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Abstract

There recently has been some interest in the space of functions on an interval satisfying the
heat equation for positive time in the interior of this interval. Such functions were charac-
terised as being analytic on a square with the original interval as its diagonal. In this short
note we provide a direct argument that the analogue of this result holds in any dimension.
For the heat equation on a bounded Lipschitz domain (2 ¢ R?) at positive time all solutions
are analytically extendable to a geometrically determined subdomain & (2) of C? containing
(€2). This domain is sharp in the sense that there is no larger domain for which this is true.
If (2) is a ball we prove an almost converse of this theorem. Any function that is analytic
in an open neighbourhood of £(£2) is reachable in the sense that it can be obtained from a
solution of the heat equation at positive time. This is based on an analysis of the convergence
of heat equation solutions in the complex domain using the boundary layer potential method
for the heat equation. The converse theorem is obtained using a Wick rotation into the com-
plex domain that is justified by our results. This gives a simple explanation for the shapes
appearing in the one-dimensional analysis of the problem in the literature. It also provides a
new short and conceptual proof in that case.

1 Introduction and background

The questions of control and reachability for the heat equation have a long history. Null
controllability of the heat equation has been extensively researched since the 1970s. The one
dimensional case was closely examined in the pioneering work of [16] using biorthogonal
families. Sharp characterisations of null-controllability were obtained in the d-dimensional
case using elliptic Carleman estimates [29] or parabolic Carleman estimates [18], c.f. also
[13, 15,17, 33, 45].

B Alden Waters
a.m.s.waters @rug.nl

Alexander Strohmaier
a.strohmaier @leeds.ac.uk

1 School of Mathematics, University of Leeds, Leeds, Yorkshire LS2 9JT, UK
Bernoulli Institute, Rijksuniversiteit Groningen, Nijenborgh 9, 9747 AG Groningen, The Netherlands

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00209-022-03058-9&domain=pdf

260 A. Strohmaier , A. Waters

By contrast, much less is known about exact controllability of the heat equation. Theorems
in [11, 21, 34] contain characterisations of the reachable set for the one dimensional case in
terms of analytic functions. For arbitrary domains (non-empty open connected sets) €2 in R¢
the question of characterisation of the reachable set, here denoted as Rg, remains an open
question. We seek to answer the question “what are the properties of R when the domain
Q is a bounded subdomain of R¢?”

1.1 The reachable set Rq

For an open bounded Lipschitz domain € € R? we consider the heat equation
ou=Au in [0,7T] x Q
Ulj—o =ug in
uljo,r1xo@ = h (1.1)

with initial data o and boundary data /. This problem is well posed in various function spaces.
For the sake of concreteness we take initial data ug € H(} (€2) on the time interval [0, T'], and

with u € Hl’%([O, Tl x Q) and h € H%’%([O, T] x 9S2) in certain mixed Sobolev spaces
that are described in Sect. 3. As discussed in Sect. 3 this problem is well-posed (Proposition
4) and since the heat operator is hypoelliptic the solution is necessarily in C*°([0, T'] x €2).
Generically, the set

Ra(T, uo)
={v e C®Q) | v(x) =u(T, x)where u(t, x) solves (1.1) for some h € H%’%}

is referred to as the reachable set. By null-controllabilty of the heat equation with boundary
controls we have R (T, ug) = Rq(T,0) and that R (T, 0) does not depend on 7 > 0.
Indeed, a nonzero function uq(x) with zero Dirichlet boundary conditions is controllable to
0 after any finite time 7 and can therefore be subtracted off from the problem by linearity.
Boundary null controllability for the heat equation for smooth domains can be found in [29,
33]. In [1] null controllability for the heat equation on certain Lipschitz domains (including
smooth domains) using L boundary controls is established, and also in the older [18] for C 2
domains. The paper [17] also explains how the results from [18] provide some subspaces of
the reachable space, in a close spirit to [16]. We remark here that boundary null controllability
for the heat equation with H 21 ([0, T] x 0€2) boundary controls is an easy consequence of
null-controllability with L°-control on a slightly larger open domain that contains the closure
of €. Indeed, let ' be an open set with smooth boundary such that Q@ € '. Extending the
initial value by zero to " we can find boundary controls for 2 such that the solution vanishes
att = T and with boundary controls that are smooth near ¢+ = 0. The latter can always be
achieved by solving the heat equation using the heat kernel of R? for small times, then using
L-boundary controls for the remaining time interval. The restriction to 2 then gives a
solution on Q that vanishes at = T with boundary controls that are in H 31 ([0, T] x 0L2)
(see Sect. 3). The so constructed boundary controls in fact exhibit much higher regularity,
but we will not discuss this here.
Therefore the following definition makes sense.

Definition 1 Let 2 be a bounded Lipschitz domain in R?. The reachable set Rg C C*®()
is defined as Rq (7T, 0) for some (and hence for all) T > 0.

Due to the linearity of the problem, the reachable set R, is a vector space.
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Our goal is to describe the analytic properties of the reachable set Rg, for bounded Lipschitz
domains  c RY.

1.1.1 Choice of function space

In the literature several other function spaces to pose the initial-boundary-value problem
(1.1) have been used. From a modern partial differential equation perspective and for smooth
domains the most natural choice is an adapted scale of mixed Sobolev spaces. For Lipschitz
domains the scale needs to be restricted and for the sake of definiteness we have chosen to
follow the very natural choice of [6], c.f. also [5, 7, 8, 25, 36, 37] for the theory of these spaces
in relationship to boundary layer theory for low regularity domains. This space also has the
advantage that the relevant estimates for thermal layer potential theory are well established.
This theory provides a very explicit description of the analytic continuation of solutions of
the heat equation (c.f. our proof of Prop. 1) and we believe this observation to be interesting
in its own right.

Obviously other function spaces result in a different definition of the reachable set. Our
main results are however robust in that they actually do not depend on the choice of function
class in the problem setup as long as well-posedness and null-controllability hold and the
function spaces contain the set of smooth functions (see Remark 2).

We now describe what is known for the one dimensional heat equation on an interval.

1.2 The example of the heat equation on an interval

For a finite time T, the one dimensional heat equation as a control problem can be stated as:
du(t,x) — %u(t,x) =0 x € (0,1)1e€(0,T]

u(t,0) =ho(t) u@,1)=hi(t) 1€[0,T]

u(0,x) =upx) x€(0,1) (1.2)
withug € L2(0, 1) and ho(¢), h () € L2(0, T). Here equality for L? functions is understood
in the usual sense as an almost everywhere equality.

A function u is reachable if there exists two control inputs ho(z), h1(?) in L2(0, T) such
that the solution satisfies
u(T,x) =uj(x) ae.for x € (0,1)
and u(0, x) = uo(x). The operator Au = u” with Dirichlet boundary conditions has domain
D(A) = H*(0,1) N Hy (0, 1) C L?(0, 1). Naturally we have that
ep(x) = «/Esin(nrrx) n>1

with the set {e, (x)},en an orthonormal basis in L2(0, 1) consisting of eigenfunctions of A.
Decomposing a given u € D(A) as

u(x) = chen(x) = Z ﬁc,, sin(nmwx)
n=1

n=1
then it is known as a result of [16] that u is necessarily reachable if we have for some € > 0

oo

3 'Cn”| exp((1 + €)nrr) < oo. (13)

n=1
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Unfortunately this last condition implies that # and all of its odd derivatives vanish at 0 and
1. This condition is not natural and for instance excludes polynomial functions. For example,
functions of the form

d+2
caa2m) INCE)
s Cd =
d+1 d+1
@r2a? + |x2) 7 T

satisfy the conditions in Sect. 3. (For this function the case d = 1 was already covered by
results in [34]).

2 Statement of the results

We now need the definition of the subsets of C¢ over which we are extending our solutions.

Definition 2 For Q2 an open and bounded Lipschitz domain in R? we let £(Q2) denote the set

£(Q) = [z=x+iye<cd|xesz, Iyl <dist(x,8§2),yeRd}.

Of course £(£2) is the pre-image of the positive part of the usual domain of dependence
DH(Q) c R4 of the wave equation on d + 1-dimensional Minkowski space under the map
C? — RI*! 7 = x +1iy — (x, |y|). It can be thought of as a ball bundle over 2 where the
radius of the ball over the point x € 2 is given by the distance of x to 9€2.

Notations:

e For an open subset U  C? the set of holomorphic functions on U is denoted by O(U).
We endow it with the topology of uniform convergence on compact subsets of U.
e Forasubset E C C? that is the closure of an open set we denote by O(E) the set

O(E) = U ow).
UDE,U open

e A function f € O(E(R2)) is completely determined by its restriction to 2 and therefore
we think of the set of analytic functions O(£(2)) as a subset of C°°(£2) without further
mention.

~

9
-
o~/

-
o~/

Fig. 1 Illustration of the domain £(£2) when |J(z)| is projected onto the vertical axis. In one dimension this
is usually depicted as a double cone, but one should note that this picture would be misleading in higher
dimensions because then £(2) \ R4 is connected when €2 is
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Notice in dimension 1 for Q& = (—L, L) this set £(£2) coincides with the definition of the
set in [11], which is a square in the complex plane C with (—L, L) as one of its diagonals.
The criterion in the above definition are found in Theorem 3.1.12 in [24].

The first result we prove here is stated as

Proposition 1 If 2 is a bounded Lipschitz domain, then R C O(E(2)). The domain £(L2)
is optimal in the following sense. For any p € C? \ £(Q) there exists a function u € Rq
which does not have an analytic extension to a connected open set containing p and 2.

This thus establishes that £(£2) is the optimal domain all reachable functions can be extended
to as a holomorphic function. The fact that solutions to the heat equation extend holomor-
phically can for example be found for more regular domains in [26, p. 219] and a simple
modification of this using cutoff functions and restrictions shows that this is true for Lipschitz
domains. We give here a proof which is based on thermal boundary layer theory which actu-
ally gives a more precise representation of the solution, and which may be useful for more
precise investigations. In particular, in one dimension this gives rise to completely explicit
expressions (see Sect. 4.2).

Our main theorem is the almost converse theorem for special geometries. We then have:

Theorem 1 Suppose that Q@ = Bg(xo) is a ball. Then
o (5(9)) C Rq C O(E(Q)).

The proof of Theorem 1 is obtained by “Wick rotation” which transforms the forward
heat equation into the backward heat equation.

Remark 1 By Hartogs’ extension theorem the statement of Theorem 1 can be strengthened
in dimensions d > 2 to the statement O (U) C Rg for any connected open neighbourhood
U of 0€(L2). The set 0£(£2) is connected as it contains a sphere bundle over €2 as a dense set.

Remark 2 By a simple enlargement argument of Proposition 1 and Theorem 1 also hold
for boundary controls in other function classes. The reason is that elements in O (5 (Q))

are reachable by a solution of the heat equation on a slightly larger domain and therefore
the boundary controls on the smaller domain are automatically smooth. Hence, elements in
@ (m) are reachable with smooth initial values and smooth boundary controls. Similarly,
if u solves the heat equation with less regular boundary controls and initial data, one can still
show that u(T) belongs to O(£(2)). This follows trivially from our results by making the
domain slightly smaller. This characterisation is therefore very robust with respect to choices
of function spaces.

The main technical theorem may be interesting in its own right.

Theorem 2 Assume that u(t, -) is a solution of the heat equation (1.1) with ug € O(E(K2)).
Then u(t, -) converges to ug as t — 04 uniformly on compact subsets of £(S2).

We note here that the known results in dimension one are special cases of these theorems.
The articles [11, 34] determine when the class of functions belonging to the reachable set
in dimension one are analytically extendable and vice versa using Gevrey polynomials and
the Cauchy formula respectively. The characterisation in [11] is a special case of our result,
but the proof techniques are considerably different in that we use a simple Wick rotation and
avoid Fourier analysis. The idea came from the use of the complex Gaussian frame in [19, 27],
and the use of analytic extension to the upper half plane in [27]. In these cases for the initial
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boundary value problem a frame of Gaussians was used to model the initial data, but these
are only approximations to solutions of the heat equation. However, their analytic extensions
are easily identifiable. The paper [27] also uses an analytic extension of the heat kernel to the
upper-half plane to prove decay properties of solutions to the Schrodinger equation (under a
Wick rotation) in the exterior of a smooth compact domain. The authors decided to use the
exact solution to the IBVP for the heat equation using thermal layer potentials but the ideas
of a Gaussian-like solution and extension to the upper half plane were borrowed from these
previous papers.

We futhermore direct the reader to the works of [4, 22, 28, 40] which completely char-
acterise the 1d reachable states using the Bargman transform as a different approach. In
particular since an exact characterisation has been given for this reachable space in [22] as
the Bergman space of the square, which corresponds to our £(2) in one dimension, this
shows that the converse inclusion in Proposition 1 is not true. The almost converse inclu-
sion given by Theorem 1 is the best we can do with respect to our Frechet space O(E(£2)).
They have also extended their results to the Hermite heat equation in [23] in 1d. We expect
that some different analysis of the heat kernel in higher dimensions is needed to expand the
results perhaps in terms of wave-front sets in order to get sharp results in higher dimensions.
The reader is also invited to see [9, 10, 30-32, 35, 38] for related results in the 1d case.
Recently [14] strengthens the results of the present work, showing that the reachable space is
stable under a small perturbation. The range of the backwards heat operator for R has also
been characterised in [12, 20] which is less general than our Theorem 1 and [42-44] with
applications to ergodic theory. Our focus is on some short control theory applications.

The paper is structured as follows. To keep the article self-contained we start by giving
the background on boundary layer potential theory for Lipschitz domains in Sect. 3. This is
a summary of results from [6]. Section 4 gives the proofs of Proposition 1 and Theorem 1
assuming the validity of Theorem 2. Theorem 2 is then proved in Sect. 5.

3 Thermal boundary layer potential theory

Let Q@ C RY be a bounded Lipschitz domain with d > 1 and boundary 92. In other words,
the boundary 9€2 is locally congruent to the graph of a Lipschitz continuous function on
R?~1 and € is located on exactly one side of the boundary. For a number 7 > 0 which is
fixed we write

0=0,T)xQ2 £=(0,7T) x Q.
Further we let Q; = {¢} x Q so that
00 =T UQoUQr.
Forr,s > 0 we let
H™ (R x RY) = L*(R; H'(R) N H (R; L*(RY)),
and for r, s < 0 we define by duality
H (R x RY) = (H (R x RY))'.

By H"*(Q) we denote the space of restrictions of elements of H”* (R x R¢) to Q equipped
with the quotient norm. The spaces H"™*(R x d2) and H"*(X) are defined analogously.
For smooth 0€2 they are defined for all r, s whereas for Lipschitz boundaries 02 they are
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intrinsically defined for |r| < 1. This is because the spaces are invariant under Lipschitz
coordinate transformations only in case |r| < 1 (s is arbitrary).

Following Costabel [6] we introduce some additional (non-standard) definitions (c.f. also
[2, 3]). We denote the subspaces

H™S(Q) = {u € H™ ((—00, T) x )| u(t, x) = 0fort < 0} C H™ (00, T) x Q).
Moreover, we define
H" 50,0 - &) = [ue H' (@) @ - auel’0) (3.1)
with the norm

[t + 1109 = Aullp2(g)-

H"2(0)

Lety™ : H>* R x0Q2) — H: (R x €2) be a continuous right inverse of the surjective
trace map

v HYPR x Q) — HZH (R x Q).

Foru € Hl*% R x 2, 9, — A) we denote by yju € H’%*’% (X) the continuous linear form
on H?'1 (%) defined by

yiu: ¢ — b(u,y¢) (3.2)

where

b(u,v) = /(Vu - Vv — ((0; — A)u)v)dx dt + (0;u, v). 3.3)
Q0

Note that o,u € H 0.-% (R x ) and therefore we have a well defined dual pairing (0,u, v)
between o,u € H 0.3 RxQ)andv e H 0.3 (R x ©2) that extends the usual L2-inner product.

The bilinear form b is tlEn continuous on the space Hl’%(R X Q,0, —A) x Hl’% R x ).
Incaseu,v € Cg (R x ) this simplifies to

b(u, v) =/8,,u(t,x)v(t,x) dtdo. 3.4
b

Furthermore, the map y; : Hl*%(Q, dh—A) —> H_%’_%(E) is continous and for u € Cz(a)
we have y1u = d,u|y. Let G(¢, x) be defined as

—d)2 Ix[>y
G(t.x) = (4rmt) exp(—3,) if r>0 (3.5)
’ 0 if r<0. '

For sufficiently regular /4 the single layer potential for the heat equation is defined as follows:

t
S(h)(t,x) = //G(t —s,x —y)h(s,y)dyds 3.6)

0 0

@ Springer



266 A. Strohmaier , A. Waters

for (¢, x) € Q. The boundary layer potential operator is defined as

t
V(h)(t, x) =//G(t—s,x—y)h(s,y)dyds 3.7
0 9

for (¢, x) € X. Finally the double layer potential is defined as

t
D(h)(t,x) = / / y1G(t —s,x —y)h(s,y)dyds 3.8)

0 9Q

for (¢, x) € Q.
For the following see [6, Remark 3.2].

Proposition 2 The single layer potential operator S continuously extends to a map S :

1 1 1
H™271(%) — H"“2(Q). The boundary layer potential operator extends by continuity
to an isomorphism

V: H 37TI(S) - H2 (D). (3.9)

Proposition 3 The trace map y : u — uly is continuous and surjective from 1:11’%(Q) to
H%’%(E). Forall f € I:I_l’_%(Q) and g € H%’%(E) there exists a unique u € I-NII’%(Q)
with

@ —MNu=f in Q
yu=g on X. (3.10)

In case f = 0 the solution u is given by u = S(V~"'g) = S(y1u) — D(yu).

Proof This summarizes Lemma 2.4 and Theorem 2.9 as well as Theorem 2.20 and Corollary
2.19(c) in [6]. O

The well-posedness of the initial value problem (1.1) can be reduced in the usual way to
unique solvability of the inhomogenous problem of Prop. 3. Since the initial value problem
is not discussed in [6] we will now add some more detailed explanations.

Lemma 1 We have the following continuous inclusions:
HY3(Q, (3 — A) € H'((0. T), H™'() € €0, T], H~' ().
In particular the restriction map yy as defined by
Yo iU > Uli=o
0 HY2(Q, (0 — &) — H™' (@)

is well defined and continuous.
Proof Let u € H'2(Q, (3 — A)). Then, in particular, u € L2([0,T], H'()) and
du = Au+ g, where g € L?(Q). Therefore, Au € L>([0,T], H'(Q)) and d;u €

L%((0, T), H~'(2)). Consequently, u € H'((0, T), H~'(Q)) c C([0, T], H~'()). Con-
tinuity follows from the implied inequalities
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2 2 2
“atu”LZ((O,T),H_I(Q)) = IlAu”Lz((O,T),H_I(Q)) + ”(at - A)u”LZ(Q)
< lulfjrocg) + 1@ = Mull7s )
and the Sobolev embedding theorem. O

Lemma2 Let g € HOl () and let w be solution of the heat equation on (0, T) x R? defined
by

w(t,x)zng(t,x—y)g(y)dy-

Then w € H"2(Q).

Proof First we remark that if & € C§° (R? \ ) then

o (x) = / Gt x — Vh(y)dy
Rd

is a smooth solution of the heat equation on R x 2 that vanishes for ¢ < 0. In particular this

gives an element in H 1’%(9). We think of g as an element in H!(RY) using extension by
zero. By the above remark we can assume without loss of generality that ¢ vanishes at zero
of order two. This can be achieved by subtracting off finitely many functions / as above in
such a way that moments of g up to order two vanish. Now consider the function

u(t,) = /Q G(|t], x — y)g(y)dy,

whose restriction to Q equals w. It is easy to compute the Fourier transform of u, and the
result is

2 2
e,

u(r, &) = Wé’

Since g vanishes of order two at zero the right hand side is bounded for small t. One sees
directly that (1 + |&])é € L2 and (1 + |z])2# € L? and thereforeu € H'2 (R x RY). O

‘We then obtain

Proposition 4 For any ug € HO1 (R)and g € H%’%(Z) there exists a unique u € Hl‘%(Q)
with

@ —MNu=0 in Q

uli=0 = uo

yu=g on X. 3.11)

Proof Uniqueness is an immediate consequence of the uniqueness statement [6, Lemma
2.3]. To show existence extend u( by zero to an element in HC1 (R9) and construct a solution

we H (Q) asin Lemma 2. Then yw € H 1 (X). Now apply Proposition 3 with f =0
to construct a solution of the homogeneous heat equation v € H" 3 (Q) with boundary data
g — yw. Then u = v + w solves the above problem. ]

@ Springer



268 A. Strohmaier , A. Waters

4 Proof of Proposition 1 and Theorem 1
4.1 Proof of Proposition 1

Proof For z € C? we write |z|> = z"z for the square of its length and z> = 7Tz for the
analytic extension of the square of the absolute value on RY. First note that the heat kernel
admits an analytic extension G as follows

(x4 exp(— 52 it 1> 0

G(t,z—w):{o it <o [ 4.1

Note that %t(z — w)? = |x — w|~2 — |y|2 when z = x + iy. Therefore in the open set defined
by |y| < |x — w] the function G (¢, z — w) is smooth in ¢, and complex analytic in z.
For an integrable function f on ¥ we define

t
S(f)(r,z)://G(z—s,z—y)f(s,y)dyds. 4.2)

0 Q2

Since the kernel k(z, z, (s, y)) = G(t — s,z — y) is smooth on R x £(2) x X the operator
f + S(f) extends by continuity to the space of distributions supported in £, D'(X). It
maps continuously from D'(X) to C®°([0, T] x £(S2)) and its range consists of functions
that vanish of infinite order at # = 0 in C°*°(£(£2)). To see this simply note that a distribution
f with support in X is compactly supported and thus for any open neighborhood U of & we
have the estimate

[f (W] < Cullhlullerw)

forall h € C*®(R x RY). One now simply applies this estimate to the heat kernel. Applying
the Vz operator shows that

V=S(f)(t,2) =0

since the kernel is holomorphic in z. We conclude that the mapping f +— (S ) is
continuous from D'(X) to O(£(R)). If u € Rgq then, by Propositions 3 and 2, we have the
representation

u=Sr)li=r

for some r € H ’%*’%(E). If y denotes the trace map to X the dual of the restriction
operator defines a distribution v = y*r in R x R?~!. Here the canonical extension is from
from H_% 0, T), H_% (082)) to H_% (R, H_% (R?-1)). Hence, visa compactly supported
distribution with support on . Thus, Sv defines a function in O(£(£2)) that restricts to S(r).
Hence, the function §(v)| (=7 defines an analytic extension of u as required, and we have
shown Rg C O(E(RQ)).

It remains to prove optimality of the domain £(£2). Assume without loss of generality that
T=11Letpe c \ £(£2). Then necessarily we have dist(R(p), ﬁc) < |S(p)|. This means
there exists a point xo € Q° with IR(p) — xol < |3(p)|. Now suppose a € C is such that
N(a) > 0. We are going to use the following distributional source

__a_ d_
ha(x,8) = X(0,1)()8x=xpe” 75 (1 —5)2 7",
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This gives rise via S(h,) to a function u,(x) that is a solution of the heat equation in R x
and that extends smoothly across the boundary of 2. It is given explicitly by

! ¢ Gxp?
v (t—s) 2e 4= e =9 (1 —s)2 ds.
(4m)2 Jo

u(t,z) =
Thus, the function g(z) = u(1, x) is reachable. We obtain rather explicitly

1 1 1 (z— V) _a 1 1 2
@ )d /(; sTeT T & e 4de27(4 )dE1 (Z ((Z—xo) +a)>,
7T)2 T)?2

where E1(z) = I'(0, z) denotes the generalized exponential integral [39, §8.19] that can be
expressed in terms of the incomplete Gamma function I' (b, 7). We have by [39, §8.19(iv)]
the following expansion

g(z) =

Ei(z) = —y —log(z) — i o
= k(k?)

where y is the Euler-Mascheroni constant. This function is not analytic at z = 0, hence, g(z)
is not holomorphic at p when (p — x9)> + a = 0, i.e. when

R(a) = (3(2)> — (R(p) — x0)?
and
23(p) - x0 = =S (a).

The condition (3(z))2 — (R(p) — x0)2 > 0 allows us to find such an a with fi(a) > 0. O

4.2 The one dimensional case as a special example

We consider the problem for the interval [—L, L], which is given by

ou =Au in [0,T]x (—L,L)

u(t,—L) =hi(t) u(,L)=ha() in [0,T]

u0,x)=0 in (—L,L) 4.3)
Let hy, hy € H'/#(0, T). Because the boundary is a collection of 2 points we expect layer

potential theory tells us that the boundary integral is just evaluation along these two points.
In this case the solution is:

. t  —Lp? _ k+LP?

4(1—s) e 4i-s)
wtn == [ |00 = +aw | a (4.4)

A ; Vit V't
. *%, . 2LVt
The Fourier transform of x(0,00)(f) 87 is T Then we solve for the Fourier transform
of ¢ and g5 using the system
N [N S :
(2it) "2 Qit)"2e VT (Fqi(0) _ (Fihi(o) 4.5)
Qit)"re Vit (2ir)—2 Fiqa(7) Fiha (1) '
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This system is invertible for all T > 0 as the determinant of the coefficient matrix is
Qit)"1(1 — e 2LViTy £, (4.6)

We define the analytic extension of u(z, z) as before. Let

(z—L)? (z+L)?

e_ 4(t—s) e 4(t—s)

t
= 1
S(h)(t, 2) = mof q1(s) N +q2(s) N

ds

and the same proof follows with ¥ = (0, T) x {—L, L}.

4.3 Proof of Theorem 1

Proof Assume that 2 is a ball By (x(). We can assume without loss of generality that xo = 0.
Then £(2) is simply

EQ)={z=x+iyeC| x|+ |yl < R}.

This domain is therefore invariant under Wick rotation, i.e. i£(2) = £(£2) and this is the
property that we are going to use. In particular, the fibre of 0 € Q2 in the ball bundle £(£2) is
exactly i€2. Now assume thatu € O(U) for some bounded open set U C C¢ with&€(Q) C U.
Fix a subset U; with £(Q) C U; and U; C U and pick a cutoff function x € Cg°(U) with
x(x) = 1forall x € U;.Inthe following we identify the complex plane notationally with R?
with C and therefore use the notations u(x, y) and u(x + iy) interchangeably. Since u(x, y)
is holomorphic it satisfies the Cauchy Riemann equations (V, +iVy)u(x, y) = 0on U. Let
K,y be the solution operator for the heat equation on ]R‘yi, which is a standard convolution
with G (¢, y) defined by (3.5) as its kernel. Define ¢,(y) = K, ,(ux)(0, y). The function

é/(y) isin C ([0, 00);, COO(R‘;)) N C%([0, 00); x RY) and is a solution of

(3 —Ay) () =0
Po(y) = ¢ (y) = (ux)(iy).

For ¢ > 0 the function ¢, (y) is obtained by applying an integral operator with entire kernel
in y to a compactly supported function. Hence, ¢;(y) is for any > 0 an entire function
in the y-variable. Let us denote the analytic extension in the y-variable by u,(x, y). Here
the roles of x and y are interchanged, so let us explain in more detail what this means. The
function u, (x, y) satisfies the Cauchy Riemann equations (V, + iVy)u,(x, y) = 0 and is
completely determined for ¢ > O by u,(0, y) = ¢:(y), e.g. u;(z) = ¢:(—iz). Lemma 3 now
implies that u; converges to u(x, y) uniformly on £(2) =i£(2) as ¢t — 0. Indeed, choose
R’ > R so that iBg/(0) C U; and Theorem 2 gives us uniform convergence on the compact
set £(£2). By construction (Ayx + Ay)u;(x, y) = 0 and therefore u, (x, y) solves the inverse
heat equation

0 + Ax)us(x,y) =0
up(x, y) =u(x,y)

oni&(2), the “Wick rotated” £(£2). Here we have used uniqueness of the analytic continuation
to conclude that also u, (x, y) solves the heat equation. Since i€(£2) contains €2 the function
u;(x) := us(x, 0) solves
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(0 + Ay)u;(x) =0in Q
uo(x) = u(x)
u(x)|g = h(t, x)

where & extends smoothly across 9€2. Change of variables T —¢ — ¢ shows thatu € R(T, g)
for some 7' > 0 and some function g(x) = ur(x). O

5 Analytic properties of solutions of the heat equation

In this section we will prove Theorem 2 which is a major ingredient in the proof of Theorem
1. By Proposition 1 any positive time solution of the heat equation is analytic in £(£2). We
investigate in this section what happens if the function u was already analytic in £(£2) at time
t = 0. Assume that €2 is a bounded open subset in R? and € is a bounded open subset such
that Q@ C Q. It is easy to see that £(Q) C £(2;). We can therefore find a smooth cutoff
function x € Cgo (C?) with support in £(£21) and which is equal to one on £(£2). We have
the following Lemma for the free heat operator K; = ¢’ on R9.

Lemma 3 Assume that u € C*°(21) has an analytic extension to £(S21). Then the analytic
continuation of K;(ux) converges to the analytic continuation of u uniformly on compact
subsets of E(R) ast — 0.

Proof Let us denote the analytic extension of u by the same letter, i.e. u(w) makes sense for
w € £(R). Fix a point z € £(NQ), i.e. [J(z)| < dist(N(z), 2°). The explicit formula for
Ki(uy)is

Ki(ux)(z) =

)2
. / T gwydw,

(4rr)z JRA

where g(w) = u(w)x (w). This integral is thought of as an integral over the real submanifold
in the complex domain and we will now shift the contour in the J(z)-direction. Let I" be the
set R? +i3(z) and let 7 be the region RY +i[0, 113(z) = {w +ir3(z) | w € R?, 1 € [0, 11}.
Recall that for a smooth function ¢ in the complex plane we have the formula

/ o(x +iy)d(x +iy) = 2i/ 3.0(x +iy)dxdy,
3% Y

if Y is a region with C'-boundary (c.f equation 3.1.9 in [24]). Thus, shifting the contour in
the direction of J(z), we obtain

(sz)2
Ki(ux)(z) = /le 7 g(w)dw

(4rn)

1 —w)? 1 7—w)2 _
= /e—7< 7 g(w)dw+21(4 ¥ Le—i( T u(w)y x (w)do (w)
mwt)2 JT Tt)2

=1+ L)

where do is the Lebesgue measure on 7. The first integral /1 (z) equals

_ Ge-w)? -
11(z) = . e T g(w+i3(z))dw.
R:

d
(4me)?2

Since the heat kernel is a §-family (this is a standard good kernel argument) this integral
converges to g(M(z)+1J(z)) = g(z) att \ 0. Since g is smooth and compactly supported the
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convergence is uniform on compact subsets. It remains to show that the second integral /> (z)
converges to zero uniformly on compact subsets. Let Z, be the compact set (supp 9, x) N7 .
Then the integrand in /, has support in Z., i.e. we can restrict the integration over Z, by the
support properties of 3, x . By compactness of supp ., x there exists an €; > 0 such that for
all z € £(R) and all w € Z,; we have

Sw = tJz for some ¢ € [0, 1],
dist(R(w), Q) + €1 < |J(w)] < |J(2)] < dist(R(z), QL°).

Note here € is independent of z.
For all elements w € Z; we therefore have the inequality

I3(2) = 3| = 3@ = [S(w)| = dist(N(z), Q) — dist(R(w), Q) — €
< dist(N(z), b) — dist(R(w), b) — €1 < |NR(z) — R(w)| — €,

where b is a point on the boundary of € with dist(M(w), 2¢) = dist(R(w), b). We have used
in the first step that Jw = ¢Jz for some 0 < ¢ < 1, and in the last step the reverse triangle
inequality. The statement now follows since in the region |JI(z — w)| + €1 < |9 (z — w)| the

function e™ 4  vanishes of infinite order at + = 0 uniformly. O

Proof of Theorem 2 Assume 1 € C°°(2) is a smooth function that extends to a holomorphic
function on £(£2). Assume that g is any solution of the heat equation on Q = [0, T'] x €2
with g(0) = u|o. We need to show that the analytic continuation of g(¢) for # > 0 converges
uniformly on compact subsets of £(2) to u as t — 0. Fix a compact subset K C £(2)
and choose an open subset with smooth boundary ' C Q with ' C Q so that K C £().
Such a subset can be constructed as follows. First note it follows from compactness of K that
we can find a constant €2 > 0 such that for all z € K we have J(z) < dist(N(z), 0Q) — €.
Now simply find an €; /2-approximation of the Lipschitz domain by a smooth domain from
inside. Such approximations are well known to exist (see for example, [41]).

Let x be a cutoff function as in the above Lemma 3 which is compactly supported in £(2)
and equals to one on £(). Now define f(r) := K;(ux)(z). Then, by Lemma 3 the function
f(¢) has an analytic extension to £(£2’) that converges uniformly on K to u. Now consider
the function

Bty = {g(t) SS0rz0

Thus, we have a smooth solution % of the heat equation on ' that vanishes at zero.
Therefore, since for smooth boundaries SV ~! maps smooth functions to smooth functions
([6, Section 4]), there exists smooth data r € C*°((0, T) x 92’) such that

t
h(t,z) = / /G(t —s,2—=y)r(s, y)dyds.
0 r
Since for all z € K and y € 92" we have |J(z — y)| < |[R(z — y)| — €3 for some €3 > 0.
Thus, h converges uniformly to zero on K as t — 0. O
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