for \)\|—Z)\

One has: (b, 67, 5]) = b+ +big = Ni—Aj, (b, p)=(|A|—1)/2. Also, b def

(b,b) = 35y A7 = [A?/(n+1).
Let us calculate the set of all [, j] in the product from ([2.22)); it is

{la,j], a=¢e—em € Ry, >0 | b+ +bp_1>j >0}
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2.5.1. Their definition. The J—polynomials are as follows:

(2.24) Ty E Py for A= Ab), hy = [ (1 — gD les@+1y,
el

they are ¢, t—integral.

Here arm(0O) is the arm number, which is the number of boxes in the
same row as O strictly after it; leg(O) is the leg number, which is the num-
ber of boxes in the column of O strictly below it. This is for the standard
presentation of A: A\ > Ay >---> )\, 1> A, are the numbers of boxes in the
corresponding rows and the i row is above the (i + 1)m.

Equivalently:

e —1

n A
225) L=t I (1—qjtp+1)P;, p*=n—p+1,be P
p=1 35=0

See, for instance, Theorem 2.1 from [GN]. Note that the arms and legs do
not appear in the latter presentation (in terms of FP;). In this approach,
counterparts of J—polynomials exist for any root systems, but there are
some deviations. See [ChD2|, Section 2.6.

2.5.2. Stabilization. The following formula is important:

Ap—1

(2.26) J>\(t7f’):(a2)*%l 3 H H <1+qjat7p+1> for a=—t"t1
p=1 j=0

More generally, we have the following a—stabilization; see [ChD2]. We
note that the geometric/motivic superpolynomials are defined without any
A, (and further stabilization), but so far they are known only for columns
(b = mwy).

Proposition 2.2. Given two Young diagrams \ and u, the values Py(q""r*)
are a—stable, which means that there is a universal expression in terms of
q,t,a such that its value at a = —t" ! coincides with Py(q¢tPx) for \ =
A(b), = A(c), b,c € Py for A, with n no smaller than the number of rows
in X and in p. Up to powers of a'/? and t'/2, they are rational function
in q,t,a. Also, P{(q"tP*), (Py, P\) and (Py,PY) are a—stable (in the same
sense).
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3. DAHA-Jones theory
3.1. Iterated torus knots

We will first introduce the data necessary in the construction of DAHA-
Jones polynomials and DAHA superpolynomials of algebraic iterated torus
knots.

3.1.1. Newton pairs. The (algebraic) torus knots T'(r,s) are defined for
any positive integers assuming that gecd(r,s) = 1. One has the symmetry
T(r,s) = T(s,r), where we use “=" for the ambient isotopy equivalence. Also
T(r,s) =0 if r=1or s =1 for the unknot ©. Here and below see e.g., [RJ,
EN, [ChD1] for details and/or Knot Atlas for the corresponding invariants.

Following [ChD1], the [r,s]-presentation of an iterated torus knots (de-
fined below) will be 7(r,s) for any two sequences of positive integers:

(3.1) r={r1,...,re}, S={s1,...,s¢} such that ged(r;,s;) = 1;

¢ will be called the length of t,s. The pairs [r;,s;] can be interpreted as
characteristic or Newton pairs in terms of plane curve singularities. The
necessary and sufficient condition for being algebraic is r;,s; > 0, which will
be imposed in this paper unless stated otherwise.

3.1.2. Cabling parameters. The above parameters are the ones needed
in the DAHA approach. However they are not optimal for establishing the
symmetries of our polynomials and the justification that our construction
depends only on the corresponding knot/link. We need the cable presentation
for this. It requires one more sequence of integers:

(32) Q] =S1, Q; =Q;_1ri—1r +5; (Z :2,...,m).

See e.g., [ENJ. In terms of the cabling discussed below, the corresponding
knots are as follows. First, T'(r,s) = Cab(s, r)(O) (note that we transpose r,s
here), and then we set:

(3.3) T(78) ~ Cab(3,7)(0) = (Cab(ag, r¢) - - - Cab(az, r2)) (T(r1,51)).

Knots and links will be considered up to ambient isotopy; we use “="
for it. The cabling Cab(a,b)(K) of any oriented knot K in (oriented) S* is
defined as follows; see e.g., [Mol, [EN|] and references therein. We consider a
small 2—dimensional torus around K and put there the torus knot T'(a,b)
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in the direction of K, which is Cab(a,b)(K) (up to ambient isotopy); we set
Cab(3,7) 2 Cab(3,7)(0).

This procedure depends on the order of a,b and orientation of K. We
choose them in the standard way: the parameter a gives the number of turns
around K. This construction also depends on the framing of the cable knots;
we take the natural one, associated with the parallel copy of the torus where
a given cable knot sits (its parallel copy has zero linking number with this
knot).

3.2. From knots to links

Switching to links, we need to add colors to the cables above, which are
dominant weights b. For knots, there is always one color, so it gives an extra
(external) piece of information on top of the topological data above. Now
adding colors becomes an internal part of the definition.

3.2.1. Graphs and labels. The [r,s|-presentation of a iterated torus link
will be a union of k colored knots
T, () PN 1 . :

(3.4) el = ({T(?ﬂ,gﬂ), VeP),j=1,.. .,K> together with
the incidence matriz Y = (vjy), where 0 <wjj =vg; < min{ﬂj,ﬁk}
implies that [rg,sg]:[rf‘,séC for all 1 <i<wj;; and any 1< j,k < k.

Here 7 is the length of = {ri} and § = {sf} for 1 < j < k; we naturally

set Vji = 0.

Thus T determines a graph £ with the vertices {i,j} identified as in
(3.4). The paths are sequences of increasing consecutive i—vertices with fixed
j; their orientation is from ¢ to ¢ + 1. The vertices for neighboring ¢ in the
same path j are naturally connected by the edges. This graph is a disjoint
union of trees. Any its subtree contains a unique initial vertexr i = iy such
that the i—indices are the distances in this subtree from ig one plus ¢g. Every
subtree has at least one base path, the one that intersects all other paths in
this subtree. o

For i < ¢/, the pairs [r/,s]] become labels, called [r,s]-labels of the vertices
1,7 of L; the square brackets will be used for them.

Additionally, we put arrowheads at the end of every path (which is at
the vertex with i = £7). The paths with coinciding vertices but different ar-
rowheads will be treated as different paths. So j are the indices of all different
maximal paths in £ including the arrowheads at their ends. The colors b/
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will be assigned to the arrowheads. Topologically, the jm path corresponds
to the knot T(¥,57) colored by b € P, (later, by the corresponding Young
diagrams A). If a graph contains no vertices; then it is a collection of paths
that are pure arrowheads (a set of colors).

3.2.2. Topological parameters. The a—parameters above must be now
calculated along the paths exactly as we did for the knots (i.e. starting from
i=1,a; =s1); then aj depends only on the corresponding vertex. The pairs
{a?, '} will be called the cab-labels of the vertices. Actually only the [r,s]-
labels will be needed in the DAHA constructions; we will call them simply
labels (and use [, | only for them). However the cab-labels are necessary for
understanding the topological symmetries.

The torus knot colored by b € P, (or by the corresponding \) is denoted
by TPg; Cabl (L), equivalently CabglCaba’r(L), is the cable Cab(a,r)(L) of
a link L colored by b. The color is attached to the last Cab in the sequence
of cables. In the absence of vertices, the notation is ©” (the unknot colored
by b € Py) or Cab(0,1)°. We will use the same notation L for the graph and
the corresponding link L.

The passage from the [r,s]-presentation to the cab-presentation is

(3.5) LA, 1<j<r HCab ©),

where the composition and coproduct of cables is with res ect to the graph
structure and Cab(3’, ) = - - - Cab(al, r]) (rl, 51) is as in . In this work,
the coproduct symbol J], which stands for the union of cables, will be
simply replaced by comma; we set (C’ab(a, r), Cab(a’, r’)) instead of
Cab(a,r) [[ Cab(a’,r"). The a—parameters are calculated as above along the
corresponding paths. See [ChD2] for details and (many) examples. Actually,
we do not need much the topological aspects in this work; the graphs are
sufficient for the DAHA construction.

3.3. Pairs of graphs

This extension is necessary to incorporate all iterated torus links (in this
work, all algebraic links); see [ChD2] for details. Let {£, 'L} be a pair of
labeled graphs defined above.

3.3.1. Twisted union. The cabling construction provides a canonical
embedding of the iterated torus links into the solid torus. Their twisted
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union for the pair {L£, 'L} is as follows: we put the links for £ and 'L into
the horizontal solid torus and the complementary vertical one.

Since we consider only algebraic links, we will always change here the
natural orientation of the second component by the opposite one. Without
this switch, the resulting link is never algebraic. For instance, {E ={o—
00}, 'L = {o — [} } represents uncolored Hopf 2-links with the linking num-
ber Ik = +1, which is {o — 0,0 — 0"} in [ChD2].

Thus the pairs {L, 'L} in this work are actually {L, 'LV} in the notation
from [ChD2]J; we consider only such pairs (with V) here. We note that {L£, 'L}
and {L, L} result in isotopic links; this corresponds to formula (4.24) from
[ChD2| in the DAHA setting.

3.3.2. Positivity conditions. Arbitrary algebraic links can be obtained
using this construction including the twisted union for the pairs of positive
algebraic graphs subject to the inequality 'sis; > ’riry for any pairs of the
first vertices of these two graphs. Then {£, 'L} is called a positive pair. See
e.g. [New] [ChD2]. These inequalities are imposed upon the full usage of the
symmetries of the corresponding splice diagram. In the absence of vertices
or if there is only one vertex with r; =1, the pair {ry,s1} is technically
treated as {0, 1} for £ (or for 'L, with primes), so the inequality above holds
tautologically. Recall that Cab(0,1)L = L for any link L (it is a path along
the link). Note that the transposition of r; and s; (only in the first pair!)
does not change the isotopy type of the corresponding component, but this
may influence the resulting twisted union. Let us comment on it.

Let 'C be a pure arrow (no vertices) colored by A and £ is a positive
graph. Then the pair {£,L} is positive and it corresponds to adding “the
meridian” colored by A to £. The meridian and its linking number with £
(always positive) obviously may change when ry,s; are transposed. In the
DAHA construction, this pair will be treated as taking the coinvariant of
Py (Xy — Y}) applied to the pre-polynomial associated to L. If the color here
is A =[J (common in our numerical examples), then P is the S,;—orbit
sum of X,,,.

See [EN| [New| and [ChD2| for details. The theory in [EN| is without
colors, as well as that in [ObS) [ORS]. Attaching colors to the branches can
be incorporated topologically using framed links, but this requires more
involved combinatorial definitions (and some usage of the skein ). Colors are
natural in the DAHA construction, but colored DAHA superpolynomials are
of course more complicated than the uncolored ones. See also [Mal [ChP2].

3.3.3. Algebraic links. We provide here only basic facts; see [EN] for
details and references, especially Theorem 9.4 there. Generally, one begins



432 Ivan Cherednik

with a polynomial equation f(z,y) =0 considered in a neighborhood of
an isolated singularity 0 = (x = 0,y = 0). Its intersection with a small 3-
dimensional sphere in C? around 0 is called an algebraic link. Assuming
that r!,s! > 0, any labeled graph £ = ﬁ(TFj 2y (In the [r,s]-presentation, with-
out colors) corresponds to a germ of plaﬁe curve singularity at 0. If these
inequalities hold, the graph is called positive. Using positive pairs {L,/L}
provide all of them.

The corresponding (germs of) singularities are unions of unibranch com-
ponents corresponding for the paths of T (numbered by j), which are given
as follows:

(3.6)  y=d i/ (1 + ) /i) (1 + ] 2/ ))) at 0.

The numbers r,s are obtained from the corresponding labels; the parame-
ters ¢/ € C must be sufficiently general here. The simplest example is the
equation y"™ = % under ged(r,s) = 1, which corresponds to the torus link
T(rk,sk) with £ knot components isotopic to T'(r,s). The pairwise linking
numbers here are all equal to rs in this case.

The unibranch components and their (pairwise) linking numbers uniquely
determine the corresponding germ due to the Reeve theorem; see e.g. [ENJ.
All linking numbers must be strictly positive for algebraic links. The DAHA
constructions works for any (not only positive) labels. The above discussion
is of course in the absence of colors.

3.4. DAHA-Jones polynomials

They can be uniformly defined for any (reduced, irreducible) root systems
R; for its twisted affinization R, to be exact. We need only R = A,, in this
work. The P, J—polynomials and the necessary DAHA tools are from the
previous sections.

3.4.1. Data and ingredients. The combinatorial data will be the [r.s]-
labeled graphs ,ng’(g)) from 1' and their pairs. Recall that
1<j<k, P={}, §={s}, 1<i<¥,

and T is the incidence graph/matriz; the arrowheads (at the ends of all
paths) are colored by & € P,. The incidence graph is not supposed to be
connected here and the paths can contain no vertices; see . The con-
struction below will be for two arbitrary such graphs £, 'L (the second can
be empty).
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In the case of algebraic knots, spherical polynomials Py are sufficient; one

obviously has J3 def g A/ IA(t?) = Py. Generally (for links), we need the J—
polynomials; see (2.24)). For the latter reference, let A/ = \(b’) for dominant
b . We set:
(3.7) @' .. 0= AN = LOM (T (t), .., T (7)),
where LCM is normalized by the condition that it is a ¢, t—polynomial with
the constant term 1.

One has the following combinatorially transparent formula:

(3.8) AL A = (Ao vam™) L where

ev

AV .-V A™ s the union of diagrams {\}.

The latter union is by definition the smallest Young diagram containing all
diagrams \',..., A"

Note that the J—polynomials in the A,—case are not minimal integral
(without g, t—denominators) even for ¢ = ¢q. They are important for the a—
stabilization (including HOMFLY-PT polynomials for links) and for the
super-duality. However, the switch from P to J does not influence the
DAHA-construction for iterated knots, though their role is still important
even for knots; see [GN],[ChD2].

def

Let us now go to the DAHA construction. Recall that H{ = H(1),
where the action of H € #{ in V is used. We represent torus knots 7'(r,s)
by the matrices v[r,s| = yrs € PSL2(Z) with the first column (r,s)" (¢r is
the transposition) for r,s € N provided ged(r,s) = 1. Let 5, s € PSL5(Z) be
any pullback of 7, s to the projective PSLo(Z).

3.4.2. Pre-polynomials. The definition is for any pair {£,/C} from (3.4)
(the positivity of L£,/L and the pair is actually not needed). Let

(3.9) c=ct®) =g M) where v, b € Py,

(v,87)° ('r9,87)
L<j<r 'k for £, @ =(|1<i<),'W=(|1<i< )

First of all, we lift (rg,sg)”, (’r?,’s{)” to ﬁf, ’ﬁf € PSL(Z) as above.
Then for any vertex of £, i.e. a pair {7, j }, we begin the (inductive) definition

with:

P§j+1 & i, ’ygjﬂ 24 for 1 <j<k.
Recall that #/ = 0 when the Jwn path contains only an arrowhead and v;; = 0

if the corresponding paths do not intersect.
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For a given path with the index j, we define the pre-polynomials Pg by
induction with respect to i, starting with ¢ = # down to ¢ = 0:

v(k,j)=1i

(3.10) P/ = [[ (FEa®LL).

1<k<k

Le. the last product is over all paths k that enter (intersect) the path for
J exactly at the index ¢ > 0, including k = j when i = #7. Note that Péj =

11}(<k,;3<):€] Jyr for a base path j, where this product is over all k arrowheads
from (originated at) the vertex {i = ¢/, j}.

The polynomial P} actually depends only on the corresponding subtree
for any path j there. If £ is a union of subtrees, then Pé is the product
of the corresponding polynomials ('7\{“ (P’f)lL) over all these subtrees. The
pre-polynomial is defined then as P = Pg) (the end of the above inductive
procedure). The pre-polynomial "Pl* for 'L is defined in the same way.

3.4.3. Finale. Using the notations b = (b’), 'b = ('¥/), the DAHA-Jones
polynomial for the J—polynomials Jyi, Jp; and a fixed index 1 < j, <k
(which determines the normalization) is as follows:

(3.11) IDEG T o) (W), (V)5 q,t) = IDY 5 (b,’b; q,t)

(rJ751)7(/FJ7/§‘j (r.7,5.7)7(/|7‘j,'§j)
def

= apk . = { PV P () |
Here j, can be (), which means that there is no divisions by the evaluations
at ¢~P* =t7P; R is the root system, which is A,.

In the case of iterated torus knots (when there is only one path) and in
the absence of 'L, we arrive at formula (2.12) from [ChDI1]:

(312)  IDgs(biq, )= {Fi( -+ (Ger (GeP)/Pola™) 4) 4) -+ ) }
It includes only one b € P, and therefore one can use P, instead of J).

The simplest link is for the union of any number of arrowheads colored
by b',...,b". It is represented by the graph =i . A single — is associated
with P,/ Py(q~"*); generally we arrive at the product:

(3.13) Py =iy Jfa ) The (@) = Jyr o+ Tpe [ Tpoo (@FF),

where j, can be (). It will be later allowed to divide by the LCM of the
evaluations for all J;; here, for the minimal normalization from (3.14)).
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3.5. Polynomiality etc

The following theorem and other statements in this and the next sections
are from [ChDI] and [ChD2].

Theorem 3.1. For any choice of the normalization index 1 < j, < k (it can
be ), the DAHA-Jones polynomial JDJ" Lo 1S indeed a polynomial in terms
of q,t up to a factor q*°t*, where the powers e can be rational. Modulo such
factors it does not depend on the particular choice of the lifts v € PSLy(Z)
and §! € PSLY(Z) for1 <i< /(.

Up to the q¢°t*—equivalence and Q-—proportionality we pick the hat-
normalization, denoted jl\)jg i, as follows. It is a q,t—polynomial not di-
visible by q and by t, with integral coefficients of all q,t—monomials such
that their GCD is 1 and, finally, the coefficient of the minimal pure power
of t is assumed positive.

3.5.1. Minimal normalization. The ¢,{—integrality and other claims
from Theorem hold for the following modifications of DAHA-Jones poly-
nomials (which is sharper and does not require picking j,). Make j, = 0 (no
normalization in P), we set:

) IPtot\ Pptot
(3.14)  JD''s) (m.e(b./bs q,t) = IDp o 2F { 2ot (PG Py } ,
(b’ b)ev
ev
in the notation from , . We put j, = min if the minimal normal-
ization (division by the corresponding LC' M) is taken.

Some modification is needed for ¢ = 1 to ensure the connection with the
HOMFLY-PT polynomials. We take Pb(kzl) instead of Jy for A = A(b) and
t=¢q, which do not depend on ¢ at all; they simply coincide with the corre-
sponding Schur functions. The LOM (b, ..., b™), then must be understood
correspondingly. Recall that the polynomials Jy generally have extra factors
vs. the Schur functions in this case.

3.5.2. Topological symmetries. The polynomial jl\)ﬁ , defined in The-

orem and jl\)zmz introduced above actually depend only on the topo-
logical link corresponding to the pair of graphs {£, L}. For instance, the
reduction of the vertices with r = 1 can be applied in £ or in L. Also, the
transposition [r{,s{] — [s{, rﬂ (only for ¢ =1) does not influence jl\)JE or
jl\)?m provided that 'L = (), and the pairs {£,/L} and {L, L} result in co-
inciding polynomials.
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The justification of this and other symmetries is essentially parallel to
Theorem 1.2 from [Ch3]. Let us discuss torus knots. Essentially, one needs
to check here that T'(mr+s,r) results in the same DAHA-Jones polyno-
mial as the “2-cable” corresponding to the tree [m, 1] — [r,s|. Topologically,
T(mr +s,r) is isotopic to Cab(mr +s,r)T(m,1), since T'(m,1) is unknot.
The corresponding relation for the JD—polynomials readily follows from the
commutativity 7™ with |}, which simply means that 7_ acts in V.

3.5.3. Specialization g = 1. We now make ¢ = 1, assuming that ¢ is
generic and using the notation (b',...,5™)7 from . Then

(bl bn /bl /b'n)J
(bl)J- (b“) (’bl) (’b ")

HJD,JSJ(bJ q=1,1) HJD,N/ (V75 q=1,1),

j=1 j=1
where JDag(b; qzl,t):H;L:lJDag(wp; qzl,t)b”

(3.15) (g=1) D} £ (g=1)

for b = 3°)_1bpwp € P4, where the JD—polynomials from are used (for
knots). See formula (2.18) in [ChDI1].

Notice the factor in the left-hand side. It would be 1 if the polynomials P
were taken in this construction (without any further division) instead of Jy
under the minimal normalization. This can result in the ¢,{—denominators
of the resulting coinvariants, but there will be no correction factor in the
left-hand side.

4. DAHA-superpolynomials

4.1. Existence and duality

4.1.1. Stabilization. Following [Ch2l (GN| [Ch3| [ChDIl, [ChDZ2], the con-
struction from Theorem [B.1] and other statements above can be extended
to the DAHA- superpolynomials, the result of the stabilization of JDﬁ L,ZO
(including j, = min, the minimal normalization).

The a—stabilization for torus knots was announced in [Ch2]; its proof was
published in |[GN]. Both approaches use [SV]. The super-duality conjecture
was proposed in [Ch2] (let us also mention |[GS]) and proven in [GN] for torus
knots; see also [Ch3] for an alternative approach based on the generalized
level-rank duality. The justifications of the a—stabilization and the super-
duality was extended to arbitrary iterated torus knots in [ChDI1].
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The main change for links vs. knots is that the polynomiality of the
superpolynomials for links requires the usage of Jy—polynomials. Actually
{Jx} were already employed in [GN] for the stabilization and duality, but the
construction of (reduced) JD—polynomials and superpolynomials for knots
requires only spherical Py. For links (vs. knots), the role of polynomials
{Jx} is the key; without the usage of J—polynomials the superpolynomials
have non-trivial t—denominators.

The sequences 7, & of length ¢/ for the graph £ and %) of length

'0J for the graph 'L will be from the previous sections. We always use the
—min

DAHA-Jones polynomials under the hat-normalization, i.e. JD” , JD
For t=gq, the Schur functions P)(\ U will be employed when dlscussmg the
connection with the HOMFLY-PT polynomials. Recall that A = A(b) is the
Young diagram representing b € P, .

We consider now Py 3 b= 3" bjw, for A, as a (dominant) weight for
any Ay, (for sly4+1) for m >n —1; we set w, =0 upon its restriction to
Ap—1. See [Ch2, [GN [Ch3l, [ChD1] concerning the versions of the following
theorem for torus knots and iterated torus knots.

Theorem 4.1. [ChD2, Theorem 2.3] Given a pair {L, 'L} colored by b =
(b)), b = (V) and the normalization index 1 < j, < Kk or j,=min, there
exists a unique polynomial from Z[q, t*", a]

(4.16) Hie o = 7—[( ’J°)( (b, 'b; q,t,a)

'Y, ’87)

such that for any m>n—1 and proper powers of q,t (possibly rational) :
(4.17) HE p(qt,a=—t"H) = £4°° JDL";’;”"( 1)

Let us pick H such that 7?[(@:0) s under the hat-normalization from Theo-
rem . Then relations will automatically hold for sufficiently large
m without any correction_ factors £q°t* (and one sufficiently large m s
actually sufficient to fix H uniquely).

4.1.2. Symmetries. The polynomials H depend only on the isotopy class
of the corresponding iterated torus links. All symmetries from the previous
section hold for H = 7-[90, including j, = min. For instance, this includes
the specialization relation from dﬁ at ¢ =1 for H. The exact product
formula there holds when spherical polynomials Py = P/ F;(t?) are used in
the formulas for JD H instead of J—polynomials. We note that mirroring of
torus iterated links results in changing a; — —a; for all i and in ¢ — ¢, t —
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t~1,a+ a~! in the superpolynomials (followed by the hat-normalization).

Also, algebraically Y must be replaced by Y ! in the case of two graphs
(the change or their relative orientation); see [ChD2].

The key new feature of the stable theory is super-duality. We switch
from b, 'b to the corresponding sets of Young diagrams {\}, {\}; their
transpositions will be denoted by {-}!". Up to powers of q and ¢ denoted
here and below by ¢°*t®, one has:

(4.18)  Hec(IN}, {NY; gt 0) ="t He e (VY IV 171 071 a).

Let us discuss the a—degree of H—polynomials. We conjectured in [ChD2]
(for algebraic links only) that

(4.19) deg, HEE = 5oy min{r],s]}r)---r, |V]
+ Zf:l min{/rjl, lsjl 'r% ! 05 ‘//\j‘ —A
for A =|Atv...vARV Ay v AR from (B.8),

where |A| is the number of boxes in A. A somewhat weaker statement can be
justified. This is connected with the product formula at ¢ = 1, which gives
that the a—degree is no smaller than that in . The right-hand side
of this formula is actually the multiplicity of the corresponding singularity
generalized to the colored case, e.g. |A|(s — 1) for T'(r,s) colored by A, where
s<r.

From now on we will always impose the minimal normalization of H
unless stated otherwise.

4.1.3. Family superpolynomials. There are important reasons to con-
sider superpolynomials in the “families” of links. Namely, (a) the correspond-
ing generating functions have better algebraic structure than individual su-
perpolynomials, (b)) DAHA provides uniform tools for calculations within
families (see below), (¢) the families are natural to match the classical the-
ory of zeta and [Ch4], (d) considering families is similar to Iwasawa theory
in number theory (see [Mor] and below).

Generally, the definition is as follows. One replaces one (or several) ~; in
the formula for DAHA superpolynomials by > v™7"y; for m € Z; and a
new variable/parameter v. When i = 1 in the case of uncolored torus iterated
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knots described by formula (3.12)), we set

(4.20)  IDes(biq t,u) = i (ﬁ)g(m) JDp,

t
m=0
=S (Y (T (- (G (Gem ) 1) 0) )

m=0

where g(m) is the arithmetic genus of the corresponding singularity; this is §
from Section Combinatorially, the pair ri,s; is replaced by rq, mr; + sq.
The corresponding rings are naturally embedded for ¢ = 1. The division by
t9(m) provides the exact super-duality ¢ <> 1/t (not only up to proportiona-
lity). The corresponding family superpolynomial is defined accordingly. For
ﬁm corresponding to JD,,,

,.,‘

(4.21) ﬁ (q,t,a,u) == i ( ) (q,t,a).

m=0

The simplest example is for the family 7'(2,2m + 1), i.e. for the summa-
tion over 777 with m € Z,. The formula is as follows

1+ augq/t
(1 —u/t)(1 —ug)’

(4.22) Ha 1422, (¢.t,a,u) =

which is simple to establish; the superpolynomials for 7'(2,2m+1) are well
known. From the DAHA perspective, this is the simplest application of
the formula for the pre-polynomial Po1 = (17— (F,,))(1). Importantly the
polynomials P, in can be replaced by the corresponding nonsymmet-
ric polynomials Fj for b € P,. They are eigenfunctions of Y—operators:
Yo(Ep) = g (ab=(pb) (for dominant b); the normalization is E, = X,
modulo lower terms. We use that

P, Ey
A - (Ebu—ﬂ))
2wew
fOI‘ 9 Z—

e &2 commutes with taking the coinvariant. See Sec-
tion and [Chl Ch2, [Ch3]. Also we can switch here to GL,, instead of
Ap. Thus, we need Egq = (747_(E,,))(1), which is proportional to X, =
X;. Using the standard GL,, variables X; for 1 <i<n, X, = X1 X3 ---X;

g/,
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and

2 1—q  (1-1)q
1l—qt 1—qt

E2w1 =X (X1+ . '+Xn)X17 Ele (t_p) -

Applying & here, we arrive at some DAHA-Rosso-Jones relation.

Proposition 4.2. Lety; = v, s, be a matriz from PSL(2,7Z), v2 = T47— =
V2,15 7-[51’72 the corresponding (hat-normalized) uncolored superpolynomial,
corresponding to the cable Cab(2ris1+1,2)T(r1,s1). Then

1+ aq ~ ~
= 1— qu]r:\lz,‘sl - L’H%[rlﬂsl fO?” r,s > 0,

0
(4.23) H 1—¢

YiY2 T

where ﬁ]r:‘g is the superpolynomial for v = 7y s colored by 2w1, 7/—[\%725 15 the
uncolored superpolynomial for the link 2T(r,s).

When v =7""=71,, for meZ,, we use (4.26) below and obtain:

~ 14+a ~
(424) Hgﬂmﬂ:?q_l%}[gﬁm; e.g. for m=1:
q q
1+aq q
1 t = ——(1 —t(1—-4q)).
tattag =3 1_q( +ag—t(1—q))

Generally, this approach gives that H(g,t,a,u) are rational functions in
terms of ¢, t,u,a (the details will be published elsewhere).

Corollary is a typical recurrence relation in the DAHA theory of
superpolynomials; topological justification of such DAHA formulas within
the Khovanov -Rozansky theory is an obvious challenge. The calculation of
H3y, 25, can be generally performed using the Pieri rules from (1.4.50),[Ch1].
See also Proposition below.

Let us provide the formula for H(q,t¢,a,u) in the case of the family
T(3,3n + 1), where g(n) = 3n and the superpolynomials are sufficiently well
known; see e.g. Conjecture 7 from [GORS|] and [Ch2]. One has:

1
1= (u/t)?)(1 = (uq)®)(1 — u?q?/t?)

2 3 2

3(49 4 2,34 3(49 4
x(l—i—u <t?+t>+au tS(l—i—u <t2+t)>

2 3
sq(l 4, o0 € 3T
+au t<t2+t+q +t2+t+u >>

(4.25) ]I—\H3,1+3Z+(q,t,a,u) = (

t3
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Family Cab(13+42m,2)T(3,2). These cables can be obtained for v, =
7,72 and 49 = 71, 7_, i.e. the procedure 7 — 7™v is used her for y5. We
use the above formula for Ey,, rewriting it as follows:

1—t
X} = Ea, —(1_(1);]()(2-1-- 4+ Xp) X1

Formula defines the action of 7_ in V. We used in [ChD2] the notation
7_ to avoid confusion with the action of 7_ in 7. Formula (1.37) there states
that 7_(Ep) = ¢ ?4/2t=(9+) where b, is the unique weight in Py N W (b)
for b € P. We need here the relations

(4.26) 7 (B, )=q t" "By, 7 (X, X;)=q Y22 1<i<j <n.

One has: 77(X?) =

(q—2t1—n)m < E2w1 (1—qtn)

(1_qt) Es, (t_ﬂ) n—1 - (1_t)q<qt) X1(Xg—|—- . +Xn)> .

Proposition 4.3. For any m € Zy, ri,s1 >0, let 1=, € PSL(2,7),
Yo(m) =TT T- = Y2 9m41, HSI 2 (m) be the corresponding superpolynomial

for the cable Cab(2rys1+2m~+1,2)T(r1,s1). Then

9 1+aq 1-1\ 5 'y
4.9 =] — 1 fHmi- Y 7 ) LA S ¥ =
( 7) H’Yl,%(m) 1— qt < + (q ) 1— HrhSl (q ) 1— qH2r1,251
_ 1= (gt)™

1—qt (1+ aq)H]rjlj’sl + (qt)m,HEh“/z(O)’

where 7:[\?3, ﬁ%zs are as in the previous proposition (which is used to obtain
the second formula from the first). The formula for va(m) in terms of ¥2(0)
actually works for any m € Z.

In the case of 71 =732 these formulas are an important addition to
the (mostly numerical) analysis of this family in [ChDI]. For instance, for



442 Ivan Cherednik

m = —5 we obtain the superpolynomial (c) from Section 4.1 there:

(c)r=1{3,2},5={2,-9} for Cab(3,2)T(3,2);

4 5
Hes(Dsq,t,0) = 1 — ¢ + gt + ¢t — Pt + P8 + ¢ + a® <—32 — qt>

2 3
+a(q+q2—2q3—q4—qt—qt+q2t+q3t—q4t+q3t2>.

Negative m result in non-algebraic knots, however the formula is uniform
for any m. Negative powers of ¢, t cancel each other for m < 0. A geometric
interpretation of non-algebraic torus iterated knots/links is an interesting
problem. See Section below. We note that Proposition [£.3] and its gen-
eralizations provide important tools for counting points of Jacobian factors
over finite fields in families, which is parallel to Iwasawa theory in number
theory. See the end of Section [4.4.4]

Conjecture is expected to follow from such recurrence relations (in
full generality), to be considered elsewhere. We also hope that these relations
will connect DAHA superpolynomials with the stable KhR—polynomials
(via the approach based on Soergel modules).

There are no actual problems with applying this formula to any ~;
practically, its complexity is generally comparable with that of the starting
H, ~2(0)- The simplest example is for 41 = 732 and the range m > 0. Here
the genus is g(m) = 8 + m and we have:

o0

8
£\~ s ~
(4.28) <u> Hy30y 12,3422, } = Z (;) H(32},{2,3+2m}

m=0

8
t\° ~
(1 —u/t)(1 —uq) <> H{s,2},{2,3+22+}

u
=1+ qt+ @t + ¢t + @0 + 7 + 20" + 1 + ' + 2¢°¢°
+ q4t4 + q5t4 + 2q6t4 + q5t5 + q6t5 + q7t5 + q6t6 + q7t6
T+ B+ (—q — Pt — Pt — gM— P — M — 2052
— M = P13 = 2g583 — Pt — B — Tt — 585 — TP
—q"t% — N u + a° (q6 +q"t+ ¢ + (—¢" — ¢™) u)



Riemann Hypothesis for DAHA superpolynomials 443

+ a2 (q3 gt @ gt 207+ 25 + P+ 2582 + 2472

+ 58+ 2078 + 3 + q7t4 RPN . P (_q4 _ P

— Ot —2¢%t — 2¢7t — ¢Ot2 — 24712 — B2 — "3 — Bt — q8t4)u)
+ a(q + ¢+ @+ Pt + 263 + 3¢t + Ot + P + 2047 + 4¢°t2

+ q6t2 + q4t3 + 2q5t3 + 4q6t3 + q7t3 4+ q5t4 + 2q6t4 + 3q7t4 + q6t5
+ 2q7t5 + q8t5 + q7t6 + q8t6 + q8t7 + (_qQ o q3 o q4 o 3 o 2q4t
. 3q5t o 6t . q o 2q5t2 o 4q6t2 o q7t2 5t3 2q6t3 3q7t3

64 _ 0Tt — Bt — 715 — 515 — q8t6)u).

We note that when a = 0, the coefficient of u' considered upon the sub-
stitution q — gt satisfies RH (its t—roots ¢ are complex such that |¢] = ¢'/?)
provided that g < 0.7562688464467736.... This is better than the bound
g < 1/2 in Conjecture for (individual) m

4.2. Motivic superpolynomials

In the unibranch uncolored case, let us compare the motivic superpolynomi-
als from [ChP1] and the Galkin-Stohr zeta-functions.

4.2.1. Standard modules. Let R C O d—EfIF[[ ]] be a Gorenstein ring

over a finite field F=F, of cardinality ¢, § = dimp(O/R) (the arithmetic

genus), I'r = val,(R) for the usual z—valuation. It is a semigroup and J=

|Z4 \T'|. For the later, we assume that R = 7%1@ et R R @7 F, where R C

Z[[2]], and T'¢ for R ®z C coincides with I over F.

Given an R—module M C (9 A=Ay 2 val (M (M) is '-module, i.e.

I'+A = A. One has: dev(M) 2 §—dimz(O/M) = 5—|Z, \ A] £ dev(A).

If 0 € A, then A and the corresponding M are called standard; equivalently,

M -0 = 0. For any R—module M, let Mg d—efz*mM for m = min Ay,

which is a standard module corresponding to Az = A — min{A}. Also,
M+ &f {z€F((z)) | M CR} corresponds to A* def {neZy | n+ACT}
for any modules M, A.

Definition 4.4. For any F—subalgebra R C O with F((z)) as its field of

fractions, let J=Jg(F )E{M My} be the Jacobian factor, Ja = def {M =

My, A(M) = A}, HO, (g, t) = 3 4ye s 18 (O/M) For a standard A, we set
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HO ot (A, @ 1) = D ey, £ (O/M)  Following [Sta] for Gorenstein R, M C
O, and standard A:

My €Ja (M*)st€da
A .q.t Z tdsz(M/'R Z tdsz('R/M)‘
MDR MCR

Accordingly, Z(q,t) = > a_a., Z(A,q,t). Also we set

def def
(A q, ) = ( _t) Z(Aqut)7 L(Qa ) = (1 t) Z(Qat)
4.2.2. Stohr’s formula. We begin with the functional equation:

(4.29) (qt>)° L <A, q, 1t) = L((A%)st,q,t) for standard A.
q

The natural setting here is when the summation over M from Definition [£.4]
is reduced to (any) O*—orbits; O* = {z € O | 27! € O} acts in Ja by mul-
tiplication. See [Stol,(3.10). We are going to state a version of Theorem 3.1
there, which almost directly provides . Let

ga(n) = ’{N SmgA | m< n}‘ for ne€Zy, so ga(0)=0=ga(1).
Using the relations dev(M N (2"0)) = dev(M)—n+ga(n), one has:

Z(A,q,t) = (g) P g0 |Ja| D t7¢>M for A=Ay,
neA
(430)  L(A,q,t) = (¢)™ Vg’ [ Ja|

% Z g qu(n) _ Z n qu(nfl)

neAZn—1 ng¢A3n—1
Note that the second formula readily gives that L(A,q,t =1) = ’J A’-

Conjecture 4.5. Let Rc C Cl[[z]] be the ring of plane curve singularity
(with 2 generators and the same field of fractions). Within its topological
type, there exists Ry C Z[[2]] such that Rc and Ry have coinciding I'. Let
H(q,t,a) be the corresponding uncolored DAHA superpolynomial for the link
of Rc. Then HY,, . (q,t) = HO dzefﬁ(q,t,azO), which is the case a =0 of
Conjecture 2.3, (iii) from [ChPI1|]. Then one has:

(4.31) Hoi(q — qt,t) = L(g,t) = H(g+ qt, t,a=0),
(4.32) L(T,q,1) = H(g,t,a = = (t/a))]

Jp‘ = q‘s.
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This conjecture (and its a—generalization, see below), clarifies the substi-
tution ¢ — ¢t; the DAHA super-duality then becomes the functional equa-
tion. The DAHA super-duality (with a and for any colors) is not very difficult
to justify, but some theory is needed; see [GN] and [Ch3] for a sketch of the
proof via roots of unity. (which can work beyond A,). The positivity of
L(q,t) seems new for the Galkin-Stohr zeta (beyond some special values/
coefficients). The corresponding cancelations in generally hold only
for plane curve singularities.

Corollary 4.6. Provided , ﬁ(t,t,azO):ZA:Ast tdev(B) ae(A), where
®(A) is the image of Ja considered as an abstract (projective) variety in
the quotient of the Grothendieck ring Ko(Var) by 1 —L for L = [Al], e.g.
2(A) =1 if Ja is an affine space AN.

4.2.3. A non-planar example. Relation was checked numerically
for quite a few examples of plane curve singularities, including many torus
knots, R = F[[z%, 28 + 27+2™]] for many m > 0, F[[25, 28 + 2%1%]], and R =
F[[25, 2% + 21Y]].

Interestingly, it fails for non-planar Gorenstein singularities. Let R =
F[[z*, 29, 2%)]. Here § = 6 and it corresponds in some sense (which we omit
here) to the non-algebraic knot Cab(9,2)T'(3,2), called pseudo-algebraic in
[ChD1]. See also Corollary 1.4 from [Hed]. The positivity of the DAHA
superpolynomial and its algebraic similarity to that for Cab(13,2)7'(3,2)
were the defining features in [ChDI]. One has:

f}’_z =14+ CL3q6 +qt + q2t + q3t + q2t2 + q3t2 + 2q4t2 + q3t3 + q4t3 + q5t3
+ q4t4 + q5t4 —|—q5t5 + q6t6 + a2(q3 + q4 + q5 + q4t+ 2q5t—|— q6t+q5t2
+°P +¢°) +alg+ ¢ + ¢ + Pt + 26t + 3¢"t + Pt + 8 + 24"
+3¢°° + ¢'° + 2¢°8 + ¢ + ¢t + ¢t + ¢°F).

The smallest positive 7 is for Cab(7,2)T(3,2) associated with F[[z*, 26, 27]],
but its a—degree drops to 2. R

The motivic interpretation of H above at a = 0 is as follows. We define
"HO. i, 'L by restricting the summation in HY,;, Z to A such that Aj o \ T #

mot» mot?
{2,11},{2,7,11}. We note that A; o satisfy (A*)s = A. Then "HY . (q—
qt,t)="L(q,t) (and with a, see (4.34)) below), but HY, ,(q+ qt) # L. We note
that (4.32)) holds without prime.

Namely, HO, ., —"H2..: = ¢°t* + ¢°t3; the latter monomials are contribu-

tions of Aj,Ag. One has: L(q,t) — 'L(q,t) = ¢*t> — ¢*t* + ¢*t* — ¢>t5 +
q*t® — g8 + 18 + ¢%10; by the way, L(q,t) has positive coefficients. Here



446 Ivan Cherednik

L(q,t))/t% and 'L(q,t)/t% satisfy the functional equation t — 1/(qt). How-
ever, HY . /t% is not self-super-dual for q <+ ¢~1. This failure is typical for
motivic pseudo-algebraic superpolynomials.

Observation. For planar R, let R be the corresponding quasi-homoge-
neous ring, which is R == def F[z¥,v € I'], and Humot(q,t,a) as in (4.34). The
following holds for F[[z*, 26+27"2™]] we checked and for R=F[[2°, 2842%]]:
H is Hmot . which is Hoer minus the sum of positive terms in ?;lmot(q, t,a)—
((115)57-[771075(1 é a). The same tendency holds for (non-planar) R associated
with pseudo-algebraic knots.

The smallest counterexample we found at a = 0 is F[[2%, 2 4+ 21°]] (6 =

21), where Hfgoﬁtl_g_[‘ — ¢1345 4 g5 4 2¢1445 +2q15t6 4+ 2¢1547 4 1047 &
q'6t8. The number of A is 447 for the corresponding R. By the way, Jp has

a component of dim=0+2 and there exist 9 non-affine cells Ja, but they
do not contribute to H:Y" —’H‘ (all Ja are affine).

The rationale here is that i —j = dzm(JA)—i-dev(A) 0 is high for A (with
affine Jo) and the corresponding ¢’ in H if dim(Ja)>dim(Ja) (dim ()=

00). In the difference above, i—j = 8,9, when max{i—j}=9 in HO, and
only very few A there are with i—j>8.

For instance, let R = F[[z%, 2% 2!1]]. Then the reduction above and
the relations "Humot(q — gt t,a) ='L(q,t,a) = H(q — qt,t,a) hold for non-
admissible A\ T = {2,13},{2,9,13}. For 27 instead of z%!! (not pseudo-
algebraic according to [ChDI]): H="Hme if {2,9},{1,5,9} are excluded,
but then H — 'L =q¢2t*(1—1)(1—qt)(1+aq+aqt), which requires further ad-
justments. Also, the observation above holds only for a = 0. We note that
HO . —H(a=0) for 11,9,7,5,3 is uniform: (qt)°(t~2+t3¢~1), where d=
7,6,5,4,3.

4.2.4. Flagged zeta-functions. Following [ChP1], the standard (—flag
of I'—modules is a sequence A = {AgCA1=AgU{g1} C---CA;=A;1 U

{g:} €Ay} of standard I'-modules A; such that 0+# g; € Z, \ A;—; and
gi1 < gi for 1< Thus dev(D;) =dev(Di_1)+1. We set dev(A) def
dev(A,,) and define the staniardizable flag of R—modules of lemg‘il> Zda?
the sequences of R—modules M = {MyC M;---C M,} such that A(M) ==
{A(M;)} becomes a standard ﬂag as above upon the subtraction of m =

min(Ay), i.e. for Mst def z‘mM Accordingly,

(4.33)  Z(q.t,a) =LY bl R £(g t,a) £ (1-t) Z(g,t,a),

McR
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where the summation is over standardizable flags. The (full) motivic super-
polynomial from [ChP1] is as follows:

(4.34) Humot (q,t, a) Z at pdime O/M"
MGJ

where J = J is a scheme of all standard flags of submodules in O.

Conjecture 4.7. In the case of plane curve singularity,

~ 1
H(q7t7a) — Hmot(Qat)a) - ‘C’ (%a tv a) ) Hmot <qt7ta a = q> = L(F’ Q7t)7
where the latter possibly holds for any Gorenstein rings R.

It was checked in quite a few case; as for Hyor(q,t,a)=L({,t,a), in-
cluding F[[25, 284 2%]] for £ = 0,1 and F[[25, 2°+2'9]] for £ = 0. We will omit
here flag generalizations of formulas from , which result in a relatively
straightforward proof of the flagged functional equation for t=°L£(q, t, a) upon
the (same) transformation ¢t — 1/(qt). The generalization to algebraic (un-
colored) links is also known, as well as some steps of the justification based
on the analysis of the monoidal transformations of singularities. (at least for
some families).

4.2.5. Nested Hilbert schemes. Our flags of R—modules can be inter-
preted via restricted nested Hilbert schemes Hilb Te’sm_é, and nested Jacobian
factors Jyey

(4.35) Hilb™™H = {M > M >wmM | M C R,
dim(R/M)=m, dim(M/M')=¢, M @r O=M'@r O},
(4.36) Jmmtt — AN S M >mM | M c O,

dim(O/M)=m, dim(M/M')=¢, M' = M.,}.

Here m is the maximal ideal of R. If the condition M ®@r O=M' % O or
M’ = M|, is omitted, one obtains nested Hilb from [ORS] or its variant for
J. As above, the pairs satisfying this condition are called standardizable;
also, M'= M/, obviously implies M =M.

Using Proposm(g 2.3 from [ChP1], we obtain that mM, C M, for any
standardizable flag M. Moreover, given any standardizable pair { M :%g D
M'= My}, the number of the corresponding standardizable (—flags M is
¢"“~1/2_ Furthermore, we have the following proposition.
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Proposition 4.8. For an R—module M, let A=A(M)=A(mM)U {d1<
d2<, ..., <d,}, where dy=min{A(M)} and r=dimpg n(M/mM). And let
AN =AM)\{91<g2<,...,<ge} for g; taken from the set {d;, i=2,...,1};
it is a T—module (containing d; ). Setting {di_}>\{gi}:{d1:gf< 95<y..., <
gy_¢}, the number of standardizable (—flags M = {M;} with My, =M and
A(Mgy)=A" equals ¢ for N = N(M,A’) =

, 1<i<i<r.

o o o E(E_l)
Hgi>giH+H{gi>g2 3+ +{gi> 9o} + 5

Geometrically, the flags with fixed M, and Ay = A(My) form an affine
space AN(Me:80) We use here the Nakayama Lemma; cf. Section 2.1 from
[ORS] and Section 9.1 from |[GORS]. Thus, assuming that the stratification
of Ja, with respect to the Nakayama rank r(M,) is known, the calcula-
tion of Hymot(q,t,a) and L(q,t,a) becomes in terms of A;, Ag. Using that
r(My) = const within Jp—orbits (they are affine spaces), we obtain the func-
tional equation for £(q, t,a) (following Stohr). This proposition coupled with
our conjectures provides far-reaching generalizations of the so-called Shuffle
Conjecture; see [CaM].

Let us relax the definition of standardizable flags by allowing g; to be
m=min(Dy). Such flags can be called (partial) full gap-increasing due to
9i—1<g;- We actually add to the standardizable /—flags the standardizable
(¢ —1)—flags from My extended by M_1=MyN 2™ O. This gives the fol-
lowing connection with the usual nested Hilbert schemes:

(4.37) (14+a)Z(q,t,a) = Z g2 gt ‘HilbmH’m(Fq)},
m, =0

where | -| is the number of points, which is directly related to the ORS
conjecture. Namely, one replaces tv in by the count of F,—points (we
will not comment on that) and substitutes ¢ —t, a2ts > a, t2— q; recall
that ¢ in this section is ¢/t via the DAHA parameters g, t.

Using Proposition In fact, we gave a different definition of H,not

in [ChP1]: HY\o def 4 YT al qe*Me) for the field [F1/;. Accordingly, if
J3 is AN its contribution to Hy,, is alq®MI=N Tt coincides with Hor

assuming its self-duality, but can be more convenient.
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Let R=F[[2%, 26+27]]. For £=3=deg,(H), we use [ChP1],(4.1):

(4.38) Do = [9,11,15], § = (2,5,7), dim = 8 ~ ¢%%3,
Dy =1[7,9,11,15], = (2,3,5), dim = 7 ~ gt a?,
Do =1[5,7,9,11,15], § = (1,2,3), dim = 6 ~ Bt2ad,

where D; =A;\T', § are the gaps (consecutively) added to Dy, and we show

the contributions of the corresponding cells to H,.,. One has:

Dy =[2,5,7,9,11,15], [2,3,5,7,9,11,15], [1,2,3,5,7,9,11,15).

The corresponding Ms/mM3 are all of rank r =4 for any M3 for these
D3 with an important reservation. In the case of D3 = [2,5,7,9,11,15], the
rank is 7 = 3 for generic M3, and an affine subspace of codimension 1 in Ja,
must be taken to ensure r = 4; otherwise A[mM;s] = [7,9,11,15]. Thus the
proposition gives that the dimensions in are (indeed) (£ —1)/2 4+ £ =
6 plus dimJa, = 3,1,0 minus 1 for the first D3. See Table 1,|[ChP1]; all cells
Ja are affine for R=F[[z*, 26 +27]].

The case £=2, D>=2,5,7,9,11,15]. There are now 3 possibilities for Dy
here: Dy = [2,9,11,15], D = [7,9,11,15], D{ = [5,9, 11, 15]; see now Table
3. The dimension of Ja,, which is 3, must be diminished by 1 for Dy and D{j
due to the absence of 7 there (similar to the example above; the same sub-
space serves Dy and D{)). Then r = 4 and {d;} = {0, 2,5, 7}. The summation
in Proposition becomes: @ +{4,2,3} ={7,6,6} for {Dy, Dy, D }.
The corresponding contribution to MY, is 2¢%% + ¢%. This matches Ta-
ble 3 in [ChPI].

Z(q,t,a) for trefoil. This proposition can be equally used for ideals in R,
though for R = F[[22, 23]] this is simple. The corresponding standardizable
ideals M = (-)q C R with d =dimR /M are as follows:

(1, 22, 23>0, <z2, 23)1, (22 + >\z3)2, <z3, 24)2, (23 + >\z4)3, <z4, z5)3, e

where A € F. The standardizable pairs of /=1 are (2, 2iT1); 1 D (2* + Az*H1);
for i > 2. Thus Z = (1 + qt* + aqt)/(1 — t).

The pair R D m is non-standardizable of £=1; the other such pairs are
(28, 2070, 1 D (2L 272, and (28 4+ AT D (2072 213), 1. Also, there
are pairs (2%, /1), 1 D (2172 23), | with £=2. Formula gives then
(1+a)(1+qt*+aqt)/(1—t), which matches .
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4.3. On connection conjectures

4.3.1. HOMFLY-PT polynomials. Given a link colored by a set of
Young diagrams, let HOM(gs¢, ast) be the corresponding unreduced HOMFLY-
PT polynomial. They can be defined via Quantum Groups (in type A) or
using the corresponding skein relations and Hecke algebras. See e.g. [QS]
and references there; we provide here only a sketchy discussion.

Recall that iterated torus links are determined by the pairs of graphs
{L,'C} colored by arbitrary sequences {\},{\’} of Young diagrams. We
need to switch to the reduced HOMFLY-PT polynomials with respect to
one of its components, say j,, and then perform the hat-normalization; the
notation will be @/Iﬁ’ i (qst, ast). Let us mention that the ¢g—polynomiality
of the unreduced HOM(qs¢, ast) generally does not hold for links.

We put H] £ (a,t,a)s for ’HL r (q,t,a) from Theoremexpressed in
terms of the standard topological parameters (see [Ch2], Section 1 in [ORS],

and (|1.4) above):

t= qzt’ q= (qSttSt)Qa a= agttsta

(4.39) @ =t t3 =q/t, a}, = a\/t/q.

IL.e. we use the substitutions from the first line here in ﬁjﬁ .r (¢t a). Taking
Jo = mvin here (the main setting of the paper) is generally 7“non—t0pological”,
though very reasonable algebraically.

The case t = ¢ results in HOMFLY-PT polynomials, i.e. we set k=1 in
t = ¢*. Recall that J—polynomials must be replaced in the definition of #
by P)(\kzl) in this case, which are Schur functions. Finally:

(4.40) HE (gt q,ar> —a) g = BOME - (st ast),

A combination of [ChD2] with Section 7.1 from [MS] (the case of it-
erated knots) proves for any iterated links. Another way to justify
this coincidence is via a relatively straightforward generalization of Propo-
sition 2.3 from |Ch2] (for torus knots), where we used [Ste]; see also [ChD1].
This approach is based on the DAHA shift operators and Verlinde algebras.
Also, instead of using [MS] or the knot operators from CFT (and the Ver-
linde algebras), one can directly apply here the Rosso-Jones cabling formula
[RJ, Mo, [ChE] upon its relatively straightforward adjustment to iterated
torus links.

4.3.2. Khovanov-Rozansky theory. Let us restrict ourselves to A\’ =
= '\ for all 4, (the uncolored case). Then {Jo}e, = t'/2(1 +a)/(a?)"/*
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and we conjecture that for the hat-normalization of the stable KhR polyno-
mials:

HY: (Lta) HEL\
an () - () - Mk o)
st st

The topological setting is unreduced here; recall that j, = () in the first term
means that we do not divide by the evaluations of Macdonald polynomials
at t?. Unreduced KhR***" are polynomials in terms of ag,qs, but their
coefficients are generally infinite ts—series.

The stable Khovanov-Rozansky homology is the sly homology from
[KhR1, [KhR2, Roul in the range of N where the isomorphism in Theorem
1 from [Rasl] holds (see also [Kh]). They can be obtained for any N from
the triply-graded HOMFLY-PT homology, assuming that the corresponding
differentials are known, which are generally involved.

Let us also mention the relation to the Heegaard-Floer homology: N = 0.
Also, the Alezander polynomial of the corresponding singularity is
H" (g, q,a = —1)/(1 — q)" %1 in the case of one uncolored graph £ with
k paths (the number of connected components in the corresponding link).
This is the zeta-monodromy from [DGPS| upon ¢+ ¢ (unless for the un-
knot). The DAHA parameters are used here.

The ORS conjecture, namely Conjecture 2 from |ORS], states (in the
unreduced setting) that KhR%p = P, where the latter series is defined
there for (the germ of) the corresponding plane curve singularity C from
in terms of the weight filtration in the cohomology of its nested Hilbert
scheme. This (conjecturally) connects the DAHA superpolynomial upon the
division from with Z,,, under the hat-normalization. See Sectionm
above.

There are also other conjectures connecting KhR, polynomials with ra-
tional DAHA, Gorsky’s combinatorial polynomials (for torus knots), Hilbert
scheme of C? and physics superpolynomials (the name “superpolynomials”
came from [DGR]). We will not discuss these and other related directions in
the present paper.

4.4. Riemann Hypothesis

We are now ready to state RH for DAHA superpolynomials. The notation is
from the previous section. We will use Theorem see also formula (4.19))
for deg,H.
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4.4.1. The RH-substitution. For any positive pair of graphs {£, 'L},
let

d
H(g,t,a) = Hp(q,t,a) = > Hi(q,t)a’ for d=deg,H(q,t,a),
i=0
H(q,t;a) = ﬁ(q = qt,t,a), H'(q,t)=H(q— qt,t), 0<i<d.
We also set ﬁi(q, t) def q_mt_”Hz(q, t) for the minimal degrees m,n of q,t
in H'. Switching from #° to their hat-normalizations ! with the constant
term 1 as above, one has Hz(q, t) = H’(qt,t). They are considered as poly-

nomials in terms of ¢, and we will almost entirely switch below to w def /q
from g. The super-duality for H(q,t,a) is now for the map g — ¢, — 1/(qt).

For any uncolored algebraic links, the t—degree of H O(g,t) is conjec-
turally the sum of d—invariants of its components plus (k — 1) for the num-
ber k of the components, which follows from Conjecture 2.4 of [ChDI1]; for
any a, see Conjecture 2.3 from [ChP1]. Indeed, the top term in H’ is “diag-
onal” for uncolored algebraic knots, i.e. of the form (qt)" for any i due to
the DAHA super-duality; the passage to links results from .

We mostly stick to rectangle Young diagrams in this work; the square
diagrams are especially valuable for us because they are transposition-
invariant. The (expected) geometric interpretation of DAHA superpolyno-
mials is directly related to RH below; this is known for [J and any columns
[ChP1, IChP2]. For non-square rectangles, [ x m (corresponding to mwy), one
can do the following symmetrization:

(442)  H'w— H Y Hi(gt) + Hi(g,1/(qt)) for 0<i < deg,H.

sym

Then we employ the hat-normalization: Hi def pri — Hi = q_mt_”Hz for

sym sym sym
the minimal degrees m,n of ¢,t in Hgym We always switch to H;ym below
if the transposition of all Young diagrams involved changes the isomorphism

class of the diagram/link £ or the pair {£,/L}.

4.4.2. Algebraic RH. We assume that w =1 /q is real 1 positive. Recall
that H = ’HZ”%()\ A;q,t,a) =Y, Hia' for 0 <i < deg,H. Also H' is the
hat-normalization of H’ upon the substitution g +— ¢t; they are polynomial in
terms of ¢, ¢ with the constant term 1. For the sake of definiteness, we assume
that deg, < deg; in H(a = 0), employing the super-duality if necessary. For
instance, [ > m will be always imposed for knots colored by rectangles | x m
(columns instead of rows).
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Furthermore, let Hi = #?, fAIﬁ = H' if the corresponding colored link is
self-dual with respect to the transposition of the diagrams in A, A (and the
equivalence of graphs). Otherwise Hi = /Hgym, Hi = Hgym.
Conjecture 4.9. (i) For any pair of iterated links L, 'L (possibly non-
algebraic), any colors (Young diagrams) and arbitrary 0 < i <deg,H, the
following limits exist and coincide:

g . g t , 12
(443)  Hi= t™ S'(t) <= lim H} <q, ts > =+~ lim H, <q, trs ) ,
q—0 qg q—0 q

whereg; = £, m; > 0, S{(t=0) = 1. Moreover, the relation 2(7T1‘+0'i):d€gtﬁi
always holds, where we set 20; def deg;S*.

(ii) All zeros of the polynomials St are roots of unity if L, 'L are colored
only by rectangle diagrams. They are simple for any iterated torus links
if either i =0 or they are uncolored. Furthermore, S* = (1 —t?7:+2)/(1 —
t2) for uncolored algebraic knots and S* = (1 +t27*) for those colored by
columns upon the symmetrization (including [J ); i are arbitrary and m; = 0
i such cases. For uncolored algebraic links, my coincides with the number of
components minus 1.

The passage to t2/q in (i) is not difficult to justify; thus S* are actually
polynomials in terms of ¢2. This is somewhat parallel to [OnRS] and a recent
work [GORZ] of Griffin, Ono, Rolen, and Zagier. We expect that at least
in the uncolored case, the invariants 7; and S*(¢) have topological meaning
beyond iterated torus links. For instance, if the stable, reduced and hat-
normalized KhR polynomials at a = 0 are used instead of ﬁ, then (m;+
0;) is presumably the 4-genus for any positively iterated torus knot (not
only algebraic). See [Ras2] for the connection to the Khovanov polynomial
and other invariants and also [Hed|]. For instance, assuming that i <2j in
ﬁlRi:b(ast:O) =2 cz-,qutitiz (possibly upon some adjustment of i, j), m
and S°(t) can exists for the sum of borderline terms >, c; ;g% not only
for algebraic knots.

For our geometric superpolynomials of algebraic knots, m;+0; = 9, e.g.
= (r—1)(s—1)/2 for T(r,s). This becomes significantly more involved for
non-rectangle Young diagrams. It seems that non-cyclotomic factors of S
appear only for non-rectangle diagrams for any knots.

The diagram EH deserves a special comment; no symmetrization is nec-
essary here. In this case, there are no multiple zeros of S° for algebraic
knots in the examples we reached (though not many) for any i > 0. Also,
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m; = 0 for even ¢ and m; = 1 for odd ¢, when i always has two trivial ir-
regular zeros {—1, —w}. Correspondingly (conjecturally) for even and odd i:

Gt™ Sz — 171ti;i+ and Gt™ Sz _ tl 1t2;4
Part () is expected to hold under antisymmetrization instead of sym-
metrization, which is H E Hi(q,t) — H(q, 1/(qt)) followed by Hésym

Hésym As above, we assume that deg, < deg; in ’H(a = 0); in particular,
[ > m for non-square diagrams [ x m. Then the properties of 7;, S* gener-
ally become somewhat “better” vs. the symmetrization. Extra trivial zeros
of H' now can emerge, which are t = 4,/w. Presumably S’ = t?? — 1 in this

case for any algebraic knots colored by columns and for any 3.

4.4.3. Analytic aspects. Conjecture [4.9] gives that the number of non-
RH (irregular) zeros of ' in the vicinity of ¢ = 1/w = 0 is no greater that
27; plus the number of non-unimodular zeros of S? and multiplicities of
its multiple zeros. It can be smaller when some multiple zeros of S? are
unimodular (not always). We arrive at the following.

Conjecture 4.10. (i) Strong RH. For an arbitmry uncolored algebraic knot
and any given 0 < ¢ <dega7-[ there exists W' =w, >0 such that for all w >

, the t—zeros & (if any) of Hi are all compleac simple and satisfying the
RH—equallty €] = Vw.

(ii) The same holds for algebraic knots colored by HH if the trivial zeros
E=—1,—w are omitted, which occur in Hi if and only if i is odd. Also, Hsym
satisfies (i) for columns (any i > 0) and non-square rectangles | x m with
I>m fori=0.

(iii) Weak RH. Given an uncolored algebraic link, there exists w(, such
that the number of pairs of stable irregular zeros of H*=° (satisfying |€| # \/w)

for w > wj, equals the number of components minus 1.

A connection is expected with the spectral zeta-functions, especially in
the case of Schottky uniformization of Riemann surfaces; see e.g. [CM]|. The
following conjecture is of this nature.

Conjecture 4.11. For any uncolored algebraic knot, w; def inf w; fori=
0 is smaller than 2. Moreover, lim,, o, wo = 2 for R = C[[z*, 254-27+2m]]
corresponding to the cables Cab(13 + 2m,2)T(3,2), which sequence of wy is
actually increasing when m mod 4 is fived. Also, sup,, w1 = 2.2132458.. . .,
sup,, @2 = 1.
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This is actually the only “family” with wg near 2 we found. Let us
provide w; for i = 0,1, 2 in the following 3 cases:

Cab(13 ,2)T(3,2) : w; = 1.495583269, 2.176487419, 0.9430445115,
Cab(113,2)T(3,2) : @; = 1.993679388, 2.134669951, 0.9955504853,
Cab(313,2)T(3,2) : @; = 1.997705951, 2.210868584, 0.9992171315.

Using formula (4.28)) for m = 110,210, 310, 510, 1010, 1510, we have:
wg = 1.996921, 1.998340, 1.998863, 1.999303, 1.999645, 1.99976261

and the corresponding

q= wi = 0.500771,0.500415, 0.500284, 0.500174, 0.500088, 0.50005935.
0
The convergence is the best for m mod4 = 1,2. Such limits can be gener-
ally calculated using the conjectural coincidence of H with the geometric
superpolynomials from [ChP1].

This family also has the largest @; for ¢ = 1,2 among uncolored algebraic
knots we considered. Here deg,H =3, and H 3 =1; w;(z > 0) exceed 2 only
for this family in our “database”.

The greatest wy we found so far among uncolored algebraic links is
2.062433590332 for (Cab(5,3),Cab(4,3))T(1,1) corresponding to the coin-
variant {71, 1](y[3,1]P(1)7[3,2]P(1))} in the notation from the table. Here
Weak RH holds for all i. The corresponding singularity is (2% —13)(23—
y)=0 with Z=14¢"+ ¢+ ¢+ ¢+ ¢ +¢2 + ¢ +¢* and Ik =9
(in this table, wy < 2 for uncolored algebraic links).

4.4.4. Comments. For algebraic knots colored by columns, the state-
ments of Conjecture can be verified if one switches from DAHA su-
perpolynomials H to geometric (motivic) ones. The proof goes as follows.
Only Ja with dimensions no smaller than dev(A) contribute to the limit of
H ot from Definition Given dev(A), such A occurs only for a single A,
namely, the one obtained by adding consecutive gaps to I starting with the
top one, which is max{Z, \ I'}.

The generalization to any powers of a and columns follows from [ChP1],
ChP2|. Part (i) of Conjecture for (at least) algebraic knots upon a =0
and in the case of columns can be managed within the DAHA theory. We
use that only positive powers of 74 appear in the formulas and that X, are
nonsymmetric Macdonald polynomials.
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An extension of Part (i7) there to rectangle Young diagrams larger that
(] is likely, but there is a lack of (numerical) examples. Also, the restriction
1=0 in our conjectures can presumably be replaced by “for any even ¢”, but
we will stick to ¢=0 in this paper.

Torus knots. The polynomials Hi at w=1 are products of cyclotomic
polynomials for uncolored torus knots and any ¢ > 0. They can be calculated
explicitly; for a = 0, the formula can be deduced from the shuffle conjecture
(proven in [CaM]). In the absence of multiple zeros at w=1 (which is always
true for i=0), this implies RH in some neighborhood of w=1. However this
is not generally the case for i > 0 (for torus knots); multiple zeros do occur.
We note that wg can be beyond 1 for uncolored torus knots for sufficiently
general torus knots. Then RH fails somewhere between w = 1 and wy.

We mention that there are sufficiently explicit known/conjectured for-
mulas for uncolored torus knots T'(m, km + 1). See [GM|, Melll [ChP1] and
also [ORS|,[DMS| [FGSJ; the proof of the formula for DAHA superpolynomials
colored by any rows for T'(2m + 1, 2) is in [Ch3|. Even when explicit formulas
are known/conjectured, they are generally involved for explicit finding w;,
but can be helpful (at least) to examine the point w = 1 for torus knots and
obtain family superpolynomials (actually rational functions) as was done in
[@-22)[1.25]4.28).

Note that H(w=1) upon t ++ ¢ is the a%i—coefficient of the correspond-
ing HOMFLY-PT polynomial up to £gq3;. See . This coincidence for
torus knots was justified in [Ch2|] using [Ste]. See also [MS], [ChD2] for any
iterated torus knots and links.

Asymptotic class numbers. A natural application of Conjecture [£.11]
is to the growth estimates for |.J(IF,)| for the Jacobian factors J = Jg from
Definition This is a classical track (for any curves). The conjecture that
RH holds for w = 1/¢q < 2 provides some estimates for |J(F,)| with any g¢.
Here we obtain “pure singular” contributions; the smooth case is covered by
the Weil RH. R

The switch to the families and the family polynomials H from
seems the most relevant here. This can potentially clarify the parallelism
between the Alexander knot polynomials and [wasawa theory observed by
B.Mazur; see e.g. [Mor] and around below. The Iwasawa polynomials
give exact formulas for the growth of ideal class groups inl'-extensions; we
do the towers of Puiseux field extensions in the families for ¢ = 1. This is
connected with the so-called Drinfeld-Viadut bound, but superpolynomials
provide ezact formulas (as in the Iwasawa theory) ; see e.g. [GaS].
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5. Non-classical features
Similar to the classical Riemann zeta, all t*H' are real-valued at U f@c
{z€C | |2|=+w} for proper powers of ¢ due to the super-symmetry (our
functional equation) and the reality of Hi. Also, if £ is a zero of H i then
Vw/ € is its zero with the same angle, where £ is the complex conJugatlon
of .

4.5.1. The range of w. There are new opportunities here vs. the classical
theory, since w is arbitrary for us (a free parameter).

Lemma 4.12. Assuming that ] from Conjecture(iii) exists for some
i 20, let @; be (as above) the lowest such w,. Then w; is a (real) root of the
reduced t—discriminant D? of H’ which is the product of all simple factors
in the actual discriminant of H. For mst(mce w; 18 an algebraic number;
it coincides with the greatest real zero w P of D' if we add the simplicity of
zeros & for w > w} to the deﬁmtzon ofw

Also, assuming that H satisfies Weak RH in an interval beyond (greater
than) wmp Weak RH holds then for all w > wmp The same s true if Weak
RH holds in the mterval wtOp e<w< wwp for some € > 0 and H* has no
multiple roots at w = w P of norm \/w.

Proof.  Here we use that the zeros apart from U ,; vanish or emerge
only at (real) zeros of D?. Indeed, they appear in pairs {z, 2’} with coinciding
angles and therefore create multiple zeros of H' when approaching U f

In particular, if Weak RH holds for w in an interval greater than w??,
then the formation of a non-RH pair (1 e. that apart from U ;) at some
w > w P results in a multiple zero of Hi beyond w P which is impossible.
Slmﬂarly, if Weak RH holds for wtOp E<w< wwp then the multiple zeros
at w = wf P can emerge only from some pairs of zeros of norm /w. U
4.5.2. Non-RH zeros. By RH for links, we will always mean Weak RH
from Conjecture m (7i1), allowing multiple zeros and k — 1 super-dual
pairs of (stable) irregular zeros for x branches. Accordingly,

(4.44) w; 2 inf {w" | Weak RH holds for H for w> W'}

this is a real zero of D’ from the lemma.
Thus, w; conjecturally exist for uncolored algebraic knots for any ¢ > 0.
Also, they exist for algebraic knots colored by (a) H, where trivial zeros
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—1,—w are excluded, (b) columns w; upon the symmetrization, (¢) any
rectangles upon the symmetrization and for ¢ = 0.

Concerning , it is possible that w; < w°’; then multiple zeros ap-
pear after w;; this occurs only twice in the table. Also, there are no reasons
for “nice” formulas for wz-,w;mp , but at least they are algebraic numbers
(zeros of D) and can be calculated as exactly as necessary.

If ©o; = 0, then Weak RH holds for any w > 0. This happens for any un-
colored T'(2m+-1, 2) and for iterated Hopf-type links 27°(m, 1). Here deg, = 2
and i = 0, 1. For the Hopf 2-link, ¢yt™SY = tlf_t;;n . It corresponds to the 2—
branch singularity (z™ — y)(2™ + y) = 0 with the linking number [k = m.
One pair of irregular (real) zeros of H® approaching {1,w} as w — oo occurs
here after wy” = (m + 1)?/m?; the other zeros for any w > 0 are of norm
vw. Thus wéOp > wyg in this case. There is only one instance of non-Hopf

link in the table when this happens: entry 35 (N2 = 26).

5. RH numerically

We calculated quite a few examples in the range deg, < 8 (and sometimes
beyond). The most instructional ones are collected in the table below, though
we provide many examples beyond it.

5.1. Table organization

It is based on the ﬁ—polynomials above with the following deviation: we
consider H® not only for algebraic links/knots. The DAHA construction is
fully applicable without any positivity conditions for r, s, though the connec-
tion with plane singularities will be lost then. Numerical experiments clearly
indicate that the class of iterated links with ’ﬁ—polynomials satisfying RH
is wider than algebraic links only (combinatorially, positive pairs of graphs).

5.1.1. Main notations. By RH, we will mean below Weak RH from
(7i7) of Conjecture multiple zeros will be allowed. The number of pairs
{€,w/€&} of irregular zeros of H' is shown in the last column of the table
below after ”—". Since |£| > y/w (assuming the simplicity) for one of the
zeros of a non-RH pair, they significantly influence expected counterparts
of Weil-style estimates (those in his proof of RH).

Status. For knots and links we simply put “knot” or “link” in the cor-
responding entry; “alg” or “alg are naturally stand for algebraic and non-
algebraic knots/links. The first column provides the status of Weak RH with
the following 3 options:
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“HOLDS?”, if it holds for all a’, “FAILS”, when it fails at a=0,

“OK a=0", if it holds for a=0 but fails for some other a’ (i >0).

In the “OK”-case, we give the range of a’ when RH holds; the total
number of polynomials Hiis also provided, which is (deg, + 1). We calculate
only until the first failure of RH in this table; then we stop. We numerate
the examples and provide he corresponding numbers NV of all zeros of H°
(only for i=0) after “No”. See the first column in the table below. Note that
N? = 26 for algebraic knots.

The last two columns contain wy and the maximum, denoted by w***,
of w1, w2, ... calculated till the first failure of RH. They can be zero when
all w > 0 satisfy RH. We put ”—" for wq if RH fails at a = 0, and make
wina® =" " if RH fails for a = 0 or fails for a®.

5.1.2. DAHA formulas. The 4 column contains the DAHA formula
used to calculate the corresponding 7, where {---} means the coinvariant
and ~[r, s] is understood as the lift of v, s € PSL2(Z) to 3, s € PSL5(Z). We
somewhat abuse the notations by omitting H|l= H(1); the a—stabilization
is also assumed. For instance, {7[3,2]v[2,1](P)} must be understood as
{¥32(32,1(P1) §)}, not as a product of two ~ inside the coinvariant, and
upon the further a—stabilization.

Also, we actually use the J—polynomials (not P—polynomials) for links
and always do division by the LC'M of the evaluations at ¢”; see the definition
of the min-normalization of H. In the table, we simply put P assuming the
rest. There are the following abbreviations: P stands for P5 = P,,,, P(1+
1),P(2+4+0),P(2+1),P(2+2), and P(3 + 3) stand for 2w; = o and wy =

H, w1 4+ we = H (the hook), 2wy = HH, 2w3 = @ Recall that if some of r,s
are negative then the corresponding link/knot is non-algebraic.

5.1.3. Basic cables. The cab-presentations in the table are partial: we
omit the arrows and do not show at which vertex the corresponding poly-
nomials are inserted. This can be seen from the DAHA presentations. For
instance, entry 46 with the number of zeros N? = 72 is represented by the
graph o,y with both arrows colored by [J (omitted) and the [r,s]-labels
[5,2] (for the left vertex) and [2,1]. Also, applying P(Y) in the DAHA-
formula means that we consider a pair of graphs: the one shown in the table
and 'L that is a pure arrow — colored by [ (without vertices).

To give another example, (Cab(11,3), Cab(11,3))T (3, 1) from entry No=
45 (with 94 zeros) means the tree 0 =292, where the first vertex is labeled
by [3, 1] and the other two by (coinciding) labels [3, 2] with the arrows colored
by (0. RH holds here for all H* (from i = 0 through i =deg, = 5). This link
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is algebraic, wy = 1.39031 (we calculate them with much greater accuracy),
w1 = 1.55923, which is the maximum of w; from i=1 to :=6 in this case.
Generally, this maximum is taken from H! till the last H where RH holds.

The last column gives the corresponding number of pairs of irreqular
zeros, where Nj'%* is calculated in the same manner; the first N;,., is calcu-
lated right after o and the second one (after ”—") is the stable number of

such pairs (for any large w).
5.2. On Conjecture 4.9

The presence of non-unimodular roots of polynomials S*(¢) from Conjec-
ture [4.9]is interesting. The only examples we found so far are only for non-
rectangle diagrams, which includes links (possibly non-algebraic). Many ex-
amples were considered beyond the table and for all ¢, not only those till the
first failure of RH, which are presented in the table below.

5.2.1. The case of 3-hook. We will give here all links from the table
where S° are not products of cyclotomic polynomials, also providing the
corresponding g, S, even if S¥ are such products. Actually all S° are prod-
ucts of cyclotomic polynomials within the table (so only S$*>Y can be non-
cyclotomic), but is not always the case. We will provide below an example
when S is non-cyclotomic. Also, In all examples we considered ¢t™ = —t3,
so we will omit it. This factor contributes 3 to the number of stable irregular
(non-RH) pairs of zeros of H'. Thus, let us focus on S°.

(1) T(5,2), {~[5,2](P(2+ 1))} :

(i=0) g¢t™S0 = —t%tg)ﬁ:—i;, where the quantity (...) is the multiple
part of S°. So there are potentially 4 pairs of non-RH zeros due to S° and

3 pairs due to t3; this matches entry No = 57 with Ng = 20 from the table.

(i=1) ct™St = —#3(1 +3)(1 + 2t + 2¢* + 3t0 + 28 + 2¢10 + +12), where
the latter factor is irreducible and non-cyclotomic. It has 4 non-unimodular
zeros, which matches the total number of 6 non-RH pairs for H! (this is
not in the table).

(2) T(4,3),{v[4,3](P(2+ 1))} :

. __ 420 1__+8 . _ 44
(i=0) S°= 11_tt2 }_;, where the multiple zeros come from i_;. The ex-

pected number of non-RH pairs is therefore 5, which matches entry 59 with
N? =30 in the table.

(i=1) S'=1=0(1 4262 4 264 446 + 45 + 10 4 2612 4 2¢14 - ¢16) | where
the latter factor is irreducible and non-cyclotomic.
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(3) T(5,3), {7[5,3](P(2 + 1))} :

(i=0) S0 = lljt;: llit;; , where there are no multiple roots of S°; this matches

the number of non-RH pairs, which is 3, in entry 60 with N? = 40.

(i=1) St = %:ii tg‘; %:ﬁ 111tt120 (1 —t* + 16 4+ 19 — #12 4 116) wwhere there are
no multiple roots and the last factor is irreducible non-cyclotomic.

(i=3) 8% = (1+2)2120 (1 + 262 + 264 + 260 +¢8 + 10 4 12 4 2414 4 2416 ¢
218 4 #29) where the latter factor is non-cyclotomic; we have totally 2 mul-
tiple roots and 4 non-unimodular zeros, so the expected number of non-
RH zeros is 4444 6 = 14. This corresponds to the actual number for

w > 3.402358077 (not in the table).

(4) T(7,3), {1H[7,3](P(2 + 1))}

. _ 444 1 _ 414 . .
(i=0) S°= 11ft2 11ft2 , which has no multiple nonzero zeros, and the num-

ber of pairs of non-RH zeros in entry 61 with N2 = 60 is 3 indeed.

(i=1) St = (1+2)(1+ 2t% + 3t* + 4t5 + 565 + 610 + 6¢12 + 714 + 6416 +
TS 46120+ TE22 6124+ Tt20 6128 + 730 + 6632 + Te3 4 6170 + 7138 + 6140 +
6142 + 5t 4 4446 4 3¢48 2450 4 ¢52) where the last factor is irreducible
non-cyclotomic.

(i=3) S% = (1+12)? 11—_tt124 E—:;Z (142 + ¢4 46 — $12 4 418 4 420 4 422 4 424y,
with non-cyclotomic last factor, 4 non-unimodular zeros and 2 multiple
zeros +1 due to (1+t%)2. The total number of non-RH pairs is expected
2+ (4/2) + 3 = 7, which is actually greater than the actual number 5; these
5 pairs occur after a huge ws = 159557.4798. Thus, the g—deformations of

41 are RH—zeros for any w >> 0 in this case.

5.2.2. Non-cyclotomic S?=%. The last example we will provide is for
the 3—hook H where S° is not a product of cyclotomic polynomials (even
for ¢ = 0). This is not in the table.

T(7,2), (7, 2(P2+ 1))} :

(i=0) ot™80 = 3=t (1412 4 2t 416 48 + 410 4 2412 4 14 4 416),
where the last factor has 4 pairs of non-unimodular zeros, which results
in the total of 7 pairs of non-RH pairs for H?. These 7 pairs occur after
wo = 6522.513197. The total number of zeros here is N2 = 30.

This is actually unexpected because there is quite a regular behavior of

SY for the family T'(3m =+ 1,3). Namely, the following formula for H is likely
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to hold for this family:

(2n—3) 1 — ¢2n
1—12 1—12

1-—
Got™80 = —#3 for T(n,3),n=3m=x1> 2.

It was checked in the examples above and for T'(8,3). It obviously collapses

for T(3,2), where the actually one is S° = tg

Surprisingly, a similar formula for the 3—hook is more involved for T'(2m+
1,2). Namely, non-cyclotomic factors occur in SY for m > 3. For instance for
T(11,2): ¢ot™S0 = —13 =62 (142 4+ 2¢% + 206 + 315 + 3610 4 3¢12 + 3¢ +
4416 4 3418 1 4420 4 3122 4 3¢24 4 3126 4 3128 2430 1 2132 4 134 1 36). There

is some pattern here, but not too simple.

5.2.3. Multiple zeros. Let us provide ¢;t™ S for all links from the table
colored by rectangles where at least one S has multiple zeros. We give them
for all 0 <14 < deg,H (not only when multiple roots occur).

(1) {7[3,2](P(3 + 3)}, entry 58(NY = 60) :

0 1—t120 1 1—t109 ) 5 18
WST= Tt =tg s @S = (),
T3 Q3 1_t84 Ty Q4 2 34
ST =ttt = (L) (1417,
s Q5 — 1% 6 6 36 18
G S® =t g, s6t™ S0 = (1 1%)(1 1),

The failure of Strong RH at ¢ = 1 is due to the factor t. The multiple factor
s (14 t?) at i = 4, but it does not result in non-RH zeros.

(2) {7[3,2](P(2+0)P(1+ 1)}, entry 63(N? = 36) :

Got™ S0 = —t2(1+tH)(14+130), Gt™ St =—t2(1+t3)(1+1%8),

1— t56 1— t44
tﬂ'z SQ 7t2 1 t28 , §3t7r3 S3 — 7t2 1 t22 ,
— 7 11—
4 _ 2 s Qb 2
§4t7r4S =—1 m, §5t S° = —t 1— t4.

The expected number of pairs of non-RH zeros at ¢ = 0 is 4: 2 because of
t2 plus 2 due to the multiple (1 + ¢?), which matches the table. Here the
g—deformations of multiple 4+ are not of the RH— type.
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(3) {711 (v[2, Y(P)(1)7[3,2)(P)(1))}, entry 37(N? = 22) :

_ 420 1 _ 416

1—1¢2’

1—¢22 1
ot™S0 = —t————  qt™St=—¢

: —, @t™S? =t
11— - 2

8

T St =14t

@t™ 83 = —t(1 +t?)

Here the multiple factor is (1 + ¢2) for i = 3; however Weak RH holds (with
one pair of real non-RH zeros due to t = 0). The g—deformations of zeros of
1 +t? = 0 are (remain) of the RH—type.

(4) {y[L, 1(v[3,2)(P)(1)7[3,2](P)(1))}, entry 64(N7 = 34) :

1—¢3 1—¢32 1—¢%
oS =t S =t et =

1— t22
Gt™ S = —tT Gt™ St = —t(1+12)%(1 + 1?2, t™S5 = (1 +12)?,

Here Weak RH fails at i = 4 (N} = 14) with 5 pairs of nonzero non-RH
zeros; the expected number is 7, i.e. all of them (including the contribution
of t = 0). However the g—deformations of the roots of (1 + t2) = 0 remain of
RH—type. Similarly, Weak RH holds for ¢ = 5.

5.3. The table
It is focused on the validity of Weak RH for all 0 <i<deg,, especially in the

case 1=0. See below some review of our calculations presented in the table
(and beyond).

No (N?) | GOOD | ALG DAHA-formula wo NP,
RH-type | dega+1 | type CABLE(basic) wi T N
1(12) | 0<i<2 | alg IER) 0.95272 | 00
HOLDS all= 3 knot T(7,3) 1. 0-0
2(14) | 0<i<2 | alg 8.3(P)} 0.96465 | 00
HOLDS all= 3 knot T(8,3) 0.962706 0-0
3(18) | 0<i<2 | alg [H10,3](P)} 0.980586 | 00
HOLDS all= 3 knot T(10,3) 0.95272 0-0
1(20) | 0<i<2 | alg L3P 0.984635 | 00
HOLDS all= 3 knot T(11,3) 1. 0-0
5 (360) | 0<i<2 | alg (I8L3](P)} 0.999995 | 00
HOLDS all= 3 knot T(181,3) 1. 0-0
6 (366) | 0<i<2 | alg (184,3](P)} 0.999995 | 0-0
HOLDS all= 3 knot T(184,3) 0.999995 0-0
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7(16) | 0<i<3 | alg B2 P} 1.49558 | 0-0
HOLDS | au=4 | knot Cab(13,2)T(3,2) 2.17649 | 0-0
8(12) | 0<i<3 | alg IR 0.945441 | 00
HOLDS all= 4 knot T(5,4) 1. 0-0
9(24) | 0<i<3 | alg 0.4](P)} 0.987206 | 0-0
HOLDS all= 4 knot T(9,4) 0.978578 0-0
10 (32) | 0<i<4 | alg B.2PRT2)} 2.17837 | 00
HOLDS all= 5 knot T(5,2) 3.72664 0-0
11 (36) | 0<i<4 | alg A3(P(210)] 1.69034 | 0-0
HOLDS all= 5 knot T(4,3) 1.79669 0-0
12 (20) | 0<i<4 | alg 76,5/ (P)1 0.98107 | 00
HOLDS all= 5 knot T(6,5) 1. 0-0
13 (32) | 0<i<4 | alg 9,5/(P)1 0.993845 | 00
HOLDS all= 5 knot T(9,5) 1. 0-0
14 (74) | 0<i<5 | alg 5.2 B.2®)} 1.36037 | 0-0
HOLDS | an=6 | knot Cab(32,3)T(5,2) 157212 | 0.0
15 (36) | 0<i<5 | alg A3 RIP)} 1.42228 | 0-0
HOLDS | an=6 | knot Cab(25,2)T(4,3) 1.6464 | 0-0
16 (30) | 0<i<5 | alg 7,611 0.993335 | 0-0
HOLDS all= 6 knot T(7,6) 1. 0-0
17 (50) | 0<i<5 | alg (IL6)(P)} 1.14474 | 0-0
HOLDS all= 6 knot T(11,6) 1.13811 0-0
18 (96) | 0<i<6 | alg B2 PE ) 1.49797 | 0-0
HOLDS all="7 | knot Cab(13,2)T(3,2) 1.65491 0-0
19 (108) | 0<i<6 | alg B2 23PEro)} 1.45667 | 0-0
HOLDS | an=7 | knot Cab(15,2)T(3,2) 1.56317 | 0-0
20 (66) | 0<i<6 | alg I2,7®)} 1119 | 00
HOLDS all= 7 knot T(12,7) 1.11544 0-0
21 (72) | 0<i<6 | alg ITENID)! 116157 | 00
HOLDS all= 7 knot T(13,7) 1.17036 0-0
22 (84) | 0<i<7 | alg B2 RINZIP)) 14672 | 0-0
HOLDS | an—8 | knot Cab(53,2)Cab(13,2)T(3,2) 1.56196 | 0-0
23 (80) | 0<i<7 | alg B2NELP)] 1.37538 | 0.0
HOLDS all= 8 knot Cab(25,4)T(3,2) 1.46552 0-0
24 (66) | 0<i<7 | alg BANR3IP)} 151732 | 0-0
HOLDS all= 8 knot Cab(43,2)T(5,4) 1.58227 0-0
25 (48) | 0<i<8 | alg A3P2+2)] 2.73447 | 00
HOLDS all= 9 knot T(4,3) 6.01964 0-0
26 (90) | 0<i<8 | alg A3 B®)] 131174 | 00
HOLDS | a1=9 | knot Cab(37,3)T(4,3) 142245 | 0-0
27 (64) | 0<i<8 | alg B3(P2+2)] 21449 | 00
HOLDS | a1=9 | knot T(5,3) 21.1022 | 0-0
28 (116) | 0<i<8 | alg INEREERIG) 131641 | 00
HOLDS | an=9 | knot Cab(47,3)T(5,3) 157212 | 0-0
20 (72) | 0<i<8 | alg [7[10,9](P)} 1.10316 | 0.0
HOLDS | a1=9 | knot T(10,9) 1.21884 | 0-0
30 (30) | 0<i<8 | alg ILI®)] 1.203%6 | 0-0
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HOLDS | an=9 | knot T(11,9) 1.26173 | 0-0
31(96) | 0<i<8 | alg I3.9(P)} 118157 | 0.0
HOLDS | an=9 | knot T(13,9) 1.20367 | 0-0
32 (6) | 0<i<l | alg (B.1(PP)} 0 0-1
HOLDS all= 2 link T(3,1) 0 0-1
33 (24) | 0<i<3 | alg {7[1,1](7[1,1](PPPP)(1))} 1.87601 | 3-3
HOLDS | au—4 | link (4Cab(1,1))(T(1,1)) 1.80877 | 33
34 (28) | 0<i<3 | alg 5.2(PP)T 1.60724 | 1-1
HOLDS all= 4 link T(5,2) 1.94384 1-1
35 (26) | 0<i<3 | alg H21® AB.2P) (1)} 121155 | 0O-1
HOLDS all= 4 link T(2,1) 1.54031 0-1
36 (52) | 0<i<4 | alg ([3,2](P(2+0)P)} 161361 | 1-1
HOLDS all= D link T(3,2) 1.81723 1-1
37 (22) | 0<i<4 | alg | (VLUGRIP)(DYBE.2@)(1)} | 1.91393 | 1-1
HOLDS | an=5 | link | (Cab(5,3),Cab(3,2))(T(1,1)) | 2.00929 | 1-1
38 (42) | 0<i<4 | alg | {7v[2,1)(v[2,1](P)(1)7[3,2](P)(1))} | 1.37608 1-1
HOLDS all= b link (Cab(7,3),Cab(5,2))(T(2,1)) 1.91393 1-1
39 (24) 0<i<4 alg P(Y)(v[2,3](PP)(1)) 0.736757 2-2
HOLDS all= D link T(2,3) 1.2963 2-2
40 (46) 0<:<5 alg {v[1,1]~[3,2](PP)} 1.61257 1-1
HOLDS all= 6 link Cab(5,3)T(1,1) 1.94384 1-1
41 (76) | 0<i<5 | alg ([2,17]3,2](PP)} 1.4269 | I-1
HOLDS all= 6 link Cab(8,3)T(2,1) 1.61257 1-1
42 (42) | 0<i<5 | alg {7[3,2](PPP)} 159651 | 2-2
HOLDS all= 6 link 3T(3,2) 1.99525 2-2
43 (36) | 0<i<5 | alg {[4,3](PP)} 1.69177 | 1-1
HOLDS all= 6 link T(4,3) 1.72808 1-1
A4 (64) | 0<i<5 | alg | (V2 (B.2P)(D4BE.2[(P)1)} | 1.55923 | 1-1
HOLDS | an=6 | link (Cab(8,3),Cab(8,3))(T(2,1)) 218422 | 1-1
15 (0) | 0=i<5 | alg | GBUGB2A@(DABE.AP)())) | 139031 | 11
HOLDS | an=6 | link | (Cab(11,3),Cab(11,3))(T(3,1)) | 1.55923 | 1-1
46 (72) | 0<i<5 | alg ([5.2](P A[2,1](P))} 1.39868 | 1-1
HOLDS | an=6 | link Cab(21,2)T(5,2) 1.60752 | 1-1
47 (100) | 0<i<6 | alg PY)([2,17[3,2](PP)(1)} 1.35321 | 22
HOLDS | an=7 | link Cab(8,3)T(2,1) 1.52045 | 2-2
48°(80) | 0<i<7 | alg {7[3,2](PPPP)} 1.59986 | 3-3
HOLDS all= 8 link 4T(3,2) 1.912 3-3
49 (84) | 0<i<7 | alg ([3,27]2,1](PP)} 147591 | 1-1
HOLDS | an=8 | link Cab(13,2)T(3,2) 1.60724 | 1-1
50 (62) | 02127 | alg | DLIOB2AM@MABEAP)D)} | 159801 | 11
HOLDS | an—8 | link (Cab(7,5),Cab(5,3))(T(1,1)) 2.06334 | 1-1
51 (82) | 0<i<7 | alg 3.21P 7[3,2](P)} 1.35745 | 1-1
HOLDS | an—8 | link Cab(20,3)T(3,2) 159033 | 1-1
52 (90) | 0<i<8 | alg {7[4,3](PPP)} 155728 | 22
HOLDS all= 9 link 3T(4,3) 1.6737 2-2
53 (10) | 0<i<2 | =g B2 [-2,5](P)} 1.8969 | 0-0
HOLDS | an=3 | knot Cab(7,2)T(3,2) 0.75 0-0
54 (3) | 0<i<3 | =g B2 E27P)} 0.88617 | 00
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HOLDS an=4 | knot Cab(5,2)T(3,2) 0.5 0-0
55 (14) | 0<i<3 | =g B2 2 1]( )T 1.42745 | 00
HOLDS | au—4 | knot Cab(11,2)T(3,2) 1.88749 | 0-0
56 (26) | 0<i<5 | =g 431 2.9](P)} 1.6649 | 0.0
HOLDS | an=6 | knot Cab(15,2)T(4,3) 1.61525 | 0-0
57 (20) | 0<i<-1 | alg {7[5,2)(P(2+1))} - -5
FAILS | an—4 | knot T(5,2) - —
58 (60) | 0<i<0 | alg B2(PGT3)} 215141 | 00
OK a=0 all="7 | knot T(3,2) - —
50 (30) | 0<i<-1]| alg A3(PRT))} . 5
FAILS all=7 | knot T(4,3) - —
60 (40) | 0<i<-1 | alg {7[5,3](P(2+1))} - -3
FAILS an="7 | knot T(5,3) - —
61 (60) [0<i=1] alg ISIEEZCS)) 1 3
FAILS an="7 | knot T(7,3) - —
62 (8) | 0<i<-1| alg {7[2,1](P(2+2)P)} - -2
FAILS all= 2 link T(2,1) - —
63 (36) | 0<i<-1| alg (/B.2[(P(2+0)P(1+1))} - 1
FAILS all= 6 link T(3,2) - —
610 0<i<3 |l | GILICEAPD AP | 21522 |11
OK a—o | an=6 | link | (Cab(5,3),Cab(5,3))(T(1,1)) | 2.61867 | 1-1

5(42) | 0<i<-1| alg (/3.2[(P(2+2)P)} -5
FAILS all= 7 link T(3,2) - —
66 (6) [0<i<1| =g B2 2 18] =
FAILS an=4 | knot Cab(1,-2)T(3,2) - —
67 (8) | 0<i<-1| =g {113,217[-2,15](P) } - 4
FAILS an=4 | knot Cab(3,-2)T(3,2) - —
68 (10) | 0<i<-1| =g {r3,21[-2,17](P)} - -3
FAILS an=4 | knot Cab(5,-2)T(3,2) - —
69 (12) | 0<i<-1| =g {r13,217[-2,19](P)} - -6
FAILS an=4 | knot Cab(7,-2)T(3,2) - —
70 (4) | 0<i<0 | =g B2 [2.11](P)} 1.33333 | 0.0
OK a=0 an=4 | knot Cab(1,2)T(3,2) —
71(22) | 0<i<-1| =g {714,3]7[-2,25](P)} - -6
FAILS all= 6 knot Cab(-1,2)T(4,3) - —
72 (20) | 0<i<-1| =g 3N 2.23(P)] = )
FAILS all= 6 knot Cab(1,2)T(4,3) - —
73 (18) | 0<i<-1| =g 32,21 ®)] - )
FAILS all= 6 knot Cab(3,2)T(4,3) - —
74 (16) | 0<i<0 | =g 432, 19](P)] 1.20137 | 00
OK a=0 a=6 | knot Cab(5,2)T(4,3) - —
75 (18) | 0<i<l | =g 3217 (P)]) 1.06963 | 0.0
OK a=0 a=6 | knot Cab(7,2)T(4,3) 1.38291 0-0
76 (22) | 0<i<3 | =g V4,372, 13](P)} 1.69298 | 0-0
OK a—o | a—6 | knot Cab(11,2)T(4,3) 151004 | 0-0
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5.4. Brief analysis

The attachment to this paper contains the formulas for quite a few (not all)
superpolynomials used in this table ; the link is: http://intlpress.com/
site/pub/files/_supp/CNTP-2017-v12n3-cherednik-sl.zip

We will focus here on the most instructional cases and features. Only
a few formulas for DAHA superpolynomials are provided in this work; the
files are available and see our prior works, which contain many.

5.4.1. Non-algebraic links. The validity of RH is certainly most likely
for algebraic knots/links. However, the table and calculations we performed
show that it holds significantly beyond this class. For instance, the whole
series of cables Cab(2m + 1,2)T'(3,2) from Cab(13,2)7(3,2) (which is the
smallest algebraic) down to Cab(3,2)T(3,2) satisfies RH for all ¢ > 0. If
a = 0 and one continues to diminish m, then RH fails at Cab(—1,2)7T'(3,2)
(and further on).

We note that the DAHA superpolynomials remain positive in this series
till Cab(7,2)T(3,2) (all their ¢, t, a—coefficients are positive). We called them
pseudo-algebraic in [ChDI], where this series was considered in detail. They
do resemble algebraic knots (especially for 2m + 1 = 11,9). Interestingly, the
positivity of the superpolynomial recovers starting with Cab(—7,2)7T(3,2),
but with a different pattern of superpolynomials (not like those for m > 4).
However, generally, RH has a clear tendency to fail when “approaching”
non-algebraic links.

Let us consider entry No= 64 with 34 zeros (at i=0), already discussed
above. This is an algebraic link where RH is valid only partially (till a3,
where deg, = 5). The outer « is y[1, 1] here, i.e. minimal possible to make
it algebraic. Using 7[2,1] and (3, 1] here instead of 7[1,1] results in RH
for all a® (the entries are 44,45 with N? = 64,94). This can be informally
considered as “moving away” from non-algebraic ones. By the way, uncol-
ored Cab(13,2)T(3,2), the smallest non-torus cable, has w3 > 2, the only
uncolored algebraic knot in the table with w; > 2 for ¢ > 0; we conjecture
that it is below 2 for ¢ = 0.

5.4.2. Non-square diagrams. Strong RH always fails for ” in the ex-
amples we calculated. This diagram is self-dual with respect to transposition,
which is valuable to us. See entries 57,59,60,61 (with N? = 20, 30, 40, 60)
and Section [5.2.2] R

For the entry 60, there are 3 pair of irregular zeros of H° (of t—degree
40) that tend to {w'/3,w?/3} for the 3 different values of the cube root as


http://intlpress.com/site/pub/files/_supp/CNTP-2017-v12n3-cherednik-s1.zip
http://intlpress.com/site/pub/files/_supp/CNTP-2017-v12n3-cherednik-s1.zip
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w — 00. This is directly related to the expansion HO = w422 — 13 4 O(w?),
so a variant of Weak RH holds in this case.

In the remaining 3 cases, there are two more complex (conjugated to
each other) irregular pairs. See the last column of the table, which provides
the (actual) number of pairs of irregular zeros. Recall that we provide this
number only for ¢ =0 for entries with " FAILS”. These additional pairs
{¢',w/¢&'} stay in the vicinity of U ;. More exactly, §' = £(y/w + C)e + (C +
0(1))/v/w, where C' € R tends to some limit as w — oo. Similar £’ occur for
entries 62,63, 65 (with N? = 8,36,42).

For non-square rectangles, RH for f];ym can hold beyond ¢ = 0, where
this was conjectured. For instance, it holds for any i for entries 18,19 (N? =
96,108): {332(F21(PE)))}, {332(F2,3(PE)))}-

For {ﬁgg(P(@))}, only one non-RH pair appears for entry 58 (N9 = 60,
deg, = 6) when 7 = 1; it is real and quickly approaches {—1, —w} as w — 0.
See Section [5.2.3] RH also fails here for i = 1, 3,5 upon the antisymmetriza-
tion; the corresponding ¢;t™S* are —t(1 + 17442:26),

For the two 2-rectangle and 27(3,2), i.e. for {352(P(H)?)}, there are
2 real pairs of such zeros when i =0 (from 48 pairs) approaching {1,w}
and {£+/w}. One has: ¢t™S° = —t%(l —t2)2(1 4 t?) in this case. The
multiple roots +1 and those due to t give the total number of pairs of
non-RH zeros 3 (all are real). Upon the antisymmetrization here, ¢pt™S®
becomes t(1 — t2)(1 + t92); Weak RH is satisfied now.

Also, RH holds for {752(P(H)P(0)} upon the symmetrization for all
0 <4 < 4. One respectively has ¢;t™ S% = —¢(1 + ¢7946:40,32,22)

5.4.3. Large-small -o. When RH holds, which is a qualitative property,
the “actual” RH is in finding w quantitatively. In the following example
of 2 x 2—diagram, RH “almost” fails. The cw—mumber becomes much larger
than “usual” 1 ~ 2 due to the color and ¢ > 0. This is entry No=27 with
64 zeros and deg, = 8 for T(5,3) colored by HH . The corresponding w; is
21.1022; it is wffp for D* (and can be calculated as exactly as necessary).
By contrast, wg = 2.1449, not too large.

This is similar to entry 25 (with 48 zeros). The latter is for 7'(4,3) and
FH . Its superpolynomial is significantly simpler to calculate than that for
T(5,3) (which took about 4 days). One has wy = 6.01964 for T'(4,3), which
is large but not too much.

The inequality o < 2. This seems a counterpart of the bounds for the
spectrum of Laplace-Dirac operators in the theory of spectral zeta-functions.
We conjecture that wy < 2 upon a = 0 for uncolored algebraic knots. For



Riemann Hypothesis for DAHA superpolynomials 469

i >0, entry 7 (with 16 zeros) is an example when w; > 2. This is for
Cab(13,2)T'(3,2). Concerning algebraic uncolored links for i = 0, the great-
est wp in the table is 1.919393 for the entry 37 (with N? = 22), but it can
go beyond 2.

Cyclotomic polynomials at w = 1. Let us discuss T'(11,6); its super-
polynomial was posted in the online version of [Ch2]. See entry 17 (N =
50); strong RH for i=0 holds for wg = 1.1447417735112874 ... and for
0.9985190700739621 < w < 1.0021178996517260. We expect that wy =1 +
O(1/r) for knots T'(r—o0,s>2), which is based on numerical evidence for
s =3,6,7,9 and the considerations of geometric superpolynomials [ChP1] as
r — 0o. One has: Ho(w=1) = ]_[3;11 1{_271:, which follows from the Shuffle
Conjecture proved in [CaM]. R

This can be deduced from Corollary here H%(w=1) is the rational
slope t—Catalan number. The following formula can be checked using the geo-
metric superpolynomials from |ChP1], their (conjectured) connection with
DAHA and the a—version of Corollary Forr>s 0<i<s-—1,

s—1

~. ]
H’(wzl):Hi(l t )

e (1 _ tl—l—s—j)

(A=t @ =) A=t (A —t"HA —t2) - (1= t577))
(=)@ =) (1 =t)) (1 —trts=1)(1 —tr+s2) . (1 — ¢rts=h))

The second line here is trivial when 7 = 0. Similar formulas exist for (at
least) the family Cab(13 + 2m, 2)T(3,2) with m € Z., where all Piontkowski
cells Ja are affine spaces.

We note that H*(w=1) for i > 0 generally have multiple zeros. For in-
stance, in the case of T(11,6): H (w=1)=02®;®(P19P13P14P;5 for cy-
clotomic polynomials ®,,. It has 4 pairs of irregular (non-RH) zeros in
any punctured neighborhood of w=1. Strong RH begins only after ww; =
1.1381148969721394 ... = inp.

5.4.4. Irregular zeros. We provide the number of super-dual-invariant
pairs of irreqular zeros in the last column; the upper two numbers are for
a = 0, the lower ones are for the maximum among ¢ > 0. The first gives the
number of pairs right after w; the second, after ”—", is for the stable number
for w >> 0. Mostly they coincide in this table.

Trivial zeros, —1,—w, are not counted in the table. For w>w50p such
zeros appear for B for odd i. They are likely to reflect some symmetries of
the DAHA construction, and presumably can be interpreted geometrically.
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We note that more general squares result in huge superpolynomials, which
we do not have by now.

If the number of pairs of irregular zeros is {-} — 0 in the last column,
then Strong RH holds for w >> 0; multiple RH—zeros appear after w in
this case. If it is 0 — 0, then RH holds starting with @ from the table. Thus
Strong RH always holds in the table for uncolored algebraic knots and those
colored by HH(where we disregard trivial zeros).

Recall that Weak RH allows xk — 1 pairs of irregular zeros for uncolored
algebraic links, where k is the number of components of a link. Practically,
the number of allowed irregular pairs (disregarding trivial ones) equals the
total number of symbols P in the DAHA presentation of a link minus 1.
Mostly this difference is 0 or 1 in the table. It is 1 for 2-links and the
corresponding irregular pair is automatically real (the number of irregular
complez pairs is always even). For entry 33 (with N = 24), there are four
P in its DAHA presentation and, indeed, H' have 3 irregular pairs of zeros.
Similarly, RH holds for {7(3,2)(P?)} (entry 52 with N? = 90), with 2 pairs
of (automatically complex) irregular roots. We provide one algebraic link
(entry 64 with N? = 34) where Weak RH fails for i = 4 (only for such ).
See below.

5.5. Composite theory, etc

We do not discuss in this work other root systems. The a—stabilization was
conjectured for classical series in [Ch2|; the corresponding polynomials are
called DAHA hyperpolynomials. The hyper-duality is expected to hold too;
one can expect the corresponding RH for algebraic knots/links. However,
the corresponding DAHA hyperpolynomials are known so far only for small
knots. We think it makes some sense to provide at least one example from the
composite theory for the exceptional series from [DG], which is topologically
for the annulus multiplied by R! instead of S?. Algebraically, this is the case
of a—stabilization when two Young diagrams are placed at the opposite ends
of the (nonaffine) Dynkin diagram of type A and the stabilization is with
respect to the distance between these diagrams.

We will consider only the case of uncolored 7'(4, 3) from [ChE|. Then RH
is “OK” for the corresponding composite superpolynomial. Namely, it holds
for i = 0,1 but fails for i = 2 (deg, = 5 in this case). One has: wy = 0.84405,
w; = 0.6874328. The first coincides with wh”, the second is among the toots
w = 1/q of D* (which is always true for @), but smaller than w!” = 2. The
factor of D! corresponding to @ is the square of:

—9248 4 12492¢ — 14345¢> + 844¢> + 6308¢* — 1608¢° + 1124°.
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Some recalculation is necessary from the setting of |[ChE|] to make the
super-duality exactly as in the present work. So we will provide the corre-
sponding H(q t, a):

1+ 2gt + 2%t + 3¢°t% + 2¢°t% + ¢*t% + 4313 + 2¢™3 + 3¢*t* + 2¢°t* + 24°¢°
+ ¢546 +a5(_q5 g8 — g+ 245 — St + g —q5t2) +a4(_q3 +24t—
+ %t — 4g*t + 4¢°t — Ot + P2 + @M — 487 + 2658 + ¢ — O + Pt
+a*(q—¢* —3¢° + 3¢ + ¢° — ¢® + qt + 3%t — ¢*t — 8¢™t + 4¢°t + ¢Ot

+ 24212 4+ 5¢%1% — 2¢*% — 8¢°1% + 3¢5t + 3¢°t3 + 5¢*t? — Ot — 3¢5
+2¢M* + 3%t — ¢Ot* + P10 + %) +a® (1 +2¢ — 2¢* = 3¢* + ¢° + ¢°

+ 4qt + 5%t — 2¢°t — 8¢t + ¢t + 7¢%? + 96312 — 2¢*% — 8¢°1% + 84343
+9¢*® — 2¢°1% — 3% + Tg*t* + 5¢°t* — 2¢5* + 4¢°t° + 2¢°° + ¢4°)

+ a(2 +q—¢*— ¢ — ¢* +5qt + 5¢% — 3t — 3¢*t — 2¢°t + 8¢%% + 432

F M2 = 30582 — 512 + 96313 + T3 — P13 — 513 + 8¢M + 50t — Bt
+5¢°t° + ¢°t° + 2¢°t°).

Let us also mention here that Heegaard-Floer homology is the specializa-
tion of Khovanov-Rozansky link homology at for the differential at a = —1
(in DAHA parameters). This specialization preserves the super-duality, in
contrast to the differentials at a = —t"*! (in DAHA parameters) to the
Ap,—theories. Practically everything we conjecture for Hiis applicable when
a = —1. In this paper, we do not discuss polynomials/series that are sums
of H? over all 4, which is a clear potential of the theory. The specialization
a+— —(t/q) from is of obvious importance too. Also, employing the
connection conjectures, one has an opportunity to interpret RH for the topo-
logical and other superpolynomials, including the HOMFLY-PT polynomi-
als, KhR polynomials, physical ones and those associated with the rational
DAHA and the Hilbert scheme of C2.

6. Some formulas, conclusion
6.1. A non-RH link for >0

The only counterexample to the total (all a’) Weak RH among algebraic
knots/links in the table is for the entry 64 (N? = 34), where it fails for a*
(but holds for all other a’). See also Section [5.2.3, (4) and Section m
below. Let us discuss it.
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The corresponding cable is £y = (Cab(5,3), Cab(5,3))T(1,1), which is
the link of the singularity C; = {(2° — y3)(2® — y°) = 0} at 2=0=y. The
linking number is [k = 9 for its two components, which are 7'(5, 3). The zeta-
monodromy from [DGPS] upon ¢ — ¢, essentially the Alexander polynomial,
is Z1 = ¢3% + 2¢** + 3¢'® + 2¢® + 1. According to Section 5.4 from [ChDZ2],
the following connection with our superpolynomials is expected (unless for
the unknot):

(6.45) Z=HE" (g..0=—1)/(1—q)" .

This is for uncolored graph L (without L) with s paths (the number of
connected components in the corresponding cable). The linking number is
then Z(g=1). Recall that we always impose the minimal normalization H™"
in the present paper.

Let us mention that the link 27°(5,3) = (Cab(1, 1), Cab(1,1))T'(5,3), cor-
responding to C] = {(z°—y?®)(2°+y3) = 0} with the linking number Z{(1) =
15, satisfies RH. One has: Z] = R e NV E S N Y L Ry R R
+¢*2 + ¢ + ¢*® + ¢'% + ¢'2 + ¢*° + ¢% + 1 in this case. This is actually en-
try No= 40 (with N? = 46), because the cables Cab(1,1)T(3,2) and T'(5, 3)
are isotopic. Note that the degree of Z is NV — 2.

Also, RH holds for all i for the following direct modifications of £1: Lo =
(Cab(8,3),Cab(8,3))T(2,1), L3 = (Cab(11,3),Cab(11,3))T'(3,1), which are
entries 44,45 (N? = 64,94). They are correspondingly unions of two copies
of T'(8,3) and 7'(11, 3) with linking numbers 18 and 27.

Finding the equations of the corresponding plane curve singularities is
more involved in these examples. Say for Ca, we begin with (2% — ¢3)(2% —
y®) = 0 and replace 23 = 3° by “its double”, which is 2% = y®, provided
that the corresponding link is in the vicinity of 7'(5,3) (then the resulting
linking number becomes 18). This is the meaning of cabling in this case.
The equations and Z—polynomials are as follows:

Co = {(=" =) ((y+2°)°+2%) =0}, Cs = {(a"" —¢")((y+2*)’+2'") =0},
Zy = 145424 12620+ 3¢2 + 3¢34 1 2¢*2 + 2¢" + 40 +¢°2,
Zs = 14+¢° + ¢*242¢2 4242 +2¢%2 +3¢%° +-3¢%6 +-3¢72 +-2¢50 2456

1247 4 ¢804 ¢804 ¢%2.

6.1.1. Non-RH superpolynomial. The failure of Weak RHAfor the link
of C1 = {(z° — y3) (2 — y°) = 0} above is at a*; let us provide HF" :
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1 —t+qt + ¢*t + @3t + ¢*t + ¢°t — qt* + ¢*? + 2¢°1% + 4¢°% + ¢"t? + B¢

— 285 — M — P13 4+ ¢T3 + 4gP3 + 4% — Pt — Pt — 25 — 2471

43¢5t 4 5% + 710 + Mt — M5 — B0 — 24TH0 — A + 1

4 5¢108% + 8¢5 4+ 24125 — 518 — Tt — 24315 — 5¢°15 + 5148 + 841240

g3 — 51T — BT — 2¢°7 — 6¢"°47 + 5g 24T + 7¢"3 T — ¢TiS — 18

— 241048 — 5 4 1265 4+ 51318 + 4g B — B9 — 1010 — 2140 — 4120

131349 4 4g140 4 @150 — 2410 — 11410 _ 9412410 _ 918410 | 514410

+ (]15t10 _ ql[)tll _ q12 11 2q13t11 —|—4q15t11 q11t12 _ q13t12 _ q14t12

+ 2q15t12 + q16t12 o q12t13 o 14t13 4 q15t13 + q16t13 o q13t14 + q16t14
14t15 + q16t15 15t16 _|_ q16t16 _ q16t17 + q17t17 + a5 (q15 + 2q16t + q17t2)

+a(q' +q't + ¢ + ¢ + ¢ — ¢t + Mt + 3¢"% + 3¢"t + 3¢M

+ 3q15t - 2q11t2 - q12t2 + 3q13t2 + 4ql4t2 + 4q15t2 + 3q16t2 . 3q12t3 . q13t3

+ 2q14t3 + 4q15t3 + 3q16t3 4 q17t3 _ 4q13t4 o q14t4 + 3q15t4 + 3q16t4 4 q17t4

— 3¢M45 — 1545 131545 4 ¢1TH5 — 21546 4 ¢1646 1 g1 TeS — 41647 4 q17t7)

+a3(q6+q7+2q8+2q9+2q10—|—q11 _|_q12 —q6t+q8t—|—4q9t+6q10t

+ 8¢Mt + 5¢"%t + 4¢"3t + ¢t — ¢"t% — 26542 — 3¢°t% + ¢'Ot? + TP

+ 14q12t2 + 10q13t2 + 7q14t2 + 2q15t2 8t3 2q9t3 _ 6q10t3 _ 4q11t3

451263 + 160133 4+ 120143 + 7¢'513 + ¢1643 — 01 — 241044 — 8¢

—8¢124% 4 51311 1 161441 + 10¢1511 + 41511 — 1045 — 241145 — 8q1%5

— 8¢5 4+ 545 1 14¢"51% + 5¢ 015 4+ ¢1TH5 — g8 — 241246 — 84134

— 4gM0 4 7¢1548 1 8¢1618 4 g1 TH0 — %7 — 241347 — 647 4 1547

4661647 + 241 THT — 1315 — 245 — 3¢1548 4 44648 4+ 241 TH® — 1410

—2¢1549 4 1649 1 941740 — 15410 4 (17410 _ (16411 q17t11)

+ a? (q3 +* +2¢° +2¢5 +2¢" + ¥ + ¢° — Pt + 3¢5t + 647t + 8¢5t + T¢"t

160 + 2¢M 4 12 — M2 — P12 — 3¢52 — 24712 + 36512 + 124712

£ 16¢1%2 4 15¢"142 4+ 7242 + 3¢"312 — P13 — 545 — 4q7t3 6q8t3 — 6643

4 8¢1013 4 20¢M143 4+ 230123 + 11¢1343 + 4¢3 — St — T#t — 4ttt

—8¢t% — 13104 4 2114t + 21244 + 2641314 + 111444 + 3q15t4 4T
815 _ 4q%% — 941045 — 16¢1 145 — ¢1265 + 21¢'3t% + 23¢1445 + 74151

1085 — 815 — 215 — 4¢1%40 — 10140 — 164218 + 2436 4 204446

+15¢1515 1+ 241646 — 217 — 107 — 4g"47 — 9¢'%47 — 13¢"347 4+ 8¢'447

16117 4+ 61647 — 1088 — 1148 — 4q1245 — 841348 — 641448 + 1241518
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F 78 4 T — MY — 129 — 4q™340 — 6 40 + 3¢1540 + 841610 + ¢V T°

_ 12410 _ 13410 414410 915410 4 616410 4 9 17410 (13,11 14411

_ 3101 4 316411 9l Tyll _ 14412 _ 15412 | 9 17412 15413 4 17413

— "t T ta(g+ ¢ + P+t + @ — gt + Pt + 2™ + 4¢°t + 645
+3¢7t + 265 + ¢°t — ¢*1% — 2 — g% — 1% + 2¢5% + 10¢7t? + 10452
96712 + 40" 4 "2 — B8P — 3 — 24583 — 453 — 4qH + 5Bt
+13¢%t3 + 18¢103 + 9¢1 143 + 3¢1263 — ¢*t* — Ot — 2¢8¢* — 5¢"tt — 845t

— 2671 11108 + 22144 4 14" 240 4 4q"3 40 — P15 — 515 — 24715 — 551
—11¢%° — 7¢"045 4 91145 4+ 23¢1265 + 14¢"31% + 3¢5 — 816 — 76 — 24545
— 5%t — 13¢1046 — 8¢M146 4+ 941246 4+ 2241316 + 0g145 4 ¢1546 — ¢TeT — 347
2% — 5¢ %7 — 13¢MM47 — 71247 4+ 11¢"317 + 18¢17 + 4¢"5t7 — B8 — 4°
— 20108 — 53 — 114245 — 21315 + 131445 + 91715 + ¢1648 — %9 — ¢10¢°
— 2" — 5121° — 81317 4 50 4 101519 4 24169 — 10410 _ 411410

_ 2q12t10 _ 5q13t10 _ 4q14t10 + 10(]15t10 + 3q16t10 _ qlltll _ q12t11 _ 2q13t11
—4gM gt IOt — 12412 _ 13412 _ 9 14412 _ (15412 | 416412

+ q17t12 _ q13t13 _ q14t13 _ q15t13 + 2q16t13 + q17t13 _ q14t14 _ q15t14
410414 L gITg14 15415 17415 16416 q17t16)_

It makes sense to provide H 4 responsible for the failure of RH. It is H*
upon the substitution ¢ — ¢t and under the hat-normalization:
HY 1+ qt*)72 =1 —t+qt — gt* + ¢*1* + ¢*t> + ¢*1° + ¢°t* + ¢*t" — 2¢°1° +
¢t + ¢M0 + P10 + M7 + Pt7 — ¢MB 4 Pt° — ¢ + ¢t + ¢°t'0. We note
that §4t”4S4:—t((1+t2)(1+t4))2. In the case of Heegaard-Floer substitu-
tion, which is @ = —1 in H,, Weak RH holds for this link.

6.2. An example of 3-link

The appearance of k — 1 (super-dual) pairs of zeros certainly deserves a com-
ment. Non-real non-RH roots can occur only when the number of branches
is kK > 2 and they do appear. Let

£ =3T(4,3) = (Cab(1,1), Cab(1,1), Cab(1,1))T(4, 3)

be the link of (z* — y3)(2* + y3)(2* + 2y®) = 0, which has 3 components
T'(4,3) and the pairwise linking numbers 12. The corresponding zeta-mono-
dromy from (6.45) is Z=1+¢" +¢2 +¢® +¢® +¢* +¢*" + ¢ +¢* -
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8+ q39 gt g8 88 Pl Bt BT B0 B3 66 09 TS
q° —q*

This example is entry No= 52 with N2 = 90 from the table. The corre-
sponding H is large (4308 different a, q,t— monomlals) The polynomial H O
is of degree 90 with respect to ¢t (and 45 with respect to ¢). Weak RH holds

after g = 1.55727521033844259502499..., coinciding with the top real zero

wi™ of the reduced discriminant D°. Let us make w = 2. Then there is only

one non-RH pair of zeros up to the complex conjugation:

¢ = 1.99999963844688175553480 + 0.00001272650573633190499 2,

% = 1.00000018073610079338078 — 6.363255168562838442 x 10~°

Their product is 2. The first quickly approaches the corresponding w as
w — oo (the difference is approximately some power of 1/w). These zeros
cannot become real for any w > wo P because this Would result in multiple
roots after Wo P Weak RH holds for w = 2 and any HZ 0 <14 < 8 =deg, with

2 pairs of complex irregular zeros. The number of zeros £ is correspondingly
90, 88, 84,78, 70,60, 48, 34,18 for : = 0,...,8.

6.2.1. Superpolynomial at a = 0. Let us provide H" = H(a = 0) (not
HPY, i.e. without the substitution q ~ qt) for this 3—link:

1—2t+qt + ¢*t + Pt + ¢*t + Ot + ¢®t + ¢t + Bt + 12 — 2¢t* — ¢*t* — ¢*t?

+ q6t2 + q7t2 + 2q8t2 + 4q9t2 + 4q10t2 + 2q11t2 4 2q12t2 + q13t2 + q14t2

gt — 215 — 2gM3 — P13 — 26583 — 713 — 26583 — °13 + BgMLeP + 5t

+ 6q13t3 + 5q14t3 + 6q15t3 + 3q16t3 + q17t3 + q18t3 + q2t4 _ q3t4 + q4t4

. q5t4 6t4 2q7t4 t4 . 4q9t4 . 3q10t4 . 5q11t4 o 2q12t4 + 4q14t4

+ 4q15t4 + 11q16t4 + 11q17t4 + 7q18t4 + 5q19t4 + 3q20t4 + q3t5 o q4t5 + q5t5

— 26845 — 3¢1015 — 3¢114% — 641245 — 51315 — 7q14t5 — 2g155 _ 541645

+ 3q17t5 + 10q18t5 + 14q19t5 + 12q20t5 + 11q21t5 + 5q22t5 + q23t5 + q4t6
q5t6 + q6t6 + q8t6 9t6 2q11t6 q12t6 o 5q13t6 o 4q14t6 . 9q15t6

— 66615 — 1091715 — 64515 — 4¢1945 + 7¢245 1 14¢2115 + 18¢226 + 1423

484248 + P10 4+ Pt — ST+ T+ T + T — 241247 — 3147

—2g154T — 7q1047T — 61717 — 13¢™347 — 817 — 12¢2%47 — 8¢2H47 + 24227
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+ 17q23t7 + 21q24t7 + 18q25t7 + 8q26t7 + q27t7 + q6t8 _ q7t8 4 q8t8 + q10t8
+ 2q12t8 _ q13t8 _ 2q15t8 B 5q17t8 o 3q18t8 _ 12q19t8 B 9q20t8 o 13q21t8

— 14¢%t% — 14¢%° + 3¢*"13 + 210”15 + 26¢°°t° + 15¢>t° + 6¢°%1% + ¢t
+ q7t9 _ q8t9 + q9t9 + q11t9 + 2q13t9 + q15t9 _ 2q16t9 + q17t9 _ 3q18t9 _ q19t9
—9¢2049 — 7240 — 13¢%21° — 13¢%31° — 21¢24° — 15¢%°1° + 10¢251° + 314%7¢
+ 23q28t9 + 12q29t9 + 3q30t9 + q8t10 _ q9t10 + q10t10 + q12t10 + 2q14t10

+ 2q16t10 _ q17t10 + q18t10 _ 2q19t10 + q20t10 _ 7q21t10 _ 4q22t10 _ 11q23t10
_ 12q24t10 _ 20q25t10 _ 25q26t10 _ 5q27t10 4 25q28t10 4 30q29t10 4 18q30t10
+ 5q31t10 + q32t10 + q9t11 _ q10t11 + qlltll + q13t11 + 2q15t11 + 2q17t11

4 2gM R — 92041l 9211l L 522411 | 928)11 _ g 24411 125411

_ 20q26t11 _ 27q27t11 _ 14q28t11 + 13q29t11 4 34q30t11 + 23q31t11 + 7q32t11
+ q33t11 4 q10t12 _ q11t12 + q12t12 + q14t12 + 2q16t12 + 2q18t12 4 3q20t12
P2 4 2g22412 43412 412 726412 20q27t12 — 99428412

_ 17(]29t12 + 7q30t12 + 33q31t12 + 23q32t12 + 9q33t12 + q34t12 + q11t13

_ q12t13 + q13t13 + q15t13 + 2q17t13 + 2q19t13 + 3q21t13 + 3q23t13 _ 4q24t13
+ q25t13 _ 4q26t13 _ 5q27t13 _ 18q28t13 _ 3Oq29t13 _ 24q30t13 + 6q31t13

+ 35q32t13 + 23q33t13 + 7q34t13 + q35t13 + q12t14 _ q13t14 + q14t14 + q16t14
+ 2q18t14 + 2q20t14 + 3q22t14 + 4q24t14 _ 3q25t14 + q26t14 _ 3q27t14 _ 4q28t14
_ 16q29t14 _ 29q30t14 _ 26q31t14 + 6q32t14 + 33q33t14 + 23q34t14 + 5q35t14

4 q13t15 _ q14t15 4 q15t15 4 q17t15 4 2q19t15 4 2q21t15 4 3q23t15 4 4q25t15

— 926415 | 9g2T415 _ 328415 _ 4429415 _ 15430415 _ 99 31415 _ 9482415

+ 7q33t15 + 34q34t15 + 18q35t15 + 3q36t15 + q14t16 _ q15t16 + q16t16 4 q18t16
+ 2q20t16 + 2q22t16 + 3q24t16 + 4q26t16 _ 2q27t16 + 3q28t16 _ 3q29t16

_ 4q30t16 _ 16q31t16 _ 30q32t16 _ 17q33t16 4 13q34t16 4 30q35t16 4 12q36t16
+ q37t16 + q15t17 _ q16t17 + q17t17 + q19t17 + 2q21t17 + 2q23t17 + 3q25t17
FAPTET — 21T 1 3¢2941T _ 3680417 _ 43T — 18432417 — 29433417

_ 14q34t17 + 25q35t17 + 23q36t17 + 6q37t17 + q16t18 _ q17t18 + q18t18 + q20t18
+ 2q22t18 + 2q24t18 4 3q26t18 + 4q28t18 _ 2q29t18 4 2q30t18 _ 3q31t18 _ 5q32t18
_ 20q33t18 _ 27q34t18 _ 5q35t18 + 31q36t18 + 15q37t18 + q38t18 + q17t19

_ q18t19 + q19t19 + q21t19 + 2q23t19 + 2q25t19 + 3q27t19 + 4q29t19 _ 2q30t19
+ q31t19 _ 4q32t19 _ 7q33t19 _ 20q34t19 _ 25q35t19 + 1Oq36t19 + 26q37t19

+ 8q38t19 + q18t20 _ q19t20 + q20t20 + q22t20 + 2q24t20 + 2q26t20 + 3q28t20
43020 — 331420 4 82420 _ 433420 _ 1043420 _ 903420 — 15436420
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21657120 4+ 18¢73120 4 39420 4 19421 — 2021 4 21421 4 2321 4 92542

20712 4 3020120 1 4Pt — 47220 — 842N — 1247012 — 21456421

F337E 4 215320 + 879121 4+ 20422 — PN 4 P22 4 P42 4 076422

2078122 4 385022 4 3652122 — 43322 — 23422 _ 115422 — 13450422

C 4P 41733422 1 1465422 4 2022 4 212 _ 222 4 3% 4 25

207742 1 242917 4+ 332 4 2332 5P — 445512 — 13456423

4P 4 24537 1+ 18¢3%% 4 50t 4 2224 — B2 4 242 4 262

2782 4 2P0 4 33224 P32 9Bt _ 7t 7 P82t — 1345712

— R 147912 4+ 1180824 4 23425 _ 2425 4 254 4 2T 4 229

23125 4 333125 — 2342 4 35125 — 940425 — 9g3T425 — 12582 + 747012

1220425 4 341425 4 24420 _ 25420 4 26426 | 28426 | 930426 4 o 32,26

2P0 _ 9B5y26 _ (30426 _ 19437426 _ 838426 _ 439426 | 14440426

4 Bgt20 4 25427 _ (26427 4 2T2T L 29027 L 9 31427 4 9 3327 | 35,27

— 3635427 — 337127 — 1363427 — 6¢°%27 + 10¢°01%7 + 7¢* 2T + 2427 4 26128
G2 1 P28 P28y 0P8 4 0P8 _ (35428 | 36428 | 537428

— 605512 — 10679428 + 3¢10428 4 114428 + 2228 + 2712 — 25120 4 2910

PN 205320 + 2675120 — 2456420 — ¢34 — 64912 — 520120 + 11411420

4 3q2229 4 28130 _ (29430 | (30430 | (32,30 | 934,30 | 36430 _ o /37430

—2P8130 _ 9930 _ 9410430 | 41430 4 642430 4 29431 _ (30431 4 (31431

@B o33 _ 33831 _ 439831 — 7480831 4 4gM 3! 4 52230 4 #3431

P02 BBy 332 34432 L 03632 (3Ty32 | 53932 5 40432

F6g12432 4 3132 1 BB _ BB L 5333 1 50433 4 0BTy _ 938433

— PO 60133 — gt 4 52458 1 9gtBe33 L BB U B33 343

PO PSB  9P9pB L 34034 | 5 M1 | 5 A234 | 9 A3y3 L 33,35

— P 4 PO BT 310135 _ 341435 1 43435 - P36 _ (35436

4 P0130 . PS36 _ (39436 _ g 4136 _ 4236 | g 43436 | 35,37 _ 36437

BT PO 0 03T _ AT _ 912437 | 91337 | A4BT | 36438

— BT 4 P38 g tBS _ 1238 | 1338 | A4S | BTyB9 38439

4P _ B9 _9A2y39 y (43439 | 44439 | 38,40 _ (39,440 | 40,40

_ A0 42440 | 44440 | (39,41 0L L A1l g A2l | adyd]

O A2 A2 4402 A3 42443 4343 L A48

—4q
+ q42t44 o 2q43t44 + q44t44 + q43t45 . 2q44t45 + q45t45.
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The irregular zeros become more distant from w for H? with i close to
deg,, but the tendency remains the same. The counterpart of irregular &
above for i =deg, = 8 is £ = 1.973849767 + 0.055623630.

Let us very briefly discuss entry No=48 (N? = 80) with the link 47'(3, 2),
corresponding to the 4—branch plane curve singularity

(* = y*)(2® + ) (2 — 20°) (2® + 29%) = 0.

It has 1 real and 2 complex pairs of irregular zeros. Up to the complex
conjugation and & — w/&, they are for w = 2: 1.999451149, 2.000252243 +
0.000499389:, and for w = 20: 19.999999999999995, 20.000000000000003 +
4x1071%.

6.3. Some simple cases

Let us provide the simplest algebraic uncolored knots, links, and discuss
the simplest non-algebraic cable where Weak RH fails, which are Cab(—1—
m)T'(3,2) for m > 0.

6.3.1. Trefoil, Hopf link. For the simplest unibranch plane curve sin-
gularities C3o = {23 =92} at 1=0=y and C52 = {2°=¢*}:

Hiyz=1+qt+aq, Hs=1+qt+ ¢ +alqg+ %),
Hsy =1+ qt? +aqt, Hsy =1+ qt* + ¢t* + a(qt + ¢°t%).

The corresponding Hi obviously have only (complex) zeros satisfying RH;
note that Hi, = 1 and H}, = 1 + qt2.
For 2-branch Cao = {(z+y)(z—y) =0}, Ci2 ={(2>+y) (2> —y)=0}:

Hap=1—t+qt+aq, Hio=1—t+qt—qt> +¢*t* +alqg - qt + ¢*t),
Hyo=1—t+qt*> + aqt, Hy = 1—t+qt®> —qt> +>t* + alqt—qt* +¢t3).
The zeros are obviously real irregular if w = 1/¢ > 4 for fISQ and H 15 One

(real) pair of irregular zeros occurs if w > 2.25 for 1:-\[22; this pair approaches
{1,w} as w — oo, which is obvious from the formula. Otherwise their norms

are \/w.

6.3.2. Adding Y, colors. Let us provide 2 examples in the case of the
non-trivial pairs {£,/L}. In the notation from the table, they are

{P(Y)(7(2,3](P))} and  {P(Y)(v[3,2](P))}-



Riemann Hypothesis for DAHA superpolynomials 479

The corresponding singularities are Cj 23 = {(2*—4?)x=0},C1 30 = {(23—
y?)y=0}; their links are 7(3,2) U0 with the linking numbers 2,3. One
has:

Hios =1—t+qt+ ¢t — g’ + @ — @t + ¢* + a’¢°
+alg+ ¢ — gt + Pt + ¢t — ¢ + ),
Hyigs=1—t+qt* + ¢t — ¢t’ + ¢*t* — *t° + 10 + a*¢*t
+ a(qt + ¢t — gt + @2 + Pt — Pt + B0,
Hize =1—t+qt + ¢t — gt + P2 — P8+ ¢ — ¢t + ¢t
+a*(¢° = ¢t + ¢*)
+a(g+¢* — gt +2¢°t — *1* + ¢ — ¢*F + ¢'1),
Hiza =1—t+qt’ + ¢t> — qt’ + ¢*° — @ + ¢*1° — ¢*t" + ¢*¢°
(P — P+ M)
+algt + ¢*% — gt + 263" — ¢t + g0 — P10 + M),

They satisfy Weak RH with one pair of stable real irregular zeros, approach-
ing 1,w for w — oo. For instance, H11723 = (1 —t+qt?)(1 + qt + qt?).

Using colors. The simplest colored superpolynomials is for 7°(3,2) col-
- 2

ored by wp: H=1+ a?L + gt + qt? + ¢*t* + alg + L + ¢*t + ¢*t?). Accordingly,

Hgym =1+ ¢%t3 + ¢>t* + 2¢*5 + ¢°t® + ¢°t° + ¢5t'2, which has 12 RH—zeros for

w=1/q>w =1.464541725162.. ..

Let us also provide HO for {351 (P(H)P(CT)}= {For (P(HH)P(0))}
(they coincide!). Tt is 1 — 2 4+ ¢?t2 — ¢*t* + ¢*t*. The corresponding ¢ot™ S°
is —t2(1 +t1), so Weak RH fails in this case with 2 pairs of non-RH zeros
due to t2.

6.3.3. A failure at ¢ > 0. The superpolynomials 7:[\1’23, ’}21732 can be also
obtained as {(7([2,3](P){)(Y)(P)} and {(v[3,2](P))(Y)(P)}, i.e. using the
pairs {£/L} with non-trivial /L. We use here that the DAHA construc-
tion is isotopy-invariant. A similar one is {(v[2,3](P){)(Y)(v[3,2](P))},
corresponding to Csa 30 ={(z%—y?)(z3+y?) = 0} with the link 27(3,2) and
lk=6.

Transposing 3 and 2 in the second factor of the last equation, the sin-
gularity Csoo3={(z3—y?)(2?>—4®)=0} with Z =1+2¢° + ¢! and Ik =4
provides a counterexample to Weak RH with ¢ > 0 among uncolored alge-
braic links. Here deg, = 3 and the failure of RH is only at ¢ = 2. This is a
simplification of the counterexample from Section [6.1] where the failure is
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at i=deg,—1(=4) too. The DAHA procedure in this case is {(v[2, 3](P){
)(Y)(7v[2,3](P))}; the superpolynomial is Hga 23=

a3+ a® (P + ¢t + @ — Pt + ¢t + Pt + Bt — 264 + P2 + 52 — PP

+ ) + alqg+ @ + ¢ — gt + 263 + 2¢Mt + ¢°t — ¢*1? — 24°% + 242
+2¢52 — 1% — 2¢M3 + 26°83 + 53 — M + St — PP+ 5P+ 1 — ¢

F gt 4 Pt + Pt — g + P+ M — P — P+ P+ P — P+ Pt
— M0+ B85 — Pt 4 515

Then fI322723 = 1—t+qt+qt> + P12 =23 + P33+ P4+ Pt — PP+ A0+ 36
has 1 pair of real zeros approaching {1,w} for w >> 0, and 2 conjugated
pairs of complex zeros not satisfying RH (though staying in the vicinity of
U/z)- One has: ¢it™ S%=—t(1+t2)? in this case; some “irregular behavior”
of the corresponding flagged Jacobian factor can be expected.

We note that unless for (2% — ®)(2® — 4%), the corresponding singulari-
ties satisfy Weak RH in the examples we calculated. For instance, RH holds
for all i for Czq.03 = {(2* —y3)(2? —y3) =0} with Z = 1 + 2¢5 + 2¢'% + ¢'® and
the linking number Z(1) = 6. The DAHA procedure here is {(v[2,3](P)}
(V) (13, 41(P))}-

Non-algebraic knots. The first failures of RH for a = 0 in the family
Cab(2m+1,2)T(3,2) are for Cab(—1,2)T'(3,2) and Cab(—3,2)T(3,2). Let us
provide the corresponding H? for the latter: 1+ 2qt? + qt3 — qt* + 2¢%t* +
@t° + 2¢°t5 + ¢*8. Actually there are no zeros at all of norm /w in this case
for w >> 0. This remains equally chaotic for all Cab(—3—2m,2)T'(3,2) as
m > 0. We note that H become positive starting with Cab(—7,2)7'(3,2); the
corresponding H® for —7 is 1+ 2qt% + qt3 + 2¢%t* + ¢*t° + ¢*t6 + 2¢3t5 +
Ct7 + 2¢48 + ¢ + 2¢°t10 + ¢6t12. In this case, ¢ot™S? = 6, all zeros are
non-RH (and quite random).

6.4. Concluding remarks

Let us begin with the computational aspects. Superpolynomials have many
symmetries: super-duality, evaluation at ¢ = 1, color exchange, deg,—formula
and more of these. They are routinely checked by the programs that calcu-
late superpolynomials, including extra evaluations a = —3”“, and it is very
unlikely that there are mistakes with the formulas for H. The attachment
to this paper contains the formulas for quite a few (not all) superpolynomi-
als used in the table from Section[5.3; the link is: http://intlpress.com/
site/pub/files/_supp/CNTP-2017-v12n3-cherednik-sl.zip


http://intlpress.com/site/pub/files/_supp/CNTP-2017-v12n3-cherednik-s1.zip
http://intlpress.com/site/pub/files/_supp/CNTP-2017-v12n3-cherednik-s1.zip
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Numerical finding the zeros of H' is a relatively simple (and fast) task.
We mostly rely here on the standard software. The symmetry & — w/& pro-
vides a good independent test of the correctness of this part of our pro-
grams. Then the program increases w to reach the RH-range (if it exists)
and then diminishes w to find the lower bonds w;. Then it checks that they
are (within the accuracy) roots of the reduced discriminants D?. The (au-
tomated) comparison with the number of pairs of non-RH zeros resulting
from 7;, S* concludes the analysis.

6.4.1. Toward Riemann’s zeta. The most optimistic expectations are
that DAHA superpolynomials can be a move toward the Riemann zeta
and Dirichlet L—functions (and Grand RH). However, quite a few steps
are needed.

Families. First of all, H must be extended to the families of iterated torus
links; the family superpolynomials H(q, t,a,u) from Sectionare natural
candidates (they are actually rational functions). Algebraic links emerge in
the DAHA theory as sequences of matrices v € PSLa(Z). The match of
this interpretation with the splice diagrams of [EN] is a surprising outcome
of [ChD2]. The families are when we multiply one of these v by 7. For
instance, {T'(r + ms,s),m € Z;} and {Cab(13 +2m,2)T'(3,2)} for m € Z4
are families.

For algebraic knots and when ~; — 77, there are natural embeddings
of the corresponding rings R,,. Geometrically, this means that we count
submodules M from Section with some weights in terms of its (full)
ring of endomorphisms R from a given family. Algebraically, we sum the
corresponding ﬁ—polynomials over a given family with the weights (u/t)&™
for uncolored algebraic knots, where « is an additional parameter.

We use that the same super-symmetry serves all rings R. The cor-
responding H(q,t,a,u) are generally algebraically simpler than individual
Hum(q,t,a) and the w; for their a—coefficients are generally better (smaller)
than those for individual H,, as m >> 0. Cf. formulas d4.25|),(]4.28b,d4.28|).

Analytic DAHA superpolynomials. The key step could be a pas-
sage from algebraic superpolynomials to “analytic” ones, parallel to Section
“Topological vertex” from [ChD2]. As it was observed there, the analytic
counterparts of superpolynomials for Hopf links extend (by adding t) the
Rogers-Ramanujan expansions. The latter are interpreted in [ChE, [GOW] as
expansions of powers/products of theta-functions in terms of g—Hermite and
Hall-Littlewood polynomials. They are (closely related) limits ¢ —0,¢— 0 of
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the Macdonald polynomials. Since the invariants S, m; we define are when
g — 0 (though this is not a direct substitution), one can expect interesting
connections here, which we will not discuss in the present paper.

To define analytic DAHA superpolynomials, we essentially replace the
DAHA-Jones polynomials by some integrals of the products of the powers of
the Gaussian ¢”* /2 and their images under the action of v € PSL(2,Z). The
sums of such integrals with proper weights with respect to the families above
generalize the g—analogs of the Riemann zeta and Dirichlet L—functions from
[Ch4). For instance, the g—zeta there is the integral of ¢**/2/(1 — ¢**/?) with
respect to the Macdonald measure p(X;q,t) in type Aj.

The theory of analytic DAHA superpolynomials is of clear independent
interest regardless of zeta-functions. Actually its main objective is in obtain-
ing the invariants of Seifert and lens spaces; fruitful algebraic applications
are expected too. The details will be published elsewhere. In contrast to
knot invariants (though these two theories are closely related), the invari-
ants of Seifert spaces are given in terms of modular functions, Maass forms
and Mock theta-functions.

An obvious problem with the passage to the analytic superpolynomials
is as follows. They are calculated in terms of a proper completion of the poly-
nomial representation V in contrast to the algebraic theory (we present here)
based on the “adjoint representation”, which is in End¢V via the conjuga-
tion (actually in 7). However this sufficiently transparent relation does not
guarantee any connection at the level of the zeros of the corresponding su-
perpolynomials. Generally, approaches to the Riemann Hypothesis (Grand
RH) via any theories of “zeta-polynomials” satisfying RH, including the
Hasse-Weil zeta functions, have little support in the classical and modern
mathematics.

6.4.2. Further perspectives. A connection of superpolynomials with
the zeta-functions of Laplace/Dirac operators of Riemann surfaces and p—
adic strings would be a fundamental development.

Spectral zeta-functions. The motivic zeta-functions are quite parallel to
the so-called spectral zeta-functions. Namely, let us consider the Schottky
uniformization of Riemann surfaces and the corresponding Dirac operators.
The corresponding “pure” zeta-functions then depend only on the genus in
the smooth case; see e.g. [CM]. This fact (but not the formula itself) matches
Macdonald’s formula, a starting point of the Kapranov zeta-function. Then
we switch to plane curve singularities. The bound ¢ < 1/2 from Conjec-
ture resembles the inequalities in the theory of spectral zeta. Presum-
ably we can arrive at the same superpolynomials of plane curve singularities
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within this approach. Importantly, the p—adic Schottky uniformization is
closely related to the curve singularities (as the closed fibers), which can be
potentially a tool for establishing the link with superpolynomials.

Let us mention here Witten’s p—adic strings, which can be hopefully
revisited and extended toward the superpolynomials of plain curve singular-
ities. At least, the matriz models can be used for this; see e.g. [DMS], which
is actually closely connected with the DAHA approach. The physics insight
certainly can help here.

Adelic zeta-functions. Let us connect our considerations with the clas-
sical theory of zeta-functions of arithmetic varieties. The compactified Ja-
cobians and flagged Jacobian factors can be naturally defined over Z. Ac-
cordingly, one can consider their adelic zeta-functions, the products of local
zeta~-functions. The latter are given in terms of the g—coefficients of the mo-
tivic superpolynomials when a = 0, = 1; see Section [£.2] If all Ja are affine
spaces, these coefficients simply give the numbers of cells in each dimension
and readily result in the formula for the adelic zeta. It will be the product
of the corresponding powers of the zeta-functions of affine spaces.

Generally, Ja are not always affine. However the flagged Jacobian factors
are conjecturally strongly polynomial-count due to the discussion at the end
of [ChPI1]. It is not impossible that they are even paved by affine spaces (no
counterexamples are known). Thus their local zeta-functions (presumably)
uniformly depend on |F|, ignoring the points of bad reduction (which are
not a problem within a given topological class of the singularity). Such
adelic zeta-functions generalize those of projective spaces, flag and Schubert
varieties; flagged Jacobian factors can be naturally seen as the next level of
Schubert calculus.

On Iwasawa polynomials. A similarity between the Iwasawa polyno-
mials and the Alexander polynomials observed by B.Mazur is basically as
follows in our setting. We use that the DAHA superpolynomial ﬁ(q,t,a)
(in the DAHA parameters) conjecturally coincide with ﬁmot(q, t,a). Due to
, the corresponding Alexander polynomial up to a normalization is

(6.46) H(t,t,a=—1) =H(g,t,a=—t/q)| ,
= L(r,q/t,t)|w =L(T,1,t) = Z(T,1,t) /(1 — t).

Recall that Z(I", ¢, t) = AA/[(Q/%:F tdim=(R/M) (considered by Zuniga-Galindo);
i.e. the summation here is over principal ideals M. Considering only the
group of principal ideals (the generalized Jacobian) matches the group of
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classes of ideals in the Iwasawa theory. Finding Iwasawa-type analogs of the
whole H(q,t,a) (presumably coinciding with reduced stable K'hR—polyno-
mials of algebraic links) is a challenge.

According to what we discussed above, the passage to the families for
~v1 + 77y is natural here. The corresponding Puiseux extensions play the
role of Iwasawa towers. A u—counterpart of the Iwasawa polynomial is then
a weighted sum of the corresponding zeta-functions for principal ideals. The
limit of this construction at ¢ =1 (the field with one element) becomes the
corresponding weighted sum of Alexander polynomials, namely H(t, t,a =
—1,u) for H in . The techniques used to calculate the latter allow
to present H(t,t,a = —1,u) as finite sums of Alexander polynomials with
sufficiently simple denominators. We omit the action of the Galois group
and other related aspects here.

The deep connection of the Iwasawa polynomials with p-adic analytic
L—functions is of obvious importance to us. See Section 7 of [Mor], espe-
cially formula (7.2) and its further discussion there. Using flags and families
(parameters a, u) is beyond the approach there, and we have something else:
a connection with g—zeta from [Ch4]. We note that motivic superpolynomi-
als can be defined practically in the same way for local p—adic rings; we do
not really need Jacobian factors to be algebraic varieties, but the count of
modules becomes more involved. They may coincide with our ones (as in
the Fundamental Lemma).

What DAHA can provide. The coincidence of the DAHA superpoly-
nomials with the motivic superpolynomials and Galkin-Stohr zeta-functions
can be checked as follows. One uses the DAHA recurrence relations similar
to those in Propositions [1.2] [1.3] and compare them with the transforma-
tions of geometric superpolynomials under the blowups. This was checked
for some families and seems doable in general.

For instance, this gives that the Galkin-Stohr zeta-functions depend only
on the topological type of the singularity (i.e. on the corresponding link).
For L(T', ¢q,t) from and for any L(A, g, t) such that Ja is affine of the
same dimension as over C, this follows from Stohr’s formula. However the
affineness of all Ja holds only for torus knots and some “small” non-torus
families. The DAHA superpolynomials are topological invariants, which is a
relatively simple theorem.

Generally, the connection of the DAHA superpolynomials to the
Khovanov-Rozansky stable polynomials requires the recurrence relations for
the latter of Rosso-Jones type. They are not known, though the approach
via Soergel modules seems quite relevant. At t=¢ in the DAHA parameters,
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the DAHA superpolynomials were identified with the HOMFLY-PT polyno-
mials in full generality. The identification of the DAHA-Jones polynomials
with the corresponding WRT invariants was also done in quite a few ex-
amples (including some cases of special root systems). The CFT approach,
Rosso-Jones formulas, and the so-called Skein are used here.

The DAHA theory and Macdonald polynomials are also connected with
affine flag varieties, Hilbert schemes of CP? (and some similar surfaces),
Nekrasov’s instanton sums and the mixed Hodge polynomials of certain
related character varieties. Linking these theories to (classical and motivic)
zeta-functions is quite a challenge. Also, the geometric superpolynomials can
be expected to be connected with the spectral zeta-functions of the plane
curve singularities considered under the Schottky uniformization, but this is
only in the beginning and we do not see apriori reasons for DAHA to occur
here.

A clear potential of the DAHA superpolynomials is their connection with
g—analogs of Riemann’s zeta and L—functions from |Ch4]. Numerically, the
zeros of these g—analogs are absent in the left/right half-spaces in terms
of k:zs—% (for s from the zeta and t=g¢¥); if true, this would give the
Grand RH. We also suggested there a “straight” g—Riemann hypothesis
upon the symmetrization: Conjecture 6.3. The geometric applications of
DAHA outlined above may be not very surprising due to their origin: they
are deformations of Heisenberg and Weyl algebras. However, their link to the
classical zeta theory is certainly a surprising and promising development.
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