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ABSTRACT

Here we illustrate how Jones’ polynomials are derived from the kinetic helicity of
vortical flows, and how they can be used to measure the topological complexity of fluid
knots by numerical values. Relying on this new findings, we show how to use our adapted
Jones polynomial in a new framework by introducing a knot polynomial space whose
discrete points are the adapted Jones polynomials of fluid knots, interpreting the topo-
logical simplification associated with the natural decay of reconnecting fluid knots as
geodesic flows on this space.

Keywords: Topological fluid mechanics; helicity; vortex knots and links; Jones polyno-
mial; knot polynomial space.
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1. Topological Interpretation of Fluid Helicity in Terms of Linking
Numbers and Crossing Signs

A central task of topological fluid mechanics is to determine the relation be-
tween topological invariants of fluid structures, such as vortex knots and links,
and their dynamics and energy contents. This search started long time ago with
Kelvin’s vortex atom theory 40|, and his ambitious aim to provide a mathematical
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justification for the observed discrete energy spectra of chemical elements. We had
to wait for another 100 years, with the seminal work of Moffatt [24], to realize
that one of the most fundamental conserved quantities of ideal fluid mechanics, i.e.
the helicity of fluid flows, admits topological interpretation. In 1984 Berger and
Field [5] made further progress considering the decomposition of magnetic helicity
of a finite number of isolated flux tubes in terms of the geometry and topology of
the constituent field lines. The study of the topological implications of helicity, and
its relation to energy, are now a central topic of modern research in fluid mechan-
ics [25][38][44]. In this sense topological fluid mechanics represents the first example
of a true, topological field theory [1][29].

For vortical flows in an unbounded, simply connected domain of R? kinetic
helicity is defined [27][37] by the volume integral

H:/ u-wdix, (1.1)
1%

where wu is the velocity, and w = V x u the vorticity in the fluid volume V. Magnetic
helicity is defined similarly by replacing w with the magnetic vector potential A,
and w with the magnetic field B. In the case of incompressible flows, we have also
the supplementary condition V - 4 = 0. Moreau [27] was the first to prove the
conservation of the helicity (II]) under diffeomorphisms of the background flow
maps in V.

Considering the divergence-free w as the observable gauge field, we can interpret
the velocity field w given by the Biot—Savart formula

u(xz) = /V wa) x (@ —a) d3x’. (1.2)

|z —x’|3

as a gauge potential. Hence, Eq. being a functional integral of w (see [1
Theorem 1.15]) can be interpreted as a global, physical observable. Moreau’s proof
of the conservation of kinetic helicity in ideal fluid mechanics can thus be recast in
the following:

Theorem 1.1 ([1]). Let w be a divergence-free vector field defined on a manifold
M. The helicity integral (1) is conserved under any arbitrary, volume-preserving
diffeomorphism of M.

It is interesting to note that well before Moreau’s proof of the invariance of H
in fluid mechanics, it was Whitehead [42] who recognized (in 1946!) the topological
character of Eq. (I.I), by interpreting H as Hopf invariant.

1.1. Helicity in terms of linking numbers

When the vorticity field is localized in flux tubes made of a bundle of vortex lines
running parallel to the tube axis (no flux through the tube boundary), Eq. (IT.I)
admits interpretation in terms of linking numbers. For thin flux tubes forming
knots and links in an ideal fluid (no dissipation or resistive effects) computation of

2340024-2



J. Knot Theory Ramifications Downloaded from www.worldscientific.com
by Xin Liu on 09/18/23. Re-use and distribution is strictly not permitted, except for Open Access articles.

A new framework for the Jones polynomials of fluid knots

... Ge n’est évidemment pas le cas général; comme exemple d’ilot ayant un H non
nul, nous proposons un systéme de deux anneaux tourbillonnaire de révolution, d’inten-
sité respectives I, et I., enlacés, le tout plongé dans du fluide irrotationnel pour constituer
un flot D simplement connexe : on trouve alors H = 2 I I..

... Evidently this is not the general case; as an example of a sub-region that has a non-zero
H, we propose a system of two vortex rings, respectively of strength I, and I,, linked, the whole
embedded in an irrotational fluid to form a simply connected region: thus we obtain H=2 I, I,

Fig. 1. (Top) In a footnote to his paper on the conservation of helicity p- 2812, footnote
1] Moreau considers the case of two linked vortex rings, anticipating (without proof) the correct
value of helicity; (bottom) English translation.

the kinetic helicity simplifies. In a footnote to his paper (see Fig.[I) Moreau [27]
considers the case of two linked vortices, anticipating without proof the correct
result later proved by Moffatt in 1969 (see below). The demonstration that the
helicity integral can indeed be expressed in terms of the linking number was given
by Moffatt [24], and then extended by Moffatt and Ricca to include self-
linking. In the case of an N-component link £ = |_|ZI\L1 K;, where each K; is a vortex
tube of flux ®;, we have

Theorem 1.2 (|24} [26]). The helicity of a vortex link L is given by
H(L) = ®®;Lki; +»  ®2Sl;, (1.3)
i#] =]
where Lk;; = Lk(KC;, K;) is Gauss’ linking number of IC; and KC;, and Sl; = SI(K;)
is the Calugareanu—White self-linking number of ;.

A sketch of the proof is shown in Fig. 2] where the first sum in (I.3) is referred

H mutual

= w-lines localized in thin flux tubes;
= w-lines aligned along the tube;

\ Derivation of the Gauss linking number Lk

Hiputwal = S\m @, ®;Lk;;
* u derived from the Biot-Savart /
induction law;
Hself
Uy - @y dPx =0
/ I e Derivation of the
Cilugireanu-White

" < Wg —+ U, (axial field) e f" v i BBy self-linking number S7
a a =

w u,, (meridian field .
i € ) \ | Hort = ¥, ®2S;
qua g &x = DT + Ty) = 3°Tw

Fig. 2. Scheme of the proof of H,tual [24], and of Hger [26].
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to as mutual helicity Hyytual, and the second sum as self-helicity Hgeir. Evidently,
when &1 = --- = &y = P (a typical situation for quantum vortex defects) Eq. (1.3)
simplifies further, taking the form

H(L) =0 | Y Lkij+> Sk | (1.4)

i i=j

1.2. Helicity computation in terms of crossing signs

It is useful to recall that the self-linking number S is a topological invariant of a
framed knot, and it admits decomposition according to the fundamental formula

(6] [41]
Sl=Wr+Tw, (1.5)

where Wr denotes the writhing number, and Tw the total twist number (sum of
the normalized total torsion T' and intrinsic twist Tp), all global geometric quan-
tities of the framed knot. Since the computation of the volume integral (ITI) is
rather difficult, Eq. (I.3) provides a remarkable simplification in terms of measur-
able quantities, quite convenient for theoretical progress and practical applications.
By identifying the tube centerline with the knot, a particularly useful approach to
compute mutual linking and writhing number is offered by the algebraic interpreta-
tion of these quantities in terms of signed crossings [34] [35]. According to the sign
convention of Fig. Bla), we have

Lk(ICi,ICj):% S e, Wr(ICi):< 3 5r>, (1.6)

TE{Kil_lKj} ’I”G{K:i‘_l}ci}

where {/C;M/C;} and {K;MK;} denote, respectively, the set of apparent intersections
of the tube centerlines of K; and K;, and of self-intersections of KC; given by the
indented link projections; angular brackets denote averaging over all directions of
projection. An elementary example of the linking computation for a pair of loops by
the left-hand side formula of (I.G) is shown in Fig.[3] The right-hand side formula
for the writhing number Wr above is exact, but the theoretical value can be approx-
imated by estimating Wr through a finite number of projections. Direct application

t
e "
& =+1 g =-—1
(b)

(a) (c)

Fig. 3. (a) Algebraic crossing sign convention; (b) indented diagram of a 2-component unlink
(Lk = 0); (c) indented diagram of the negative Hopf link (Lk = —1).
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(a) (b)

Fig. 4. (Color online) Knot framing is given by the mathematical ribbon (visualized by small,
yellow arrows) prescribed on the knot: (a) twist is visualized by the uniform rotation of the flux
tube field lines with respect to the ribbon around the knot centerline (blue curve) ; (b) a framed
trefoil (pictures taken from [12]).

of this simple technique has proven to be accurate, even when only three mutually
orthogonal projections are considered [3]. The two contributions left out from the
computation of Si are the total torsion and the intrinsic twist. Total torsion T' is
given by the geometry of the knot, and because it involves third derivatives of the
arc-length, its contribution is generally rather modest (amounting to just a few
percentages of the total Si); thus, to a first approximation it can be ignored.

The intrinsic twist Ty of a physical knot is, in general, very hard to compute. It
is given by the uniform rotation of the field lines with respect to the knot framing
(see Fig.[d). For an approximated estimate of total helicity we can thus rely on
diagram projections to get

H(,C)%qﬂ% > 57"—|—< > 5T> , (1.7)
1

re{k;NK;} re{k;NK;}

where (...), denotes estimated averaging over mutually orthogonal projections.
From direct numerical simulations of fluid flows, however, helicity can be computed
straightforwardly by its integral definition through (I.I). In this case, we can esti-
mate total twist by the combined use of (I.I) and (I.7), to get

Tw(L) = /Vu cwdiz — ®2 % Z e+ < Z €r> . (1.8)
1

re{lkC;NK;} re{lC;NK;}

This information is quite useful to take account of the energy transfers of interacting
flux tubes.

2. Helicity as an Abelian Chern—Simons Action

Topological information based purely on linking numbers has a well-known limita-
tion, due to the limited ability of linking numbers to detect topologically different
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(a) (b) (c)

Fig. 5. (a) 3 unlinked circles, (b) 3-component link forming the Borromean rings, and (c) the
Whitehead link; regardless of their different topologies, all these link types share the same zero
linking number.

link types. The three cases considered in Fig.[Bldemonstrate the failure of the link-
ing number to detect different topologies. Evidently, any helicity computation based
purely on linking numbers will suffer from this limitation. As we know, more pow-
erful topological information comes from knot polynomials. In order to introduce
these invariants in topological fluid mechanics, it is useful to re-consider helicity in
a new setting.

In the language of exterior differential forms, the velocity field is a 1-form u =
w;dx?, with the 2-form given by du = %aiujdxi Adz? (A denoting wedge product).
Vorticity is also a 1-form, defined by the Hodge dual w = *du, i.e. w = w;dz* =
(eij kajuk)dxi. The helicity integral (I.I) can thus be written as a 3-form, given by

H:/Vu/\du. (2.1)

In this form, the integral above can be recognized as an Abelian Chern—Simons (CS)
action. Generally speaking, a CS action Scg with a generic, non-Abelian group G
is given by

k k 2
Ses== | ost)= ¢ [ (anaasianana), e

where k/4m € R is a (level) parameter, CS(A) the so-called CS 3-form, A = A(x) a
connection 1-form on the principal G-bundle (i.e. a gauge potential); A = A¢T,dx?,
with {T,} (a = 1,...,dim(G)) are the generators of G, and {x'} (i = 1,2,3) the
coordinates of the 3-dimensional base manifold M. When G is non-Abelian (the
generic case) [Ty, Tp] # 0, and the cubic term AA AA A does not vanish. But in the
special case of G = U(1) (Abelian group) the cubic term in vanishes, so that

k
Scs—E/VA/\dA. (2.3)

By setting the prefactor k/4m = 1 the integral CS 3-form can be identified
with (2:I), by interpreting A as the velocity field u (cf. the London relation in
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superconductivity [11]). Kinetic helicity can thus be seen as a special Abelian case
of the CS action (2:2).

Following the work of Witten, CS theory has become the benchmark of a topo-
logical quantum field theory (TQFT). As shown by Witten [43] , the global, physical
observables of the CS theory are given by the Wilson loops represented by knots in a
3-dimensional spacetime. Their values are computed by knot polynomial invariants
that generalize the celebrated Jones polynomial [14]. A physical interpretation of
these invariants comes from the TQFT description of the CS path integrals. These
are defined as the vacuum expectation values of the Wilson loops, according to the
expression

<Hei e > =5 [ DA b e, (24

Wilson loops are gauge invariant functionals that arise from the parallel transport of
the gauge field A along closed loops given by the knots K; (i = 1,..., N), and they
are represented in by the expression exp(iy_,; § A). The term [DA] denotes
functional integration performed on A, and Z a partition function that plays the role
of a normalization constant. By replacing the potential A with the velocity u the
CS action (2.3)) (appropriately re-scaled) becomes the helicity integral; substituting
this expression into the integrand of (2:4), we have

(eiZi $i; “el fu undu _ (¢l Zid, “elll (2.5)

Now let us go back to vortex knots. Since we consider fields localized in thin
flux tubes, we can take w = wot, with wy constant and ¢ unit tangent to the tube
centerline, and reduce the volume integral to a line integral given by the field
line helicity |4} 36]

H:Z@iﬁ/udl, (2.6)

where as usual @, (constant) denotes the flux of vorticity, and dl the elementary unit
length along the knot IC;. Total helicity H is thus reduced to a sum of line integrals
along KC; [3]. For simplicity, we can take ®; = ® = 1, so we have H = ), fKi u,
where u denotes the Biot—Savart velocity 1-form. By substituting this line integral
into (2.5), we have

(eiZi f)ci U)eiH — f(ei fﬁ)ci u~dl)7 (27)

function of e only (in terms of the field line helicity). In the present approach,
the path-ordering integral formalism can be dropped (not being necessary for an
Abelian theory), so that we can proceed with the derivation of the knot polynomials
from the field line functional ef.

2340024-7
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3. Physical Heuristics for Deriving the Jones and HOMFLYPT
Polynomials from Helicity

Here we present a concise review of the work done by Liu and Ricca in 2012 and 2015
to derive and apply Jones and HOMFLYPT knot polynomials of classical knot the-
ory to topological fluid mechanics. A knot polynomial is an invariant Q = Q(K; &;)
which assigns to each knot or link K a Laurent polynomial in one or more vari-
ables & (i = 1,2,...) with integer coefficients. Since the field line helicity (2.6) and
the knot polynomial are invariants under an ideal flow map ¢, any diffeomorphic
deformation of K leaves H and @ invariant. For vortex knots, the polynomial vari-
ables &; play the role of gauge scalar quantities, so that the invariance of ) requires
the vanishing covariant derivative (and parallel transport) of §; under ¢, along K
and in time. In the present context, a gauge covariant derivative is a Lagrangian
derivative, so that for each u we must have (see [9], Eqs. (3:18)—(3.19) replacing A
with )

dep(&:)
ds

where s is some parameter along the knot centerline, and Vix = dx/ds = t is the
unit tangent to K. Thus, under appropriate re-scaling direct integration of (3:I)
from some initial to some final state gives p1 = g (&;), with

g = efewitds —ofeuwdl ;1 9 ). (3.2)

=(u-Vsx)p(&) = (u-t)p&) (i=1,2,...), (3.1)

A fluid knot K has orientation inherited by the constituent field lines. Denoting
by O the oriented unknot, and by X, > and ) the overcrossing, undercrossing and
smoothing of the distinguished crossing site in the knot diagram D, we have [14].

Definition 3.1. The Jones polynomial V(K) = V(K;t) of the oriented knot K in
the single parameter ¢ is defined by

M) v(O)=1. (3.3)
(i) : V) -wv(X) =@ - v ()() . (3.4)

Direct application of the skein relation above gives the Jones polynomial of
knots and links [15]. Using ([B.2) above, we can prove the following result:

Theorem 3.2 ([19]). Let H = H(K) be the helicity of a physical, framed knot K.
Then

) — ofic wdl (3.5)

appropriately re-scaled, satisfies (with a plausible statistical hypothesis) the skein
relation of the Jones polynomial V =V (K).

For details of the proof, see [19][30]. The derivation is outlined in Fig.[6] where
we make two assumptions; (i) since vortex knots are naturally led to interact and

2340024-8
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(i) Add'n/sub'n of local

imaginary paths \
’ Evaluation of . . . .
truct pol 1 d tat Skein relation of
construct polynomia Kauffman bracket | SRd0W orientation :
— polynomial Jones polynomial
(ii) Ergodic statistical

hypothesis

Fig. 6. Scheme of the proof of Theorem[3:2]according to [19].

N = XA =-bef-)X0et-NeCO

Fig. 7. (Color online) Crossing state decomposition by addition and subtraction of “imaginary
paths” (blue online); note the interpretation of the crossing state in terms of the closed curl.

reconnect locally, in analogy with the theory of particle interactions we assume
that reconnection events can be described by a virtual operation of addition and
subtraction of vortex strands (interpreted mathematically as “imaginary paths”),
according to the scheme of Fig.[7] Hence, each unoriented crossing state admits the
following hypothetical decomposition:

A = (eCo+ XeQO, (3.6)
X = )00+ X a0 (3.7)

One then proceeds to encode the decompositions above into the evaluation of the
Kauffman bracket polynomial for unoriented knots [15], i.e.

(K)=c0O+"(X), (3.8)

where ¢ (the bracket variable) is also a &-variable obeying Eq. (3:2). (ii) We also
assume (statistical hypothesis) that the two decompositions above have equal prob-
ability to occur (cf. [10} Wick’s Theorem, p. 158]), noting that the subsequent strand
orientation breaks the 90° rotational symmetry of these decompositions, thus en-
tailing an ergodic assumption.

For physical applications, we can relate the Jones single variable ¢ with the
helicity H(K); considering vortex knots as zero-framed knots, writhe and twist are
interlocked by the zero helicity condition (as for vortex defects in condensed matter
physics) Sl = Wr 4+ Tw = 0. By identifying (say) writhe with the ¢ variable, we
can take, for example

12 = oH = W, (3.9)

where A\, € [0, 1] represents the uncertainty associated with the directional writhe.
From direct measurements, or estimates, of the average writhe (Wr) we can then

2340024-9
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associate a numerical value to the topology of fluid knots, given by the adapted
Jones polynomial.

Following a similar strategy, we can extend this approach to derive from the
helicity H(K) the 2-variable HOMFLYPT polynomial P(K) = P(K;a,z) in the
parameters a and z [28]. We have
Theorem 3.3 ([20]). Let H = H(K) be the helicity of a physical knot K. Then

O (3.10)
appropriately re-scaled, satisfies (with a plausible statistical hypothesis) the skein
relation of the HOMFLYPT polynomial P = P(K).

The derivation in this case is more elaborate. Since HOMFLYPT is a two-variable
polynomial, it cannot be derived directly from the one-variable bracket evaluation,
and it is here that the two distinct paths, denoted by Steps 1 and 2 in Fig. [§] come
into play. In this heuristic, we first observe that the regular isotopy version of the
HOMFLYPT polynomial is determined by the following equations:

(Q): R(O)=1, (3.11)
Gi): r(P)=ar(t). rO)=aR(}). (3.12)
(iii) :  ROK) = R(X) ==R(() . (3.13)

A
where [ denotes the Reidemeister twist move. By applying (3.13) to Egs. (3.12)),
we have

R(b)—R(b)=aR(T)—a’lR(T):zR(TO), (3.14)

(i) Add'n/sub'n of local . Jones polynomial
cdoxoliind % ;
i oA . Evaluation of ; : _ convert regular isotopy
usentyaishla Kauffman bracket | endow arientation - to ambient isotopy
to take account of
(ii) Ergodic statistical / writhe contribution
hypothesis
Use of Eq. (3.14) of the R polynomial to
Step 1 Take account of writhe helicity in terms of the = variable take account of the writhe contribution

. Use of Eq. (3.13) of ‘ o=t
(iii) Twist insertion use of variable a the R polynomial to I HOMFLYPT polynomial

by Dehn surgery take account of the
twist contribution

Step 3: Convert regular isotopy to

Step 2 Take account of twist helicity in terms of the a variable e i

Fig. 8. Scheme of the proof of Theorem[3:3] according to .
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that is
R(tO)=6r(1), (3.15)
where § = (a — a~1)/z. By extending this equation to the knot diagram D, we get
R(DO)=6R(D), (3.16)

which can be considered a supplementary rule for the derivation of the knot poly-
nomial. The regular isotopy version of the HOMFLYPT with variables z and a
specializes to a regular isotopy version of the Jones polynomial when z = a — a™!.
We make the physical heuristic that the variables @ and z are independent of one
another. Then these relations become relations for the HOMFLYPT polynomial,
and this second stage is accomplished. For further details on these constructions,
see [20].

The physical interpretation of the two variables is accomplished by taking z =
k—k~1 so that

k=e2Wr g =eMTw, (3.17)

where A, € [0, 1] represents the uncertainty associated with twist; note that A, and
A are also totally independent from one another. Since reduction to Jones implies

ak? =1, from (3.17) we have
A Tw = =22\ ,Wr) = =4\ ,Wr, (3.18)

that gives a relation between writhe and twist, i.e. Wr = —(A;/4A,)Tw. As we
did for the Jones polynomial, the adapted HOMFLYPT can now be computed by
the numerical values obtained from (Wr) and (T'w), so that we can quantify the
topology of physical knots and links by numerical values. For example, if we take
the average values (\,) = (Wr) = 1/2, and (\;) = (T'w) = 1/2, we obtain

z=el/2 —eV2x1.04, a=eV*x1.28. (3.19)

The table of Fig.[9lshows the computation of the adapted HOMFLYPT polynomial
for the numerical values of @ and z given by (3.19)). A similar table for the adapted
Jones polynomial [31] can evidently be obtained from the condition ak? = 1.

3.1. A test case: Cascade of torus knots and links by adapted
HOMFLYPT values

Work done on vortex knot dynamics |16, [17] [38] shows that the evolution of torus
knots is governed by a generic process of topological simplification, that gradually
converts complex knots to simpler knots and unknots of ever decreasing smaller
scales, towards final dissipation. The change of topology, due to a sequence of
orientation-preserving reconnections induced by the local physics, generates a time-
dependent pattern that can be exemplified by the topological cascade of torus
knots and links {7'(2,n)} (n € N) shown in Fig.[I0] Since the torus knots and links

2340024-11
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Knot/link type HOMFLYPT polynomial Value
Single unknot 1 1

N > 2 unknots Nt =[la—a"t)/ )N ! 0.48N—1
Positive Hopf link a 'z + (a’l - a’3) z7! 1.10
Negative Hopf link —az— (a—a®) 27! —0.54
Left-handed trefoil knot 2a% +a?2% — a* 2.36
Right-handed trefoil knot 2072+ a2 —a* 1.51
Figure-of-8 knot a2 —-1-22+a? 0.17
Withehead link —a 27t —a e taz 4+ 202 4+ a2® — a3z 1.59
Withehead link (mirror image) | az ! +az—a 27! =207 12 —a 123 +a 32 —0.20
Borromean rings a 2272 —a7222 40?272 —a?2% — 2272 4 222 4 24 1.0

Fig. 9. HOMFLYPT polynomials and numerical values for some elementary oriented knots and
links obtained by taking a = 1.28 and z = 1.04.

family admits representation in closed braid form, assuming reduction of topological
complexity by a single reconnection event, we can apply the HOMFLYPT skein
relation in a recursive way to get the following result.

Theorem 3.4 ([20]). Let us consider the family {T'(2,n)} of torus knots and links.
The HOMFLYPT polynomial of T(2,n) is given by

n—2 _ (_1.\—(n—2)
prem) - | Mo e | Pre.s)

k3 _ (L —(n—3)
[

an—3(k + k1) ] P(T(2,2)), (3.20)

where
P(T(2,3)=2a"2+a222—a™*, PT(2,2)=a'2+ @ ! —a?)2z"1.
(3.21)

For details of the proof, see [31]. By relying on the information available
from experiments, and applying the theory presented in the former section, we can
compute the adapted HOMFLYPT polynomial P(T ( n)) to quantify the sequence
of fluid knots {T'(2,n)}. Using the values given by (with k = e'/2 ~ 1.65) w

--0-&QO-S

T(2,6) T(2,5) T(2,4) T(2,3) T(22) T(21) T(2,0)

Fig. 10. Time sequence of topological transitions of torus knots and links by a single reconnection
event, starting from the knot T(2, 6).

2340024-12



J. Knot Theory Ramifications Downloaded from www.worldscientific.com
by Xin Liu on 09/18/23. Re-use and distribution is strictly not permitted, except for Open Access articles.

A new framework for the Jones polynomials of fluid knots

HOMFLYPT value
@

I

o

o] @

a

: © g
S T =7 & .
2:':% i @ CQS @ @ %

T _T o -
048 ©
T(2.10) T(2.9) T(2.8) T(2,7) T(2,6) T(2,5) T(2,4) T(2,3) T(2,2) T(2,1) T(2,0)

Torus knots and links

Fig. 11. HOMFLYPT values computed for the family of torus knots/links {T'(2,n)}, n =
0,1,2,...,10.

obtain the results shown in Fig.[T1] As we see, the numerical values form a mono-
tonic decreasing sequence that is consistent with the observed topological cascade
and the associated energy decay. Note that the same monotonic behavior is ob-
tained by other (appropriate) different choice of numerical values, a fact rooted
in the decreasing complexity of the original knot polynomials. A physical justifi-
cation is given by considering the small, but non-zero reduction of the physical
knot length due to the reconnection process, that produces the topological change.
Since the kinetic energy of thin knots is proportional to the knot length, progressive
shortening of the knot through topological simplification is often accompanied by
a corresponding energy decrease. This correspondence is intriguing, and motivates
the new approach to topological dynamics that is presented in the following section.

4. Jones Polynomials in Knot Polynomial Space

The adapted Jones polynomial introduced in Sec.[3] can be employed by defining
a knot polynomial space to compute the untying pathways (seen as geodesics on
this space) associated with the topological simplification of physical knots. For
simplicity, let us confine the discussion to the subset of prime knots with cpin < 9;
for these knots the Jones polynomial has positive exponents of highest degree n,
and it is in one-to-one correspondence with the given knot type. A knot polynomial
space can thus be defined by a discrete set of points that represent the knot types
considered through their Jones polynomials. We have .

Definition 4.1. The knot polynomial space V;! is an n-dimensional, discrete, Eu-
clidean space endowed by an Euclidean metric, whose isolated points (singletons)
are the adapted Jones polynomial V(K) up to the degree n.
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V(K)

Fig. 12. A pictorial representation of the knot polynomial space Vit , where each singleton (black
dot) is represented by the knot given by its Jones polynomial. Height is given by the adapted
Jones polynomial value according to e*« € [1,e].

In order to compute the geodesics, we must endow V& with a metric; since
singletons are knot polynomials we can use orthogonal polynomials to construct
a suitable metric. The Legendre polynomials {P,(z)} of degree n, with weight
function unity and inner product defined over the finite interval [—1, 1], prove to
be suitable to this end. These are given by

Po(a) =1, P(z)=z, Pix)= %(3@«2 “1), Pyfa) = %(5@«3 S8,

with orthogonality condition given by

2

1
P, Pp) = P, Py, =5 19%m-
(PoPu) = [ Pufe)Pulale = 525

The unit-norm Legendre polynomial is thus defined by

Lo(z) = 4/ 2”; Lp (@), (4.2)

(Ly, L) = / L (2) Lyn(2)dz = 8. (4.3)

-1

so that (4.1) becomes

This endows V;I with Euclidean metric. The following result can be proved [18].

Theorem 4.2. A polynomial V,,(x) of degree n can be expanded into the first n—+1
Legendre polynomials Lo(x), L1(x), ..., Ly(x) that provide a complete basis for the
knot polynomial space V.

For physical applications (and for the sake of example) consider now the adapted
Jones polynomial with t1/2 = e2*«W7" (Wr) = 1/2,and \,, € [0,1]. Taking = = t'/2,
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Ao € [1,e]. In order to use (43), we must rescale the interval [1,e]

into [—1, 1] by the new variable z’

we have ¢ = e

;2 1+e
St e 4
so that
e ) 1 , ,
/1 |V (z)]dz = o [1 fIV(z")]da'. (4.5)

Given the metric (4.3), we can now compute the coordinates of the knot K by iden-
tifying its adapted Jones polynomial V' (K) of degree n with the rescaled Legendre
polynomial V,,(2'); we thus have

V(K) = Vic(z') = coLo(z') + c1 L1(2") + -+ + cnLn ('), (4.6)

where the coordinates of IC are given by

1
¢ = / Vic(z")L;(2")dz" (i =0,...,n). (4.7)
-1
The geodesic distance between the knots IC; and K; can thus be defined as
follows:
1/2

1
1) = V06 - V)l = | 25 [ @) - Ve Par| L )

e—1/_;

Let us identify the origin with the unknot O, so that Vo = 1 is the singleton value
at the origin. The geodesic distance d(K) of the knot K from the unknot O is thus
given by

1/2

) =1 -1 = [ 25 [ i) - 1pa] (19)

4.1. Topological cascade by optimal pathways as geodesic flows in
knot polynomial space

The theory presented above can be applied to the case studied in [39]. For this we
consider the various unlinking pathways that bring the torus knot T'(2,6) to the
unknot O (denoted by T'(2,1)) by successive, single, orientation-preserving recon-
nections that untie the initial knot in a stepwise manner, assuming that the process
is governed by a continuous reduction of topological complexity. As shown by the
diagrams of Fig.[T3]we identify 11 knots/links and 17 different routes. By using the
theory above we want to compute the probability associated with each unlinking
pathway II;, (i = 1,...,17), and compare the results with those in [39], obtained by
different methods. The coordinates of the 11 knots/links of the diagrams are com-
puted using Eq. (£7) (see [22] Table 1]); the 17 routes of the diagrams of Fig. [13]
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T(26)

Route | =+
Route 2

Route 3
Route 4 -

Roate §

Route 10 s Route 14—+

Route 1] s Route 15 s

N \
A
Route 16 . o Sy
O s ran O

Fig. 13. (Color online) Diagrammatic representation of the 17 unlinking routes (different col-
ors online) bringing the knot T'(2,6) to the unknot T'(2,1) by a sequence of single, orientation-
preserving reconnections that simplify topological complexity in a stepwise manner (from [22]).

Route 12 =

Route 13 s

denote the 17 unlinking pathways, given by
II; : T(2,6) > T(2,5) > T(2,4) - T(2,3) = T(2,2) > T(2,1),
II,: T(2,6) > T(2,5) =D —T(2,2) > T(2,1),
113 :
For each pathway II; , we compute the total length d; given by the algebraic sum of

the intermediate distances between knot types along II;; for example, for the path
II; we have

dy = d(T(27 6)3 T(2a 5)) + d(T(27 5)3 T(2a 4)) Rl d(T(2a 2)7 T(27 1))

If we interpret the shortest path as the optimal route towards the unknot, path-
way lengths can be related to the probability of occurrence by some simple def-
initions. For this let us define the 0-path by Iy : T(2,6) — T'(2,1), of length
do = oi(T(Q7 6),7T(2, 1)); the deviation of route II; from the 0-path Il is given by

i —dy

ag; do (410)
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The probability associated with the occurrence of the pathway II; is thus de-
fined by

ot

— 3
i Zil Ui_l, (4.11)
which obviously satisfies the condition ZZILI pi = 1. A direct computation for the
pathway II; shows that it has the smallest deviation o; = 2.68 x 10~%, and the
largest probability to occur p; = 97.62%. It is interesting to note that the route
IT; coincides with the sequence pictorially represented by Fig. The monotonic
decreasing sequence of the HOMFLYPT values is also consistent with the present
computation based on the use of the adapted Jones polynomial. Route II;7 has
the largest deviation 017 = 9.34 x 10~!, and the smallest probability to occur
p17 = 2.80%. Direct comparison of probability values obtained by [39] and by the
method presented here (see Fig. [[4) shows very good agreement, and provides a
convincing proof of the validity of the theory outlined above.
From (4.9) we can introduce a new definition of topological complexity of a knot
K; based on the distance d(K;) [22].

Definition 4.3. The degree x of topological complexity of a knot/link K is
defined by

X(K) = In(1 4 d(K)). (4.12)
3% 5%
4% 13% 9’
.I I .r%
2.6) N 31431 ’1\
» '38%
T02%
9
T(2,5) "-e.,/a D
’2,,%
T(2,4)
c
N5
%L <
9’\]0
T(2,1)

Fig. 14. Diagrammatic representation of the unlinking pathways bringing the knot 7'(2, 6) to the
unknot 7'(2, 1). In black probability values associated with the topological transitions computed by
the methods used by Stolz et al. [39]; in red probability values obtained by Eq. (11) (from [22]).
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Fig. 15. (Color online) Complexity degree x plotted against the 11 knots of the diagram of
Fig. [T4] listed according to the position #x tabulated according to their increasing ropelength.
The dashed line (blue) is the best-fit curve given by Eq. (£13). The knots/links with the same
topological crossing number are grouped together in the highlighted regions.

Let us plot the values of x = x(#x) against the 11 knots considered above (see
Fig. [I5), where #x is the position of the knot according to the increasing value
of its ropelength [2[7]. Knots/links with the same topological crossing number are
grouped together in the highlighted regions. By interpolating these values with a
best-fit curve, we find

X(K) = 6.3In#x — 0.13. (4.13)

The logarithmic behavior of the curve given by is in good agreement with the
logarithmic behavior of the ground state energy spectra of magnetic tight knots and
links found by Ricca and Maggioni [32]. This is not surprising if we think that knot
complexity, which grows with crossing number, is related to the minimum number
of overpasses. Since knotted flux tubes are characterized by some physical thickness
(say ¢), each overpass length is at least 7 long. Since the energy of fluid knots is
essentially proportional to the knot length, each reduction of crossing number must
be accompanied by some small, but non-zero reduction of energy, due to a length
decrease of (at least) md. The minimum number of overpasses is therefore associated
with some knot energy of strict topological nature. The minimum reconnection
number N,. = ¢pin — 1 can thus be taken as a measure of the knot energy that either
defines the ground state of a magnetic tight knot, or that can be absorbed by the
dynamical untying of a fluid knot.

5. Conclusions

Kelvin’s [40] vortex atom theory can be regarded as the first, true topological
field theory (ante litteram), but real progress in topological fluid mechanics took
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place only after the discovery of the conservation of helicity by Moreau in 1961, its
topological interpretation in terms of linking numbers by Moffatt in 1968, and its
application to vortex and magnetic fields that followed. In the quantum world, a
similar progress was done in an extremely short period of time due to the revolu-
tionary work of Witten in 1989, with the birth of topological quantum field theory.
The discovery of the Jones [14] polynomials, and their interpretation in connection
with the CS theory was essential for this progress. This proved useful for classical
field theory as well. In analogy with the Wilson loops of CS theory, fluid knots
of ideal fluid mechanics become the observables in an Abelian U(1) theory, from
which the Jones polynomials can be derived. With our work (done during the years
2012-2016) we have not only derived these polynomials from fluid helicity (vortex
or magnetic), but by exploiting the fact that in classical field theory observables are
measurable quantities (to any degree of accuracy!) we have also shown that (appro-
priately rescaled) the knot polynomials can be profitably used to assign numerical
values to the topological complexity of knotted fields. This realization has gradually
led people to look for the formation of knots [16][23], and very complex ones have
been discovered in superfluid turbulence [8], where vorticity is entirely localized on
vortex lines. Since during evolution vortex knots reconnect undergoing by going
through a topological simplification towards fully developed turbulence [17][45],
the intriguing question is to establish a relation between topological simplification
and energy cascade. The new framework based on the knot polynomial space [22],
where the untying pathways admit interpretation as geodesics on this space, seems
a promising and powerful tool for this search. The results obtained so far by ex-
ploiting knot polynomial information are quite promising, suggesting that there is
scope for further work in this direction.
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