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1. Introduction

Let M be a compact, n-dimensional Riemannian manifold. Let £ — M be a
smooth, rank k, real vector bundle, such that the fibers E, are equipped with a
smoothly varying inner product. Let L : C*°(M,E) — C*(M, E) be a strongly
elliptic, self adjoint differential operator. We assume L has order 2 and is positive
semi-definite (though other assumptions can be used). An example would be L =
—A, where A is the Hodge Laplacian on /-forms, E, = A‘T}, and k = (2) We
will want to restrict attention to cases where k < n, which would require ¢ €

{0,1,n — 1,n}.
The space L?(M, E) has an orthonormal basis {f; : j > 0}, consisting of eigen-
functions of L:

We take a function ¢ : [0,00) — R, assumed to be rapidly decreasing at infinity,
and form the following random field:

(1.2) Fu(x) = o) Xp(w) fr(2),

k>0

where { X} } are independent, identically distributed Gaussian random variables, on
some auxiliary probability space (€2, 1), with mean 0 and variance 1. Note that we
can take

(1.3) IFull e ary = D (14 X0 0(Ae)?| X (w) ],
k>0
1
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hence
(1.4) E(I1F 3 an) ) = D1+ A0 0(A)? < 00, Vs €R,
k>0
so w-a.e. F, isin C*(M, E).
Our goal is to study the set
(1.5) Z(F,)={z€ M : F,(z) = 0}.

We claim that, for a.e. w € Q (and suitable ¢), this has Hausdorff dimension n — k,
and we seek a formula for the expectation of its (n — k)-dimensional Hausdorff
measure. Once in possession of such a formula, we take a one parameter family of
functions ¢, and consider asymptotics in 7.

One key ingredient in our calculation will be the identity

(1.6) Y v (@) @ file) = Ky(z,y),

k>0

where K (x,y) is the integral kernel of the operator ¢)(v/'L), i.e.,

(1.7 o(VDygla) = [ Kol n)gly) V(o).

Note that Ky (z,y) € E, ® E, ~ L(E,, E;), the latter isomorphism via the inner
product on E.



2. Formulas for the expected (n — k)-dimensional area of Z(F,)

Assume F,, € C*°(M, E) and that 0 is a regular value of F,,.

Proposition 2.1. In such a case, the (n — k)-dimensional Hausdorff measure of

Z(F,) satisfies

(2.1) HRZ(F,) = lim [ n.(Fu(e) L(VEo(2) dV (),

M

where, for v € E,,

ne(v) =V te™ if ol <e,

(22) 0 if |v| > e,

with Vj, the volume of the unit ball in R¥, and, for A € L(T,, E,),

(2.3) L(A) = (det AAH)Y/2,

Here VF,, is defined by a choice of connection on E. Note however that VF,,(xg)
is independent of the choice of such a connection for zo € Z(F,), so two such
connections yield close results for x close to Z(F,,). Hence the right side of (2.1) is
independent of such a choice.

Proof of Proposition 2.1. Take zog € Z(F,,) and pick geodesic coordinates centered
at xo. Identify T, Z(F,) with R"~* and its orthogonal complement N, Z(F,)
with R*. The key is to identify, to leading order in €, the k-dimensional measure of

(2.3A) {r € N, Z(F,) : |F,(z)] <&},

or equivalently (to leading order) the k-dimensional measure of

(2.3B) {x € N, Z(F,) : |Az| < e},
where
(2.30) A=VF,(x9) : TyyM — E,,

can be identified with

(2.3D) A:R" —RF A=(0B), B:R"—RF
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and we want to evaluate the k-dimensional volume of

(2.3E) {u € R¥ : |Bu| < ¢}.

Now applying B multiplies volumes of subsets of R¥ by a factor of
(2.3F) | det B| = (det AAY)Y/2,

so the volume of (2.3E), hence of (2.3B), is Vje¥|det B|™!, and to leading order
this is the volume of (2.3A). The factor L(VF,(z)) needs to cancel out the extra
factor of |det B|™1, to leading order, and this leads to (2.3).

Let us denote the integral on the right side of (2.1) by

(2.4) 4@u=/mwumwwa@mwuy
M

From here, we have
(2.5) BZ.(F) = | E[n.(P)L(VF(@)] dV (z).

By (1.2),
Go(@) = (F(x), VE,(x))
(2.6) = o) Xi(w) (fr(@), V()
k

is, for each x, a Gaussian random variable, taking values in E, & L(T,, E,), with
mean zero. This Gaussian random variable hence induces a Gaussian probability
measure I', on E, ® L(T,, E,), and

@7 ERFELEF@)] = [ LA ),
E.®L(Ty,Ex)

Later on we will show that this Gaussian measure has the form

(2.8) Al (v, A) = cy(x)e V=D gy dA,

where v, (v, A) is a positive definite quadratic form in (v, A). Consequently,

tim B (F(2)) L(VF (x)

(2.9) — e)(a) / e OA) L A) dA.

L(Ty,Ez)
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Combining this with (2.1) and (2.5) gives the following variant of the Kac-Rice
formula:

(2.10) E[H"‘kZ(F)} = / / co(x)e Ve OAL(A)dA AV ().
M L(Ty,E,)
Our next task, pursued in §§3—4, is to derive information on the integrand on the

right side of (2.10), which will follow from information on the Gaussian measure
(2.8).

REMARK. These results can be localized. If U C M is open and smoothly bounded,
then

(2.11) E[H”_k(UﬂZ(F))} = / / co(2)e Ve O LAY dAdV (z).

U £(T:,E;)



3. The Gaussian measure I';, on E, © L(T,, E,)

As seen in §2, for each ©z € M,

(3.1) Go(®) =) e Xp(w)uk(x), uk(z) = (fr(x), Vfi(2)),
K

is a Gaussian random variable, taking values in F, ® L(T,, E,), with mean 0, and
this random variable then induces a Gaussian probability measure I', on E, &
L(T,, E,). Our next goal is to see when I', has the form

(3.1A) ATy (v, A) = cy(x)e V=D dy dA,

and analyze c,(z) and v, . (v, A), which is a quadratic form in (v, A). We use the
fact that T',, is uniquely determined by the covariance of G, (x), which we proceed
to analyze. We have

E(G(z) ® G(y)) = Y B(X;, Xi)o(Ag) (k) uj () @ ug(y)
3.k

(3.2) ’
= o) uk(z) @ ur(y).
k

We can expand out ug(z) ® uk(y) as

@Ry @) ® Vi)
(3:3) wr(@) @ ukly) = <fok () ® fuly) V(@) ® Y fe(y) ) '

Now, as seen in (1.6),

(3.4) Do) fu(@) © fily) = Ko (2,y),

k

the integral kernel of ¢(v/L)?2. Tt follows that

S CCEL TR CF SRR Sy

where V1 Ky (z,y) = Vo Ky(z,y), VaKy(z,y) = VyKy(z,y), etc. Note that (3.5)
is an element of
End(E, @ £(Ty, E,)) ~ End E, @ L(L(Ty, E,), Ey)

(3.6) ® L(Ey, LTy, Ey)) © End (T, ).
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We proceed from (3.5) to a formula for the Gaussian measure I',. First, we
place the calculation in a more general setting. Let V be an m-dimensional real
inner product space, (£2, 1) a probability space, and G : 2 — V a V-valued random
variable, yielding the probability measure G, = I' on V. Let us assume that G
is a Gaussian random variable with mean zero. As is well known, I' is a Gaussian
measure, and it is uniquely determined by the covariance

(3.7) E(G®G) =CeVaV L)

the latter isomorphism given by the inner product on V. Note that C = C¢, and
this operator is positive semidefinite. If C is positive definite, then I' has the form

(3.8) dT(y) = a(C)e™¥" Y dy,

for some positive definite C' € L(V), with a(C) chosen so that the right side of
(3.8) has mass one. Using orthonormal coordinates on V' such that C' is diagonal,
and computing the Gaussian integrals, via

(3.9) | era=va

— 00

we obtain
(3.10) a(C) = 77™/2(det C)/2,

Now I' = G, if and only if

(3.11) /y@de(y) =C.
v
To calculate
(3.12) /e—y'% ® y dy,
14
we take an orthonormal basis {e;} of V such that Ce; = cjej, ¢; > 0. Then

YRy = Zj,k Yiyr e; @ e, and (3.12) is
(3.13) Z/e_y.cyyjyk dye; @ e,
Ik v

Symmetry considerations show that each term for which j # k vanishes, and we
are left to calculate

1/2 [o©
(3.14) /e‘y'cyyi dy = H<£> / e~ 2 dy,

C.
v i#k -
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making use of the following consequence of (3.9):

(3.15) / e~V dy = \/E
o c

for ¢ > 0. Taking the c-derivative of (3.15) yields

(3.16) / e_cy2y2 dy = g 32,

— 00

0 (3.13)—(3.14) yield

12 \/x
o= TI(5) " jameen
k

\%

1 —1
(317) = 5 W ch er Qe

Using (3.10) and taking into account the isomorphism V@V ~ L(V'), we have from
(3.11) that

1 1
(3.18) C= 50_1, hence C = §C_l.

We record the (well known) conclusion.

Lemma 3.1. If G : Q@ — V is a Gaussian random variable with mean 0 and
covariance C, given by (3.7), and if C is positive definite, then I' = G.u has the
form (3.8), with C given by (3.18) and o(C) by (3.10).

Regarding the condition that C be positive definite, note from (3.7) that, for
veV,

(3.19) v-Cv =E(G - v]?) /|G ) - v du(w).

Thus C is positive definite unless there is a proper linear subspace V;; C V such that
(3.20) Gw) e Vy, forpae well

In the case of main interest to us, C = C, is given by (3.5), as a continuous section
of End(E @& L(TM,E)). As long as this is positive definite on E, @& L(T,, E,) for

each © € M, we have the results (2.8)—(2.10). We turn to a closer look at such C,

—tA?/2

in the next section, for p(A) =e , and examine asymptotics as t \ 0.



4. Heat asymptotics and zero set asymptotics

Here we assume that the second order operator L has a scalar principal symbol,
equal to that of —A, where A is the Laplace-Beltrami operator on M. Such holds
when L is the negative of the Hodge Laplacian on ¢-forms. Then, for ¢ ™\ 0,

(4.1) e () = / Ky y)uly) dV(y),
M

where K (z,y) € L(E,, E;) has the form, for z and y close,
(4.1) Ki(x,y) ~ (47Tt)—n/2e—p(m,y)/4t (Ao(aj, y)+ A(x,y)t + - )7

with Ay € L(E,, E,), depending smoothly on = and y, and

(4.8) Ao(z,z) = 1.
Here,
(4.4) p(z,y) = dist(z, y)%.

In particular, if we pick exponential coordinates centered at x,

(4.5) p(z,y) = |z —yl?,

the square norm being determined by the inner product on T,M. In such a case,
if we take

(4.6) (V) = @r(N) = /2,

then (3.5)—(3.7) give C = C; ., with

0 Cra = (Vﬁf(iﬁ?r) v?%é{ftc(iﬁ)m)) '
We have

(4.8) Ki(z,x) ~ (4mt) (I + Ai(z, @)t + - )
Since

(4.9) vle—lw—yl2/4t _ _ﬂe—|m—y|2/4t7

2t
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we have

(4.10) Vi Ky(z,2) = (4mt) 2 (V, Ao (z, ) + O(t)).
Similarly,

(4.11) Vo Ky(z, ) = (4mt) "% (Vo Ao (2, 7) + O(t)).

Furthermore, since

(4.12) YV Ve lomul/at — _ @Y @@ =Y) oyl %e—m—ymtl,

4¢2
we have
—n/2 1
(4.13) ViV K (2, 2) = (47t) <§I + 0(1)>.
Thus, for
(4.14) Cro = (47t)"/*Cy
we have
5 I+O(t) VQA()(QE,IL’) +O(t)
(415) Ct xr — -1 .
’ ViAo(z,z) + O(t) (2t)~'1 + O(1)
Consequently
1 5 1 VQAQ(SU, $>
(4.16) ( 2t> Cto = (0 7 + O(t).

It follows that, for ¢ > 0 sufficiently small, C; , is invertible (hence positive definite)
and

(4.17 (M )= (o 79 vou,

with B(x) € L(E, ® L(T,, E;)), depending smoothly on . Then
1 _ (1 2tB(x) o(t) O()

(4.18) Crw = (o ot1 ) * <O(t) O(tQ))'

It follows that, when ¢(X) = e=*2*/2 and t > 0 is sufficiently small, then (3.1A)
holds for I', = I'; ¢+, rewritten as

(4.19) AT, (v, A) = ¢;(z)e V0= dy dA,



where

(4.20) _ %@, Ay ( A)
1
2

hence
_ l n/2 2 2
(4.21) Y2 (0, A) = 5 (4mt)" = 2t]| A7 + O(F7) ).
Also,
ci(z) = a(Chp) = 7™/ %(det Oy )1/
_ ﬂ_m/2<1(47rt)"/2> (2t + O(2))""2,
2

with

m=dimE, ® L(T,, E,) =k + nk,
(4.23)

v =dim L(T,, E,) = nk.

In this setting, (2.10) yields

(4.24) E[H"*2(F)| = / k(. 2) dV (),
M
where
(4.25)
k(t, ) = c(x) e = OA LA dA
L(Rr/Rk)

11

_ (27T)7m/2(4ﬂ_t)mn/4(2t+O(t2)) / e—(4ﬂ-t)"/2(t||A||2+O(t2))L(A) dA.

L(R™ RF)
If we set

(4.26) B = (4nt)M441/2 4,
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we get
K(t, x) = (2m) ™2 (4art) ™4 (2t + O(2))V/ 2 (4mt) ~m /A /2
" / e~UIBIP+0(0) (4p)=nh/4=k/2 [ (BY 4B
(4.27) L(R",RF)
= (2m)"™/220 /24 R/2(1 4 O(1)) / e 1BI°L(B) dB,
L(R" Rk)

which, to leading order, is independent of x. Consequently, with

(4.28) v(n, k) = / e~ IBI” (det BBY)Y/2 4B,
L(R" RF)
we have
(4.29) E[H"‘kZ(F)] = (21)7™/29¥/ 2 (n, k)t /2 (Vol M)(1 + O(t)),

as t \, 0, when F is given by (1.2) with p()) = e~t*"/2,

REMARK. In the formulas above, ||A||? and ||B||?> denote the squared Hilbert-
Schmidt norms of these elements of £(R", R¥).
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5. Other directions
There are various other matters to investigate, such as:

(1) Wave equation techniques, as in [CH]. These typically require restrictions on
the principal symbol of L.

(2) Pushing heat equation techniques, which are fairly robust, to such situations as
manifolds with boundary, manifolds with rough metrics (and/or rough boundaries),
etc. Also try to push to cases where the principal symbol of L is not scalar.

(3) Replace the single operator L by a family of commuting operators, such as arise
for M =T™, M = S™, and other situations.

(4) Take L to be a pseudodifferential operator, such as the Dirichlet-to-Neumann
map, when M = 0.
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A. Remarks on ~(n, k)

The coefficients v(n, k) arose in the asymptotic formula (4.29), and were given
by (4.28), which we recall is

(A1) y(n, k) = / e~ IBI” (det BB')Y/2 dB.

L(R™ RF)

Recall that ||B| denotes the Hilbert-Schmidt norm of B, and we are assuming
1 < k < n. We have the following formulas for the two extreme cases.
First,

~v(n,1) :/e_|x|2\:z:|dx

R’IL

o0 2
= An_l/ e " r"dr
0

(A.2) LY / o—55(n=1)/2 g
2 0

()
o D)

I(3)

2

where A,,_; denotes the area of the unit sphere S”~! C R".
At the other extreme,

(A.3) v(n,n) = / e~ I1BI%| det B| dB,

L(R™)

and using (15.4.12) of [M], we obtain

(A.4)

I do not have a calculation of v(n,k) for 1 < k < n, though one might guess a
pattern from (A.2) and (A.4).
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