STATISTICS OF LINEAR FAMILIES OF SMOOTH FUNCTIONS ON KNOTS

LIVIU I. NICOLAESCU

ABSTRACT. Given a knot K in an Euclidean space R", and a finite dimensional subspace V' C
C>™(K), we express the expected number of critical points of a random function in Vin terms of
an integral-geometric invariant of K and V. When V consists of the restrictions to K of homogeneous
polynomials of degree £ on R", this invariant takes the form of total curvature of a certain immersion
of K. In particular, when K is the unit circle in R? centered at the origin, then the expected number of
critical points of the restriction to K of a random homogeneous polynomial of degree ¢ is 21/3¢ — 2,
and the expected number of critical points on K of a random trigonometric polynomial of degree k is
approximately 1.549k.

To the memory of Vladimir Igorevich Arnold
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INTRODUCTION

A celebrated result of Fary and Milnor [2, 5] states that the expected number of critical points
of the restriction to a knot K < R3 of a random linear map h : R® — R is equal to an integral-
geometric invariant of the knot, namely, its (suitably normalized) total curvature. It is natural to
ask how this result changes if, instead of random linear maps, we look at random homogeneous
polynomials P : R® — R of a given degree /. It is convenient to investigate an even more general
situation.

Suppose that U is an oriented real Euclidean space of dimension n and K — U is a knot in U,
i.e., an smoothly embedded S'. We assume that 0 ¢ K. For any positive integer ¢ we denote by
Qy(U) the space of symmetric ¢-linear forms on U. Each such form defines a polynomial function

Py :U — R, Pp(u)=d(u,...,u).
L

We denote by fg the restriction of Py to the knot K. We will refer to such functions as polynomial
Sfunctions on K of degree {. For random @, the function fg is Morse, and we denote by ,uﬁ((fb) its
number of critical points. We can regard pi5(®) as a random variable and ask how is its expectation
related to the global geometry of K.
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To describe this relationship, denote by 8 the unit sphere in Q,(U) with respect to the natural
metric (—, —), induced by the Euclidean metric on U. The expected number of critical points of fg
is the real number Mﬁ( defined by

e = s | (@) as(@).

In Theorem 2.1 we express u% as an integral geometric invariant of K. This invariant is described in
terms of the Veronese map V; : U — Q,(U) uniquely determined by the equality

P Vi(u)),=®(u,...,u), VuelU, &€ Q)U).

(®,Ve(u)), = o ) «(U)
l

The restriction of the Veronese map to K produces an immersion

Ve K — Qu(U)

that we called the ¢-th Veronese immersion of K. In Theorem 2.1 we show that ,u% is the total
curvature of the /-th Veronese immersion, i.e., the length of its image via the Gauss map. The case
£ =1 of this theorem is the celebrated result of Fary and Milnor [2, 5].

As an application we compute ,ué(, when K is the unit circle in R? centered at the origin. More
precisely, we show that in this case uﬁ( = 24/3¢ — 2. In other words, the expected number of critical
points of a polynomial function on K of degree ¢ is 2v/3¢ — 2.

We obtain Theorem 2.1 as a special case of Theorem 1.1 that describes the expected number of
critical points of a random function belonging to a fixed finite dimensional subspace V' C C*°(K)
satisfying a nondegeneracy condition (1.1).

Theorem 1.1 has another interesting consequence. More precisely, in Theorem 4.1 we show that
the expected number of critical points on the unit circle of a random trigonometric polynomial of
degree n is

3ﬂ5(n + 1)

5,63(71 + 1)7

where ;. denotes the k-th Bernoulli polynomial. In particular

3
Tn~2n\/; asn — oo.

#» Notations. We will denote by o, the “area” of the round n-dimensional sphere S™ of radius 1, and
by w,, the “volume” of the unit ball in R™. These quantities are uniquely determined by the equalities
(see [7, Ex. 9.1.11])

T, =2

r{1/2)"

Op—1 = NWnp,
where I is Euler’s Gamma function.

1. AN ABSTRACT RESULT

Let U and V be areal, oriented Euclidean space of dimension n. We denote by (—, — )¢ the inner
product in U and by S(U) the unit sphere in U. Suppose that K — U is a smooth knot in U, i.e.,
the image of a smooth embedding S* < U. Fix an arclength parametrization of K

s—xz(s), 0<s<L,

where L denotes the length of K.
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Assume that we are given a finite dimensional subspace V' C C*°(U) of dimension N satisfying
the nondegeneracy condition

Vs €[0,L], v eV : dygv(x'(s)) #0, (1.1)

where dgv denotes the differential of the function v at . We fix an Euclidean inner product (—, —)v
on V and we denote by S(V') the unit sphere in V' centered at the origin.

As explained in [7, §1.2], the condition (1.1) implies that for generic v € V/, the restriction of the
function v to K is a Morse function. We denote by px (v) its number of critical points. Note that for
any nonzero scalar ¢ € R the restriction of tv to K is Morse if and only if the restriction of v to K
is such. Thus, it suffices to concentrate on functions v € S(V'). The main goal of this section is the
computation of the expected number of critical points of a random function in S(V'), i.e., the quantity

v 1 ) |dS() = —— 1 v) |dS(v
g = area (S(V)) /s(v) ux () |d5(0)| on-1(S(V)) /S(V)MK( astol

where |dS| is the “area” density on S(V).

To describe the result we need to introduce the main characters. Set V'V := Hom(V,R) and
observe that we have a smooth map £ : K — V'V that associates to each point z(s) € K the linear
map

£:V =R, v dygv(x'(s)) €R. (1.2)
Using the metric induced isomorphism V'V — V we obtain a dual map
d.K-vV. (1.3)

The nondegeneracy condition (1.1) implies that 5l = 0, Vs. We can thus define a smooth map

Vi K — S(V), vls)i= ’;”gg.

Theorem 1.1. Let U, K and V' be as above then
1

1 /
N1 /S(V) i (v) [dS(v)| = 7T/K I (s)||ds|.

n =

Proof. Set
By :={(z,v) e KxS(V); v(z)Lv}.
Note that F,, can be alternatively defined as the zero set of the function
F:KxS(V)—=R, Fle,v)=(v(z),v)v,

and the differential of F' is nonzero along the level set { " = 0}. This shows that E,, is a smooth
submanifold of K x S(V') and

dimFE, =dimS(V)=N — 1.

We denote by g the metric on E,, induced by the natural metric of K x S(V'), and by |dVg| the
associated volume density. We have two natural (left and right) smooth maps

K < E, 25 S(V).
The fiber of A over x € K is the Equator
Ey:={veS(V); v.lv(z)},
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while the fibers of p are generically finite. Tautologically, the restriction of A to any fiber of p is
injective. More importantly, for any v € S(V') the subset A(p~!(v)) C K is the set of critical points
of the restriction of v to K. Hence, for generic v € V' we have

px(v) = #p~ (v).

We have thus reduced the problem to computing the average number of points in the fibers of p in
terms of integral-geometric invariants of the map v. We will achieve this in (1.10).
The area formula (see [3, §3.2] or [4, §5.1]) implies that

| #o w)idso)l = [ Jyfa0)lave, o)l (1.4)
S(V) E

where the nonnegative function .J, is the Jacobian of p defind by the equality
pldS| = J, - dV|.

To compute the integral in the right-hand side of (1.4) we need a more explicit description of the
geometry of .

Let (o, vp) € E,. Fix an orthonormal frame ey, ..., en_o of the tangent space of Ez, at vo.
Assume ¢ = x(sg). Then the tangent space of E,, at (g, vo) consists of tangent vectors

52 (50) B0 € Ty K & Ty, S(V), 5 €R,

such that

5V (s0),v0)v + (v(s0),0)y = 0. (1.5)
Define

eo = ' (s0) — (V' (s0), vo) v (s0)-
For simplicity we set

p(®@o, vo) = | ('(s0), v0)v |.
The equality (1.5) implies that the collection
€0,€1,-.-,EN-2

is an orthogonal basis of 1|4, +,)Ev. Moreover, the length of g is

|60‘ =14+ M(.’DU, ’Uo)z.
If we denote by dS,, the area form on E, then we see that at (xg, vg) we have
ds N dSgz(ep,e1,...,en_2) = £1.

Hence at (g, vo) we have

|dVE| = eo| - |ds A dSz| = /1 + p(@o, vo)? |ds A dSz. (1.6)
The differential of p at (xg, vo) is the linear map
Px - T(:Bo,vo)EV — TvOS(V)
given by
eo — (V' (s0),v0)v - v(so), eir—e;, 1<i<N-—2.

We conclude that
N(w07 UO)

Jo(xo, v0) = V1 + (o, vo)?

1.7



STATISTICS OF LINEAR FAMILIES OF SMOOTH FUNCTIONS ON KNOTS 5

Using (1.6), (1.7) and the co-area formula for the map A [6, Prop. 9.1.8] we deduce

[ aaonaveeol= [ ([ m . v)ldSs(o)] ) las(o). (18)

=:J(x)
To proceed further we need the following elementary result.

Lemma 1.2. Suppose W is an (m+1)-dimensional oriented real Euclidean space with inner product
(—,—), and vy € W. Denote by S(W') the unit sphere in W, and by |dS| the “area” density on
S(W). Then

I(ro) = /S [0 @45 = oo

Proof. Fix an orthonormal basis (e, €1, ..., em,) of W and denote by (wy, ..., wy,) the resulting
coordinates. Observe that for any orthogonal transformation 7' : W — W we have I(T'vg) = I(vo)
so that I(7() depends only on the length of vy. Thus, after an orthogonal transformation, we can
assume vy = ceg. We can then write

teeo) = el [ o wlastw) =l [ juldstw)l
Denote by S (W) the hemisphere wy > 0. We have
Heeo) =2kl [ wolas(a)]

The upper hemisphere S, (W) is the graph of the map

=V1—r2 ri=/wi+ - +w? <l

1
= —|dVinl,
wo

Observe that

|Vwy| = and |dS(w)| =

1
Wi |dVin|
where |dV,,,| denotes the Euclidean volume density on the m-dimensional Euclidean space with co-
ordinates (wi, ..., wy,). We deduce

I(ceg) = 2|c\/ |dVin| = 2|c|lwpy,.
r<l1

1—1r2

O

Using Lemma 1.2 in the special case when m + 1 = N — 1, W is the hyperplane containing the
Equator E,, o = x(so) € K, and vy = v/ (sg) we deduce
J(ZL'[)) = I(V’(So)) = 2|u’(50)|wN,2.

From (1.4) we now deduce

ON-1

2
/ 4p\(v)|dS(v)| = ZEN=2 / 1V (3)]\ds. (1.9)
S(V)

Using the equalities
r/2)m

_1=N =
ON-1 WN, Wnm F(1+m/2)
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we deduce
2WN_9 2 I'(1+ N/2) 1

on_1 NI(1/2)2 T(N/2) =
where at the last step we have use the classical identities
N
I'(1+N/2) = EI‘(N/Z), '(1/2) =+/r.
We have thus proved
1

oN-1J5(V)

#07 (0)ldS(v)| = - / /()] ds]. (1.10)
K

2. POLYNOMIAL MORSE FUNCTIONS ON KNOTS

Let U and K — U as above. We want to apply the results in the previous section to a special
choice of V. Fix a positive integer £. Denote by Q,(U) the space of symmetric ¢-linear forms on U,
or equivalently, the space of homogeneous polynomials on U of degree ¢. This will be our choice of
subspace V' C C°°(U). The nondegeneracy assumption (1.1) translates into the condition 0 ¢ K.
Moreover,

dim Qy(U) = (" *ﬁ 1) .

The Euclidean metric on U induces an inner product (—, —), on Q,(U). Denote by §* the unit sphere
in Qy(U). For any ® € 8§ we obtain a function

fo: K =R, fo(x)=o(x,...,x).
k

The function fg is a Morse function for almost all ® € 8§‘. We denote by jx (®) the number of
critical points of fp. The main goal of this section is to describe the average

- / e (®)[dS(®)

in terms of integral-geometric invariants of . We will achieve this by reducing the problem to the
situation investigated in the previous section.
We begin with a linear algebra digression. The ¢-th Veronese map is the linear map
V=V:U®---0U — Q(U),
| ——
1

uniquely determined by the requirement
<<I>,V(u1, Ce,Up) >e =®(uy,...,up),, Yui,...,ug €U, &€ QyU). 2.1
Note that for any smooth paths
t—ui(t)eU, i=1,...,¢,

we have
£\7(u1, o) =V(wg,u, ., ug) + oo+ V(wg, . we—, Ty),
where a dot indicates ¢-differentiation. For any u € U we set

My :="V(u,...,u).

v
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With these notations we deduce that
fo(x) = (®, Mgy, Ve K, ®cst
We deduce that g = x(s) is a critical point of fg if
(@, My ))e =0,
where a prime ’ indicates s-differentiation. Observe that

;(S) =MV(x'(s),x(s),...,2(s)),

—
Since x(s), ’(s) # 0, Vs we deduce
M;(S) #0, Vs. (2.2)
Define
1 /

. {4 _
VgK—)S, V(S)—m :B(S)

Using (1.10) we deduce
1
e =1 [ wioldsl @3
T JK
To formulate this in a more geometric fashion observe that (2.2) implies that the map

Ksxz—"V(x,...,x) €y 2.4)
———

is an immersion. We will refer to it as the ¢-th Veronese immersion of K. For every s the unit vector
v¢(s) is the unit tangent vector field along this Veronese embedding. The integral in the right-hand
side of (2.3) is then precisely the total curvature of the /-th Veronese immersion of K. We denote it
by 7¢(K'). We have thus proved the following result.

Theorem 2.1. Let K C U be a knot in the Euclidean space U such that 0 & K. Then for any positive
integer £ we have

1

¢

— (K
1207¢ WTZ( )7

where 1¢(K) denotes the total curvature of the (-th Veronese immersion of K defined by (2.4). O

Remark 2.2. (a)The case ¢ = 1 in the above theorem is precisely the celebrated result of Fary and
Milnor, [2, 5].

(b) The arguments in the proof of Theorem 2.1 show something more. More precisely, if X C U
is a compact submanifold of U, then the expected number of critical points of Pgp|x is equal to the
expected number of critical points of the function A o Vy|x, where A : Q; — R is a random linear
function of norm 1. The arguments in Chern and Lashof, [1], show that this number is the total
curvature of the /-th Veronese immersion Vy : X — Q(U). 0
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3. AN APPLICATION

We want to compute the higher total curvatures 7,(K) when K is the unit circle in U = R?
centered at the origin. Denote by K the ¢-th Veronese immersion of K. We begin by providing a
more explicit description of the Veronese map

Vo:U®--- U — Q(U)
N——
¢
For any /-linear form
UV:Ux---xU—-=R
we define its symmetrization (V) € Q,(U) by

1
() (u, - oue) = 5 > W), o),
geS)

where &, denotes the group of permutations of {1,...,¢}. If uy,...,uy € U, we denote by uj the
linear functionals
uj U — R, uj(u) = (u;,u)y-
Then
Vo(uy,...,up) = <uJ{®---®uT>.
Denote by (e1, e2) the canonical orthonormal basis of R? and by (e!, e?) its dual basis. An orthonor-
mal basis of Qg is given by the monomials

1/2 ] ]
o = (j) <(el)®] ® (e2)®¢9) > 0<j<t.

For any € U we have

where
NV,
Vi(z) = (Ve(x), @j)e = Pj(x, ..., x) = (]) a7
The map V, has an important invariance property. Observe that we have a linear right action of
SO(U) on Qg
Q(U) x SOU) > (?,R) — Trd € Qu(U),
where Tr : Qu(U) — Qy(U) is the isometry defined by
(TR@)(’U&, s 7uf) = q)(Rub s ,RUg),
forall ® € Oy and uy, ..., up € U. The equality (2.1) implies that for any w1, ..., uy, € U we have
Ve(Ruq, ..., Ruy) :‘J’E(Vg(ul,...,ug)), 3.1

where ’J’E : Qy(U) — Qy(U) denotes the adjoint of Tg.
Consider the standard parametrization 6 — a(6) = (cos 6, sin 6) of the unit circle in U. The ¢-th
Veronese immersion of the unit circle is given by the map

Vi[0,21] 30 — (Vo(6),...,Ve(0)) € RA?

N\ /2 ‘ '
> (cos 0) (sin§)7), 0<j <.
J

v = (
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We have
V'(0) = V(x'(0),(0),...,2(0)),, ="(0)=—=(0).
and
V"(0) = V(x"(0),x(0),...,2(0)) + (L —1)Ve(Z'(0),2'(0),z(0),...,z(0)).
If we denote by Ry the counterclockwise rotation of R? of angle 6, then
x(0) = Ryx(0), x'(0) = Ryx'(0).

Using (3.1) we deduce that

V/(0) =T, V'(0), V"(0)=Th V"(0).
In particular, since the map ‘J’E : Qp(U) — Qp(U) is an isometry we deduce

V()] = [V(0)], V" ()] = [V"(0)], Ve.

Observe that for 0 < j < £ we have

1/2 ‘ ‘ | |
i) = () (~i(eost)0(sing) I 4 (¢ (eost) T Dising) i) )
J

1/2 ‘ 4
= (6) (cos 0)V ) (sin )1 (—jsin®0+ (£ — j)cos® )

1/2 ' '
= ( ) (cos )V~ (sin 9) ¢~ (=7 + Lcos®0).
J
Next we observe that
V/(0) = —l(cos0) " sin®, V{(h) = £(sinf) ! cosb.
This shows that for # = 0 only the component V;_,(0) is non trivial and it is equal to (/2. This
proves that
V(o)) = /2
Thus,
v(0) = 2V(0), 0/ (0) = 2V (9).
Next we compute [V"(0)[. If £ — j — 1 > 2, i.e., j < £ — 3 we have V/"(0) = 0.

N\ L2
wunz—avvam=o,wb=2<> |

2
Hence
d—QV(G) 2 =014 O sez_oo V()] =302
d6? 2 ‘
Thus
(k)= - /% & o) d6 = 2372
K A a2’ - '

We have thus proved the following result.

Theorem 3.1. If K is the unit circle in R? centered at the origin, then
pee = 2V30—2, V> 1. O
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Remark 3.2. (a) The case ¢ = 1 of the above theorem is obvious. For the case ¢ = 2, i.e., the equality
/ﬁ{ = 4, we can give two alternate proofs. For the first proof we observe that

Va(cos 0, sin6) = (26),y(0), 2(9) ) (sin® §, v2sin  cos 0, cos? ).

Observe that the image of the 2nd Veronese immersion is the intersection of the sphere 2 442+ 2% =
1 with the plane x 4+ z = 1 which is a circle of radius % Moreover, the Veronese immersion double

covers this circle. These facts imply easily that u%( =4.
For the second proof we observe that the typical pencil of plane conics

Cy = {ax? + 2bxy + 2y* =t}

has four points of tangency with the unit circle.

0.97
O.B"
0.7
0.67
0.5
0.4
0.3
021
o/ N |
0- T = 14600

AR EEERy R na sy s e s R
~150-100 -50 0 50 100 150

FIGURE 1. The second Veronese embedding of the circle of radius 1 with center (120, 0).

(b) The invariant ,u% is invariant under rotations, but not under translations. For example if K is
the circle of radius 1 in the plane centered at the point (3,0). Then the second Veronese immersion
of K is given by

[0,27] 5 ¢t ((3 4 cost)?, V2(3 + cost)sint,sin®t ) € R®.

MAPLE aided computation shows that its pointwise curvature is

108 (cos (t))® — 54 (cos (t))* — 360 cos (t) — 238
k(t) = | — 5 = ,
-2 (9 (cos (t))” — 19 — 6 cos (t))

while its total curvature is
P~ 2.065 < 2v/3-2 -2 =4.

Numerical experimentation suggest that if K (d) is the circle of radius 1 centered at the point (d,0)
then

lim ) = 2-

Jm pic
In view of Fenchel theorem, this would indicate that for d large the second Veronese embedding of
K (d) is very close to a planar convex curve. The MAPLE generated Figure | seems to confirm this,
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since the second Veronese immersion is contained in a box of dimensions 1 X a x b, where a > 300
and b > 400. O

4. CRITICAL POINTS OF TRIGONOMETRIC POLYNOMIALS

As another application of Theorem 1.1, we want to compute the expected number of critical points
on the unit circle of a trigonometric polynomial of degree < n.

Let K denote the unit circle in R? centered at the origin and denote by V/,, the vector space of
trigonometric polynomials of degree < n on K, i.e., functions f : K — R of the form

n
f(0) =aog+ Z(ak cos kf + by sinkd ),
k=1
equipped with the inner product
1 2

f(0)g(8)do.

Thus

—

n
ag + Z(ak cos k6 + by sink:@)
k=1
We obtain an orthonormal basis of V',

eo=1, ep=V2coskb, fk:\@sinkﬁ, k=1,...,n

n
= *Zak‘i‘bQ
k=1

\V)

\4

The function
K-V, [0,21] 25— ¢
defined by (1.2) +(1.3) is given in this case by the map

s €l = ka (sinks)ex + (cosks)fy ).

Observe that
P =2) K
k=1
We set
1 n 71/2 n
v(s):= @EZ = (Z k2> Z k(—(sinks)ey, + (cosks)f}, ).
s k=1
Then
n _1/2 n
V(s) = <Z k2> Z k*((cosks)ey — (sinks) fy, ),
k=1 k=1
so that
n _1/2 n 1/2
k=1 k=1

Using the classical identity

> K= ),
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where [y is the ¢-th Bernoulli polynomial we deduce

, o 3ﬁ5(n+1)
v (S)‘_VW7 4.1)

1 1
Bs(x) = x® — %xQ + 53&, Bs(x) = x® — g:c4 + §x3 — 63}

The equality (4.1) and Theorem 1.1 imply the following result.

where

Theorem 4.1. The expected number of critical points on the unit circle of a trigonometric polynomial
of degree < n is

5s(n+1) T\ Xh_ K

3
Tn~2n\/; asmn — oo. O

Remark 4.2. The above theorem indicates that for large k, a trigonometric polynomial of degree k is

Tnzz\/355(n+l) [Tk

In particular

expected to have approximately 2\/§ k ~ 1.549k critical points. In particular, it will likely have less
that 2k critical points on the unit circle.

)] A /\
0 ‘ : : ‘ ‘ ‘
| 1 2 3 4 5 6
s
]

FIGURE 2. A “random” trigonometric polynomial of degree 4.
In the MAPLE generated Figure 2 we depicted the graph of a “random” trigonometric polynomial
of degree 4
1.2cost 4 2.35sint — 3.17cos 2t 4+ 2.71sin 2t + 1.53 cos 3t — 4.17sin 3¢

+ cos4t — 1.15sin 4t.

We notice that it has 6 critical points, which is very close to the expected value T ~ 6.87. O
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