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Puebla, Puebla, Mexico

E-mail: fraguela@fcfm.buap.mx
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Abstract. This paper deals with the problem of determining the time dependent

thermal diffusivity coefficient of a medium when the evolution of the temperature in

a part of it is known. Such situations arise in contexts of food technology, when used

thermal processes at high pressures for extending the shelf life of the food, in order to

preserve its nutritional and organoleptic properties (see [5] and [13]).

The phenomenon is modeled by the heat equation involving a term which depends

on the source temperature and pressure increase, and appropriate initial and boundary

conditions.

We study the inverse problem of determining time dependent thermal diffusivities,

when some temperature measurements at the border and inside the medium are

known. We prove the uniqueness of the inverse problem solution under suitable a

priori assumptions on regularity, size and growth of k.
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1. Introduction

Physical processes that combine high pressure with moderate temperatures can be

modeled (see, for example, [5] and [13]) by equations with different physical parameters

whose values, although often known for atmospheric pressure, are to be determined

for arbitrary values of pressure. In this work thermal conductivity will be assumed

to depend only on pressure, k = k(P ). This hypothesis is suitable, for example, in

processes in which the temperature range is moderate and there is no phase change. We

study the problem of identifying k(P ) from certain experimental measurements of the

temperature. These measurements correspond to an experiment in which the pressure

curve P is an strictly increasing function. Therefore, the problem of identifying k(P ) is

equivalent to identify k(t) = k(P (t)). The aim is to determine suitable conditions and

measurements under which the uniqueness of function k can be guaranteed.

When a cylindrical domain Ω is considered, under suitable conditions (see [15]) a

one–dimensional radial model can be a good approximation of the model. Then, the

model can be written in cartesian coordinates (for convenience in this paper) as
∂T

∂t
− k(t)∆T = αP ′(t)T in BR × (0, tf)

k(t)
∂T

∂n
= h (T e(t)− T ) on ∂BR × (0, tf)

T = T0 on BR × {0},

(1)

where R > 0, tf > 0, BR(0) ⊂ R2 is a disk with radius R and centre (0, 0), ∂BR is its

boundary. Furthermore, α =
α̂

ϱCp

with α̂ > 0 is the coefficient of thermal expansion,

ρ > 0 the density and Cp > 0 the specific heat; P ∈ C1([0, tf ]) is the pressure at time t;

k(t) ≥ k0 > 0 is the thermal diffusivity; T e is the external temperature; n is the outward

unit normal vector at the boundary of BR; h > 0 is a heat exchange coefficient and T0
is the initial temperature (assumed to be constant, for the sake of simplicity). Details

about this kind of models and the units of all the parameters and functions can be seen

in [5] and [13].

The main goal is to know in how many points do we need to know the temperature

in order to get a unique possible function k(t), when we only know, a priori, the

value of k(0), which correspond to the thermal diffusivity at atmospheric pressure.

Furthermore, it is also of interest to know if there is a mathematical way of choosing

the best points to make the temperature measurements.

Previous works have dealt with the problem of diffusion coefficient identification in

parabolic equations but, to the best of our knowledge, only a few of them consider the

case of time dependent coefficients and all the others study the case of space dependent

coefficients.

Regarding the identification of time dependent diffusion coefficients, in [7] the

author studies the influence of the lower–order terms in a one dimensional parabolic

equation on the possibility of unique determination of the time–depending leading
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coefficient, using the initial condition, the Dirichlet boundary condition and the flux

in one end of the interval defining the space domain.

In [8] a similar problem for the one dimensional heat equation is studied, when

there is no lower–order terms and the degeneration condition k(0) = 0 is satisfied. As

in the previous case, the initial condition, the Dirichlet boundary condition and the flux

in one end of the interval defining the space domain are supposed to be known.

In [6] the authors study the identification of the thermal diffusivity k(t) for

the one dimensional heat equation in the case of non local boundary and integral

overdetermination conditions. Under some assumptions on the data they provide a

theorem about the existence and uniqueness for the identification of k(t) and propose a

numerical method for its computation, when data are given without error.

Regarding the inverse problem of the identification of space dependent diffusion

coefficients, in [9] the author study the unique solvability of the inverse problem in a

one dimensional non homogeneous parabolic equation under homogeneous Dirichlet and

initial conditions and an additional condition of integral overdetermination with respect

to time.

In Chapter 3 of [2] the leading coefficient of the one dimensional heat equation

appears in divergence form and the corresponding identification problem is solved by

using the quasi–inversion method, assuming that the initial condition and Dirichlet

boundary conditions are known, together with the flux in one of the ends of the space

interval, for a certain time interval.

In [4] authors use the enclosure method (see [3]) to study a problem of reconstruction

of inclusions (parts of the spatial domain with conductivity values different from a known

reference value) in a three dimensional heat conductive body, when the temperature and

the heat flux are known on the boundary for a finite time interval. They determine the

minimum radius of the open ball centered at a given point that contains the inclusions.

One can also find in the literature the solution of the problem of identification

of an space dependent lower–term coefficient (see [11]) or a time dependent coefficient

multiplying the time derivative of the solution of the direct problem (see [10]).

The main result of this work is Theorem 20, which shows that, under suitable a

priori assumptions on regularity, size and growth of k(t), the inverse problem of the

identification of k(t) in boundary value problem (1) has a unique solution, when the

value of the temperature is known at r = R and r = r0, with 0 ≤ r0 < R. The proof

of this theorem uses the result in Theorem 12, which provides an integral expression

for the temperature at an arbitrary radius r in terms of the temperature at radius R.

Furthermore, it is shown that, together with r = R, the central point r0 = 0 is the best

point to do the measurements in order to use them to identify k(t), since the a priori

estimates needed for this case are less restrictive.
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2. Direct problem. Qualitative Analysis

Let X =
{
φ ∈ C2,1(BR × (0, tf)) ∩ C1,0(BR × [0, tf ])

}
, where Ca,b(A,B) denotes the set

of functions φ : A × B → R with a continuous derivatives in A and b continuous

derivatives in B. The following result holds

Theorem 1 Suppose that k and T e are Lipschitz continuous functions in [0, tf ], P
′ is

Hölder continuous in [0, tf ] and compatibility condition

T e(0) = T0

holds. Then Problem (1) has a unique (classical) solution T ∈ X. Moreover, T is a

radial function.

Proof. The existence, uniqueness and regularity of solution can be seen in [12,

Theorem 5.18]. It is straightforward to show that the solution is radial. 2

By means of the changes of variable

u(x, t) = T (x, t)eα(P (0)−P (t)) (2)

and

v(x, t) = u(x, t)− T0, (3)

we can rewrite Problem (1) as
∂v

∂t
− k(t)∆v = 0 in BR × (0, tf)

k(t)
∂v

∂n
= h (f(t)− T0 − v) on ∂BR × (0, tf)

v = 0 on BR × {0},

(4)

where

f(t) = T e(t) eα(P (0)−P (t)).

Remark 2 The solution v of Problem (4) lies in X and is a radial function.

Nevertheless, we still work with cartesian coordinates, because we are going to express

the solution as the composition of certain functions with translations. Since translations

are not radial functions, they have not a simple representation in polar coordinates.

The formal adjoint of the operator used in (4)

L(ϕ) = ∂ϕ

∂t
− k(t)∆ϕ,

is given by (see, e. g., [16, pág. 170])

L∗(ϕ) = −∂ϕ
∂t

− k(t)∆ϕ.

Both operators are related by means of the following easy–to–prove result:
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Proposition 3 (Lagrange Identity) For every ϕ, ψ ∈ X we have∫ tf

0

∫
BR

(L(ϕ)ψ − ϕL∗(ψ))dxdt = ϱCp

∫
BR

(ϕ(x, tf)ψ(x, tf)− ϕ(x, 0)ψ(x, 0)) dx

−
∫ tf

0

k(t)

∫
∂BR

(
∂ϕ

∂n
ψ − ϕ

∂ψ

∂n

)
dxdt.

Notation For any function v ∈ X we denote by v : [0, R] × [0, 2π[×[0, tf ] → R the

function defined as

v(r, θ, t) = v(r cos θ, r sin θ, t).

If v is radial we write v(r, t).

Corollary 4 If v ∈ X is the solution of Problem (4), for every w ∈ X satisfying the

final condition

w(x, tf) = 0, x ∈ BR, (5)

we have ∫ tf

0

∫
BR

L∗(w) vdxdt = h

∫ tf

0

(f(t)− v(R, t)− T0)

∫
∂BR

w dxdt

−
∫ tf

0

k(t)v(R, t)

∫
∂BR

∂w

∂n
dxdt.

(6)

Proof. It suffices to apply Propositión 3, by taking ϕ = v, the solution of Problem (4)

and ψ = w ∈ X satisfying (5). 2

Next proposition provides a comparison principle for Problem (4).

Proposition 5 (Comparison Principle) Let v1, v2 ∈ X satisfying
L(v1) ≤ L(v2) in BR × (0, tf)

k(t)
∂v1
∂n

+ hv1 ≤ k(t)
∂v2
∂n

+ hv2 on ∂BR × (0, tf)

v1 ≤ v2 on BR × {0}.
Then

v1(x, t) ≤ v2(x, t), (x, t) ∈ BR × [0, tf ].

Proof. Function v0 = v1 − v2 satisfies
L(v0) ≤ 0 in BR × (0, tf)

k(t)
∂v0
∂n

+ hv0 ≤ 0 on ∂BR × (0, tf)

v0 ≤ 0 on BR × {0}.
Applying the Strong Maximum Principle (cf. [14, Theorem 7]), if function v0 attains

a positive maximum at a point Q then Q ∈ ∂BR × (0, tf) and

∂v0
∂n

(Q) > 0,

which leads to the contradiction

k(t)
∂v0
∂n

(Q) + hv0(Q) > 0.

Consequently v0 ≤ 0 in BR × [0, tf ]. 2
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3. Expression of the solution in terms of its values on the boundary

In this section we find an integral representation of the solution of Problem (4) in terms

of its values on ∂BR (these values will be supposed to be known data, obtained by

experimental measurements). As a first step, we calculate the fundamental solution of

operator L∗ (in the sense of Proposition 7). In order to find it, we use the well–known

expression of the fundamental solution of operator L for the case k(t) ≡ 1

ξ(x, t) =
H(t)

4πt
e−

|x|2
4t , (7)

where H is the Heaviside function

H(t) =

{
1, t > 0

0, t ≤ 0.

Given y ∈ BR and τ ∈ (0, tf), we define the function w : R2 × R → R given by

w(x, t; y, τ) = ξ(x− y,K(t)−K(τ)), (8)

being

K(s) =

∫ tf

s

k(z)dz,

where function k is supposed to be continuously extended by a constant to the whole R.

Lemma 6 For every y ∈ BR and τ ∈ (0, tf), functions ξ and w defined by (7) and (8),

respectively, satisfy:

a) ξ ∈ C∞((R2 × R)\{(0, 0)}). Thus, w ∈ C∞((R2 × R)\{(y, τ)}).

b)

∫
R2

ξ(x− y, s) dx = H(s) for all s ∈ R.

c) Function w is locally integrable in R2 × R, i. e., w ∈ L1
loc(R2 × R).

d) ξ(x− y, s) → δ(x− y) as s→ 0+ in D′(R2) (the space of distributions on R2).

e) For each x ∈ R2 and t ∈ R with t < τ we have L∗(w(x, t; y, τ)) = 0.

Proof.

a) Obviously, ξ is a C∞ function at least on the whole space R3 except in the plane

t = 0. Moreover, ξ is a continuous function in (x, 0) for x ̸= 0, since

0 ≤ ξ(xn, tn) ≤
1

4π|tn|
e−

(|x|−1)2

|tn| → 0 as (xn, tn) → (x, 0).

Similar arguments lead to prove the same result for higher order derivatives. In fact,

ξ is a discontinuous function at the origin (0, 0); indeed,

lim
|x|→0

ξ(x, |x|2) = lim
r→0+

e−
1
4

4πr2
= ∞.

Consequently, the injectivity of function K implies that w has no more singularities

than the points (x, t) such that

(x− y,K(t)−K(τ)) = (0, 0),

i. e., point (y, τ).
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b) It is easy to prove by doing simple integral computations with the change of variable

x = y + (r cos θ, r sin θ). (9)

c) For an open bounded subset Ω of R2 × R we consider a set R2 × [a, b] ⊃ Ω. Then,

from b), we have∫
Ω

|w(x, t; y, τ)|dxdt ≤
∫ b

a

∫
R2

w(x, t; y, τ)dxdt =

∫ b

a

H(K(t)−K(τ))dt ≤ b− a.

d) For every s > 0 and φ ∈ D = D(R2) (the space of functions in C∞(R) with compact

support), denoting by D′ = D′(R2) and using b), we have

⟨ξ(x− y, s), φ⟩D′×D = φ(y)

∫
R2

ξ(x− y, s)dx

+

∫
R2

ξ(x− y, s)(φ(x)− φ(y))dx

= φ(y) +

∫
R2

ξ(x− y, s)(φ(x)− φ(y))dx.

Now, if L = ||φ′||C(R2), change of variable (9) and integration by parts lead to∣∣∣∣∫
R2

ξ(x− y, s)(φ(x)− φ(y))dx

∣∣∣∣ ≤ L

4πs

∫
R2

e−
|x−y|2
16s |x− y|dx

= −L
∫ ∞

0

(
−2r

4s
e−

r2

4s

)
rdr = 2L

√
s

∫ ∞

0

e−z2dz

= L
√
π
√
s→ 0 as s→ 0+.

e) For every x ∈ R2 and t < τ

∂w

∂t
(x, t; y, τ) =

k(t)w(x, t; y, τ)

K(t)−K(τ)

(
1− |x− y|2

4(K(t)−K(τ))

)
and, for i = 1, 2,

∂w

∂xi
(x, t; y, τ) = − xi − yi

2(K(t)−K(τ))
w(x, t; y, τ)

∂2w

∂x2i
(x, t; y, τ) = − w(x, t; y, τ)

2(K(t)−K(τ))

(
1− (xi − yi)

2

2(K(t)−K(τ))

)
,

which concludes the result by adding and comparing the above terms suitably. 2

Proposition 7 (Fundamental solution of operador L∗) Given y ∈ BR and τ ∈
(0, tf), function w : R2 × R → R defined in (8) satisfies

L∗(w(x, t; y, τ)) = δ(x− y, t− τ) in D′(R2 × R).

Proof. We have to prove that

I
.
=

⟨
−∂w
∂t

(x, t; y, τ)− k(t)∆xw(x, t; y, τ), φ(x, t)

⟩
D′×D

= φ(y, τ) (= ⟨δ(x− y, t− τ), φ(x, t)⟩D′×D),

for every φ ∈ D = D(R2 × R), where D′ = D′(R2 × R).
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Since w(x, t; y, τ) = 0 if t ≥ τ , taking into account Lemma 6.c), we have

I =

⟨
w(x, t; y, τ),

∂φ

∂t
(x, t)

⟩
D′×D

− ⟨k(t)w(x, t; y, τ),∆φ(x, t)⟩D′×D

=

∫ τ

−∞

∫
R2

w(x, t; y, τ)

(
∂φ

∂t
(x, t)− k(t)∆φ(x, t)

)
dxdt

= lim
ε→0+

∫ τ−ε

−∞

∫
R2

w(x, t; y, τ)

(
∂φ

∂t
(x, t)− k(t)∆φ(x, t)

)
dxdt.

Integrating by parts, Lemma 6.e) allows to write

I = lim
ε→0+

∫
R2

(
w(x, t; y, τ)φ(x, t)|t=τ−ε

t=−∞
)
dx

= lim
ε→0+

∫
R2

ξ(x− y,K(τ − ε)−K(τ))φ(x, τ) dx

+ lim
ε→0+

∫
R2

ξ(x− y,K(τ − ε)−K(τ)) (φ(x, τ − ε)− φ(x, τ))) dx.

Denoting by L =
∥∥∂φ

∂t

∥∥
C(R3)

, Lemma 6.b) guarantees∣∣∣∣∫
R2

ξ(x− y,K(τ − ε)−K(τ)) (φ(x, τ − ε)− φ(x, τ)) dx

∣∣∣∣
≤ L

∫
R2

ξ(x− y,K(τ − ε)−K(τ)) dx

= LεH(K(τ − ε)−K(τ)) = Lε→ 0 as ε→ 0+.

Finally, the result follows from Lemma 6.d). 2

The fundamental solution w of operator L∗ satisfies (5). Although w does not

belong to space X, we prove that it can be approximated by functions in X satisfying

equation (6). A technical result is previously stated.

Lemma 8 Let Ω be a bounded open subset of RN and f ∈ Cp(Ω) ∩ L2(Ω), p ∈ N ∪ {0}.
Then, for each open set ω strongly contained in Ω (this is, ω ⊂ Ω), there exists a

sequence {fδ}δ ⊂ D(Ω) such that:

a) {fδ}δ strongly converges to f in L2(Ω).

b) {Dαfδ}δ uniformly converges to Dαf in C(ω) for |α| ≤ p.

Proof. Let {f̂δ}δ ⊂ D(Ω) be a sequence strongly convergent to f in L2(Ω) (this

sequence exists since D(Ω) is a dense subset of L2(Ω); see [1]) and {f̌δ}δ ⊂ C∞(ω) be

a sequence satisfying that the sequences of the derivatives of order less or equal than p

converge uniformly to the corresponding derivatives of f in ω (Weierstrass Theorem).

Next, for d = dist(ω, ∂Ω) > 0, by choosing δ < d
3
, the δ–neighborhood ωδ of ω (i.e.,

the set of points which lie at a distance from ω smaller than δ) is strongly contained in

Ω. For the same choice of δ we consider fδ satisfying

fδ =

{
f̌δ in ω

f̂δ in Ω\ωδ,
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and defined in ωδ\ω in order to be uniformly bounded in δ and such that fδ ∈ C∞(Ω).

The sequence {fδ}δ ⊂ D(Ω) satisfies b). The part a) follows from∫
Ω

|fδ(x)− f(x)|2dx =

∫
Ω\ωδ

|f̂δ(x)− f(x)|2dx

+

∫
ωδ\ω

|fδ(x)− f(x)|2dx+
∫
ω

|f̌δ(x)− f(x)|2dx

taking into account that the three terms on the right hand side tend to 0 as δ → 0. 2

Now, we are ready to find a representation of the solution of Problem (4) in terms

of its values on the boundary.

Proposition 9 The solution of Problem (4) can be expressed, for (y, τ) ∈ BR × [0, tf ],

as

v(y, τ) =
h

4π

∫ τ

0

f(t)− v(R, t)− T0
K(t)−K(τ)

∫
∂BR

e−
|x−y|2

4(K(t)−K(τ)) dxdt

− 1

4π

∫ τ

0

k(t)v(R, t)

K(t)−K(τ)

∫
∂BR

∂

∂n

(
e−

|x−y|2
4(K(t)−K(τ))

)
dxdt.

(10)

Proof. For the sake of simplicity we write w(x, t) (or even w) instead of w(x, t; y, τ).

The key of the proof is, given (y, τ) ∈ BR × (0, tf), to get a sequence {wε}ε ⊂ X of

functions satisfying (5) and such that

lim
ε→0

∫ tf

0

∫
BR

L∗(wε) vdxdt = v(y, τ) (11)

and, then, to apply Corollary 4. First of all, we consider

ε∗ =
min{R− ||y||, τ, tf − τ}

2

and, for 0 < ε < ε∗, the cylinder

Qε = Bε(y)× (τ − ε, τ + ε).

With this choice, if 0 < ε1 < ε2 ≤ ε∗ then Qε1 ⊂ Qε2 ⊂ BR × (0, tf). For each ε ∈ (0, ε∗)

we consider a function ηε ∈ C∞(R2 × R) satisfying

ηε(x, t) =


0, (x, t) ∈ Q ε

2

∈ [0, 1], (x, t) ∈ Qε\Q ε
2

1, (x, t) ̸∈ Qε

and function wε(x, t) = ηε(x, t)w(x, t). It is clear that wε ∈ X and satisfies (5). Then,

since wε is equal to w in a neighborhood of ∂BR (and, thus, also their normal derivatives

coincide), Corollary 4 implies that∫ tf

0

∫
BR

L∗(wε) vdxdt = h

∫ tf

0

(f(t)− v(R, t)− T0)

∫
∂BR

w(x, t) dxdt

−
∫ tf

0

k(t)v(R, t)

∫
∂BR

∂w

∂n
(x, t) dxdt.

(12)
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Since

H(K(t)−K(τ)) = H

(∫ τ

t

k(z) dz

)
=

{
0 if τ ≤ t

1 if τ > t,

equality (12) becomes∫ tf

0

∫
BR

L∗(wε) vdxdt =
h

4π

∫ τ

0

f(t)− v(R, t)− T0
K(t)−K(τ)

∫
∂BR

e−
|x−y|2

4(K(t)−K(τ)) dxdt

− 1

4π

∫ τ

0

k(t)v(R, t)

K(t)−K(τ)

∫
∂BR

∂

∂n

(
e−

|x−y|2
4(K(t)−K(τ))

)
dxdt.

Then, in order to obtain (10), it suffices to prove equality (11). Lemma 8 for f = v,

Ω = BR×(0, tf) and ω = Qε∗ , ensures the existence of a sequence {vδ}δ ⊂ D(BR×(0, tf))

strongly convergent to v in L2(BR × (0, tf)) and uniformly in Qε∗ ; moreover, sequence

{L(vδ)}δ ⊂ C(BR × (0, tf)) converges uniformly to L(v) = 0 in Qε∗ . In particular,

lim
δ→0

vδ(y, τ) = v(y, τ) (13)

and there exists a constant C > 0 (independent of δ) such that

||L(vδ)||C(Qε∗ )
≤ C (14)

for all δ > 0. Since L∗(wε) ∈ L2(BR × (0, tf)),

lim
ε→0

∫ tf

0

∫
BR

L∗(wε) vdxdt = lim
ε→0

lim
δ→0

∫ tf

0

∫
BR

L∗(wε) vδdxdt.

Thus, the proof is over if we show that

lim
(ε,δ)→(0,0)

∫ tf

0

∫
BR

L∗(wε) vδdxdt = v(y, τ),

For this end, for each σ > 0 we look for δ0 = δ0(σ) > 0 and ε0 = ε0(σ) > 0 such that∣∣∣∣∫ tf

0

∫
BR

L∗(wε) vδdxdt− v(y, τ)

∣∣∣∣ < σ

for every 0 < δ < δ0 and 0 < ε < ε0. Triangular inequality leads to∣∣∣∣∫ tf

0

∫
BR

L∗(wε) vδdxdt− v(y, τ)

∣∣∣∣ ≤ ∣∣∣∣∫ tf

0

∫
BR

L∗(wε) vδdxdt− vδ(y, τ)

∣∣∣∣
+ |vδ(y, τ)− v(y, τ)| .

(15)

In order to estimate the first term of the right hand side of (15) we note that for every

φ ∈ C(BR × (0, tf)) and 0 < ε < ε∗,∣∣∣∣∫ tf

0

∫
BR

(wε − w)φdxdt

∣∣∣∣ = ∣∣∣∣∫
Qε

(ηε − 1)wφdxdt

∣∣∣∣ ≤ ∫
Qε

|w| |φ| dxdt

≤ ||φ||C(Qε∗ )

∫
Qε

|w| dxdt ≤ 2ε||φ||C(Qε∗ )
,

(16)
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where the last inequality has been obtained from Lemma 6.c). Next, choosing φ = L(vδ)
in (16) and denoting D = D(BR×(0, tf)) and D′ = D′(BR×(0, tf)), Proposition 7 allows

to write∣∣∣∣∫ tf

0

∫
BR

L∗(wε) vδdxdt− vδ(y, τ)

∣∣∣∣ =

∣∣∣∣∫ tf

0

∫
BR

L∗(wε) vδdxdt− ⟨L∗(w), vδ⟩D′×D

∣∣∣∣
=

∣∣∣∣∫ tf

0

∫
BR

(wε − w)L(vδ) dxdt
∣∣∣∣ ≤ 2ε

ϱCp

C,

with constant C given in (14). Hence, the choice

ε0 = min
{ σ

4C
, ε∗

}
ensures that ∣∣∣∣∫ tf

0

∫
BR

L∗(wε) vδdxdt− vδ(y, τ)

∣∣∣∣ < σ

2

for all ε ∈ (0, ε0).

For the second term of the right hand side of (15), puntual convergence (13)

guarantees the existence of δ0 > 0 such that

|vδ(y, τ)− v(y, τ)| < σ

2

for all δ ∈ (0, δ0).

Finally, formula (10) is also valid, in an obvious way, for t = 0 and extends by

continuity at t = tf . 2

Remark 10 Given x ∈ ∂BR, function y → e−c|x−y|2 , defined in BR, is not radial.

Nevertheless the following function, also defined in BR, is radial:

y 7−→
∫
∂BR

e−c|x−y|2 dx.

Therefore, the function given in (10) is radial (although it does not look so).

Next, we write the solution of Problem (4) in polar coordinates:

Corollary 11 Denoting by

γ(r, θ) = R2 − 2Rr cos θ + r2 and g(t, τ) =
1

K(τ)−K(t)
,

the solution of Problem (4) satisfies:

v(r, t) =
Rh

4π

∫ t

0

(f(τ)− v(R, τ)− T0)g(t, τ)

∫ 2π

0

e−
γ(r,θ)g(t,τ)

4 dθdτ

+
R

2π

∫ t

0

∂v

∂τ
(R, τ)

∫ 2π

0

R− r cos θ

γ(r, θ)
e−

γ(r,θ)g(t,τ)
4 dθdτ

for r ∈ [0, R) and t ∈ [0, tf ].
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Proof. For (r, t) ∈ [0, R) × [0, tf ] given, we choose x = (r, 0) ∈ R2. By changing the

roles of t with τ and x with y, from Proposition 9 we have

v(x, t) =
h

4π

∫ t

0

(f(τ)− v(R, τ)− T0)g(t, τ)

∫
∂BR

e−
|x−y|2g(t,τ)

4 dydτ

− 1

4π

∫ t

0

k(τ)v(R, τ)g(t, τ)

∫
∂BR

∂

∂n

(
e−

|x−y|2g(t,τ)
4

)
dydτ.

Then, for all y = (R cos θ,R sin θ) ∈ ∂BR,

|x− y|2 = R2 − 2Rr cos θ + r2 = γ(r, θ),

which leads to∫
∂BR

e−
|x−y|2g(t,τ)

4 dy = R

∫ 2π

0

e−
γ(r,θ)g(t,τ)

4 dθ

by means of the change of variable y = (R cos θ,R sin θ). Moreover,∫
∂BR

∂

∂n

(
e−

|x−y|2g(t,τ)
4

)
dy = R

∫ 2π

0

∂

∂ρ

(
e−

(ρ2−2ρr cos θ+r2)g(t,τ)
4

)∣∣∣∣
ρ=R

dθ

= −R
2

∫ 2π

0

(R− r cos θ)g(t, τ)e−
γ(r,θ)g(t,τ)

4 dθ.

Now, by taking into account that

∂g

∂τ
(t, τ) = − K ′(τ)

(K(τ)−K(t))2
= k(τ)g2(t, τ)

we can write

v(r, t) =
Rh

4π

∫ t

0

(f(τ)− v(R, τ)− T0)g(t, τ)

∫ 2π

0

e−
γ(r,θ)g(t,τ)

4 dθdτ

+
R

8π

∫ t

0

v(R, τ)k(τ)g2(t, τ)

∫ 2π

0

(R− r cos θ)e−
γ(r,θ)g(t,τ)

4 dθdτ

=
Rh

4π

∫ t

0

(f(τ)− v(R, τ)− T0)g(t, τ)

∫ 2π

0

e−
γ(r,θ)g(t,τ)

4 dθdτ

− R

2π

∫ 2π

0

R− r cos θ

γ(r, θ)

∫ t

0

v(R, τ)
∂

∂τ
(e−

γ(r,θ)g(t,τ)
4 ) dτdθ.

The result holds integrating by parts with respect to τ in the second term of the right

hand side of the last expression. 2

The main result of this section, related to Problem (1), can be stated as follows:

Theorem 12 Denoting by

m(t) = T (R, t) and Q(t, τ) = eα(P (t)−P (τ)),

the solution of Problem (1) can be expressed as

T (r, t) = T0Q(t, 0) +
Rh

4π

∫ t

0

(T e(τ)−m(τ))Q(t, τ)g(t, τ)

∫ 2π

0

e−
γ(r,θ)g(t,τ)

4 dθdτ

+
R

2π

∫ t

0

(m′(τ)− αm(τ)P ′(τ))Q(t, τ)

∫ 2π

0

R− r cos θ

γ(r, θ)
e−

γ(r,θ)g(t,τ)
4 dθdτ

for r ∈ [0, R) and t ∈ [0, tf ].
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Proof. From Corollary 11, undoing the change of variable (3), we obtain

u(r, t) = T0 + v(r, t) = T0 +
Rh

4π

∫ t

0

(f(τ)− u(R, τ))g(t, τ)

∫ 2π

0

e−
γ(r,θ)g(t,τ)

4 dθdτ

+
R

2π

∫ t

0

∂u

∂τ
(R, τ)

∫ 2π

0

R− r cos θ

γ(r, θ)
e−

γ(r,θ)g(t,τ)
4 dθdτ.

The result follows undoing the change of variable (2), taking into account that

∂u

∂τ
(R, τ) =

∂

∂τ
(m(τ)eα(P (0)−P (τ))) = (m′(τ)− P ′(τ)αm(τ))Q(0, τ)

and

Q(t, 0)Q(0, τ) = Q(t, τ).

2

Remark 13 Although function g satisfies

lim
τ→t

g(t, τ) = lim
τ→t

1

K(τ)−K(t)
= ∞,

the integrands in Theorem 12 are well defined; more precisely, since r < R then

γ(r, θ) ̸= 0 and, therefore, both integrands vanish in τ = t.

4. Uniqueness of solution for the inverse problem

In this section we deal with the uniqueness of solution for the inverse problem, and it

is proved that, under suitable assumptions, function k is uniquely determined by the

values that function T takes at R and at any other point r0 ∈ [0, R).

It is noteworthy that this does not always happen. For example, when the ambient

temperature evolves according to

T e(t) = T0e
α(P (t)−P (0)),

T (t) = T e(t) itself is a solution of the direct problem (1) for any function k.

In order to get the uniqueness of solution of the problem of identifying the thermal

diffusivity, we work under the following assumptions:

(H1) T e(t) ≡ T0 for all t ∈ [0, tf ].

(H2) P is a linear function in [0, tf ] with P
′ ≡ β > 0.

Remark 14 These assumptions do not impose any restriction on the problem of

identifying k, but on the experiment in which measurements are obtained.

Remark 15 Under assumptions (H1) and (H2), the solution of Problem (1) can be

written as

T (r, t) = T0Q(t, 0) +
Rh

4π

∫ t

0

(T0 −m(τ))Q(t, τ)g(t, τ)

∫ 2π

0

e−
γ(r,θ)g(t,τ)

4 dθdτ

+
R

2π

∫ t

0

(m′(τ)− αβm(τ))Q(t, τ)

∫ 2π

0

R− r cos θ

γ(r, θ)
e−

γ(r,θ)g(t,τ)
4 dθdτ

(see Theorem 12).
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Comparison Principle allows to prove the following auxiliary results:

Lemma 16 Under assumptions (H1) and (H2), if k is a Lipschitz continuous function

in [0, tf ] with k ≥ k0 > 0, then

T0 ≤ T (x, t) ≤ T0e
α(P (t)−P (0)) (17)

for every (x, t) ∈ BR × [0, tf ]. Moreover, for each t∗ ∈ (0, tf) there exists τ ∗ ∈ (0, t∗)

such that T0 < m(τ ∗).

Proof. By using changes of variable (2) and (3), inequality (17) becomes

f(t)− T0 ≤ v(x, t) ≤ 0, (18)

which arises directly from Comparison Principle in Proposition 5.

In order to prove the final state, we suppose that there exists an interval (0, t∗),

with 0 < t∗ < tf , and such that m(t) = T0 for all t ∈ (0, t∗). Thus, function T solves the

problem 
∂T

∂t
− k(t)∆T = αP ′(t)T in BR × (0, t∗)

k(t)
∂T

∂n
= 0 on ∂BR × (0, t∗)

T = T0 on BR × {0}.

Uniqueness of solution of this problem (see, e. g., [14, Theorem 8]) forces T to coincide

on ∂BR×(0, t∗) with the (unique) solution of this problem T0e
α(P (t)−P (0)), which satisfies

m(t) ̸= T0 for all t > 0. 2

Lemma 17 Under assumptions (H1) and (H2), if k ∈ C1([0, tf ]), k ≥ k0 > 0 and

k′(t) ≤ k(t)
f ′(t)

f(t)− T0
= αβ

k(t)

eαβt − 1
(19)

for t ∈ [0, tf ], then

∂T

∂t
(x, t)− αβT (x, t) ≤ 0 (20)

for every (x, t) ∈ BR × [0, tf ]. In particular,

m′(t)− αβm(t) ≤ 0

for t ∈ (0, tf).

Proof. Again, using changes of variable (2) and (3), inequality (20) can be rewritten

as

∂v

∂t
(x, t) ≤ 0.

From (4),
∂v

∂t
satisfies

∂

∂t

(
∂v

∂t

)
− k∆

(
∂v

∂t

)
= k′∆v =

k′

k
(k∆v) =

k′

k

∂v

∂t
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and

k
∂

∂n

(
∂v

∂t

)
+ h

(
∂v

∂t

)
= hf ′ − k′

∂v

∂n
= hf ′ − k′

k
h(f − T0 − v).

Furthermore, since v ≡ 0 at t = 0, from (4)

∂v

∂t
(x, 0) = 0.

Then V =
∂v

∂t
is a solution of

∂V
∂t

− k∆V =
k′

k
V in BR × (0, tf)

k
∂V
∂n

+ hV = h

(
f ′ − k′

k
(f − T0 − v)

)
on ∂BR × (0, tf)

V = 0 on BR × {0}.

Therefore, if ζ =
1

k
V =

1

k

∂v

∂t
, it satisfies

∂ζ

∂t
− k∆ζ = 0 in BR × (0, tf)

k
∂ζ

∂n
+ hζ =

h

k

(
f ′ − k′

k
(f − T0 − v)

)
on ∂BR × (0, tf)

ζ = 0 on BR × {0}.

Inequality (19) will allow to prove that

h

k

(
f ′ − k′

k
(f − T0 − v)

)
≤ 0, (x, t) ∈ ∂BR × (0, tf). (21)

With that aim we distinguish two cases: times t such that k′(t) ≤ 0 and times t such

that k′(t) > 0.

1) If k′(t) ≤ 0: From (18) f(t)− T0 − v(x, t) ≤ 0. Inequality (21) is obtained by using

that

f ′(t) = −αβT0 e−αβt ≤ 0.

2) If k′(t) > 0: From the last inequality in (18),

h

k(t)

(
f ′(t)− k′(t)

k(t)
(f(t)− T0 − v(x, t))

)
=

h

k(t)

(
f ′(t)− k′(t)

k(t)
(f(t)− T0)

)
+
hk′(t)

k2(t)
v(x, t)

≤ h

k2(t)
(k(t)f ′(t)− k′(t)(f(t)− T0)).

Inequality (19) and f(t)− T0 ≤ 0 provide the required sign.

Once inequality (21) has been proven, the Comparison Principle showed in

Proposition 5 allows to conclude the result. 2
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Remark 18 Lemma 17 is also true if k ∈ W 1,∞(0, tf) (cf. [1, Proposition IX.4, pag.

155]).

Remark 19 Assumption (19) on the growth of k supposes only a restriction on the

time intervals where k is an increasing function (in fact, it is automatically fulfilled by

constant or decreasing functions). In addition, since

lim
t→0+

1

eαβt − 1
= +∞,

such a condition does not suppose any restriction in k for short times. It is a priori

information needed to identify the conductivity coefficient. This information means

that the coefficient k can not have abrupt changes, typical of the processes that produce

phase change, which does not occur in the cases motivating this work, as discussed in

the Introduction.

Let us suppose that there exist two different functions k1 and k2 which provide the

same measurement m(t) at the right end R and, moreover, the same measurement at

some interior point r0 ∈ [0, R).

We assume the following property for k1 and k2: there exist t0 ∈ [0, tf ] and

t∗ ∈ (t0, tf ] such that{
k1(t) = k2(t), t ∈ [0, t0]

k1(t) > k2(t), t ∈ (t0, t
∗].

This implies that the above functions can not have oscillations as t sin
(
1
t

)
around t = 0.

A sufficient condition for this is that k1 and k2 be continuous and right locally analytic

functions.

Let us denote

γ0(θ) = γ(r0, θ), ψ0(θ) =
R− r0 cos θ

γ0(θ)
,

Ki(t) =

∫ tf

t

ki(s)ds and xi(τ) =
1

Ki(τ)−Ki(t∗)
=

1∫ t∗

τ

ki(s)ds

, i = 1, 2.

Since measurements at r = r0 for k1(t) and k2(t) are the same at any time, the expression

of the solution in Remark 15 at t = t∗ leads to

T0Q(t
∗, 0) +

Rh

4π

∫ t∗

0

(T0 −m(τ))Q(t∗, τ)x1(τ)

∫ 2π

0

e−
γ0(θ)x1(τ)

4 dθdτ

+
R

2π

∫ t∗

0

(m′(τ)− αβm(τ))Q(t∗, τ)

∫ 2π

0

ψ0(θ) e
− γ0(θ)x1(τ)

4 dθdτ

= T0Q(t
∗, 0) +

Rh

4π

∫ t∗

0

(T0 −m(τ))Q(t∗, τ)x2(τ)

∫ 2π

0

e−
γ0(θ)x2(τ)

4 dθdτ

+
R

2π

∫ t∗

0

(m′(τ)− αβm(τ))Q(t∗, τ)

∫ 2π

0

ψ0(θ) e
− γ0(θ)x2(τ)

4 dθdτ.
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Consequently,

0 =
Rh

4π

∫ t∗

0

(T0 −m(τ))Q(t∗, τ)

∫ 2π

0

(
x1(τ)e

− γ0(θ)x1(τ)
4 − x2(τ)e

− γ0(θ)x2(τ)
4

)
dθdτ (22)

+
R

2π

∫ t∗

0

(m′(τ)− αβm(τ))Q(t∗, τ)

∫ 2π

0

ψ0(θ)
(
e−

γ0(θ)x1(τ)
4 − e−

γ0(θ)x2(τ)
4

)
dθdτ. (23)

We point out that x1(τ) < x2(τ) for 0 < τ < t∗. Moreover, since xe−cx is a strictly

decreasing function for x ≥ 1

c
, for the choice

c =
γ0(θ)

4
=
R2 − 2Rr0 cos θ + r20

4
, (24)

we have that

x1(τ)e
−cx1(τ) − x2(τ)e

−cx2(τ) > 0

whenever x1 ≥
1

c
. This condition is fulfilled if functions ki satisfy, for example,∫ tf

0

ki(s)ds ≤
(R− r0)

2

4
≤ c, i = 1, 2,

which should be interpreted as part of the a priori information that has to be known in

order to determine k uniquely.

Furthermore, since e−cx with c given in (24) is a decreasing function, we have that

e−cx1(τ) − e−cx2(τ) > 0.

Now, hypothesis (H1) and (H2), and Lemmas 16 and 17, lead (22)–(23) to a null

sum of two definite integrals of non positive functions. Therefore, since the integrand

in (22) takes values strictly negative (in a neighborhood of point τ ∗ of Lemma 16), we

arrive to a contradiction. Consequently, it is not possible (as we had assumed) to find

a point t∗ ∈ [0, tf ] so that k1(t
∗) ̸= k2(t

∗).

Collecting the above reasonings, the following result is proved:

Theorem 20 Let T1 and T2 be, respectively, the solutions of problems
ϱCp

∂T

∂t
− k1(t)∆T = αP ′(t)T in BR × (0, tf)

k1(t)
∂T

∂n
= h (T e(t)− T ) on ∂BR × (0, tf)

T = T0 on BR × {0}
and 

ϱCp
∂T

∂t
− k2(t)∆T = αP ′(t)T in BR × (0, tf)

k2(t)
∂T

∂n
= h (T e(t)− T ) on ∂BR × (0, tf)

T = T0 on BR × {0},
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where ki ∈ C1([0, tf ]) and ki ≥ k0 > 0 for i = 1, 2. Let us suppose (H1), (H2) and

T 1(R, t) = T 2(R, t) and T 1(r0, t) = T 2(r0, t) for some r0 ∈ [0, R)

hold for all t ∈ [0, tf ].

Assuming ki are right locally analytic functions in [0, tf),∫ tf

0

ki(s)ds ≤
(R− r0)

2

4
, i = 1, 2 (25)

and

k′i(t) ≤ αβ
ki(t)

eαβt − 1
, t ∈ [0, tf ], i = 1, 2, (26)

then k1 = k2.

Remark 21 The further the two measurements are (i.e., the closer to zero is r0) the

less restrictive is condition (25) on the a priori information on k and, therefore, the

uniqueness of the inverse problem solution can be guaranteed for a wider set of functions.

Remark 22 In the particular case where k is a constant, it is possible to prove the

uniqueness result of Theorem 20 without requiring any assumptions about the size or

growth of k (i.e. without requiring assumptions (25) and (26)).

5. Conclusions

The inverse problem considered in this work has an extra difficulty with respect to those

studied in other works found in the literature. We have a heat transfer system with a

Robin type boundary condition including the time dependent variable that we want

to identify. If one tries to reduce the problem to an operational problem, an abstract

parabolic equation would be obtained with a time dependent operator. This complicates

the obtention of an expression for the solution, either in integral or in series form. In the

works found in the literature for problems similar to this one (see Section 1) these kind

of expressions are fundamental when using the overdetermination condition in order to

solve the identification problem. That is why in the problem considered in this work we

need two overdetermination conditions, instead of one, to show the uniqueness property

in the identification problem considered.
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[13] L. Otero, Á. M. Ramos, C. de Elvira y P. D. Sanz. A Model to Design High-Pressure Processes

Towards an Uniform Temperature Distribution. Journal of Food Engineering 78 (2007) 1463–

1370. DOI: 10.1016/j.jfoodeng.2006.01.020

[14] M. H. Protter y H. F. Weinberger. Maximal Principles in Differential Equations. Springer. 1984.

[15] N. A. S. Smith, S. L. Mitchell and A. M. Ramos. Analysis and Simplication of a Mathematical

Model for High-Pressure Food Processes. Submitted.

[16] I. Stakgold. Green’s Functions and Boundary Value Problems. John Wiley & Sons. 1979.



PREPUBLICACIONES DEL DEPARTAMENTO
DE MATEMÁTICA APLICADA

UNIVERSIDAD COMPLUTENSE DE MADRID
MA-UCM 2012

1. ON THE CAHN-HILLIARD EQUATION IN H^1(R^N ), J. Cholewa and A. Rodríguez Bernal

2. GENERALIZED  ENTHALPY  MODEL  OF  A  HIGH  PRESSURE   SHIFT  FREEZING 
PROCESS, N. A. S. Smith, S. S. L. Peppin and A. M. Ramos

3. 2D  AND  3D  MODELING  AND  OPTIMIZATION  FOR  THE  DESIGN  OF  A  FAST 
HYDRODYNAMIC FOCUSING  MICROFLUIDIC MIXER, B. Ivorra, J. L. Redondo, J. G. 
Santiago, P.M. Ortigosa and  A. M. Ramos

4. SMOOTHING AND PERTURBATION FOR SOME FOURTH ORDER LINEAR PARABOLIC 
EQUATIONS IN R^N, C.  Quesada and A. Rodríguez-Bernal

5. NONLINEAR  BALANCE  AND  ASYMPTOTIC  BEHAVIOR  OF  SUPERCRITICAL 
REACTION-DIFFUSION EQUATIONS WITH NONLINEAR BOUNDARY CONDITIONS, 
A. Rodríguez-Bernal and A. Vidal-López

6. NAVIGATION  IN  TIME-EVOLVING  ENVIRONMENTS  BASED  ON  COMPACT 
INTERNAL REPRESENTATION: EXPERIMENTAL MODEL,  J.  A. Villacorta-Atienza and 
V.A. Makarov

7. ARBITRAGE CONDITIONS WITH NO SHORT SELLING, G. E. Oleaga

8. THEORY OF INTERMITTENCY APPLIED TO CLASSICAL PATHOLOGICAL CASES, E. 
del Rio, S. Elaskar, and V. A. Makarov

9. ANALYSIS  AND  SIMPLIFICATION  OF  A  MATHEMATICAL  MODEL  FOR  HIGH-
PRESSURE FOOD PROCESSES, N. A. S. Smith, S. L. Mitchell and A. M. Ramos

10. THE  INFLUENCE  OF SOURCES TERMS ON  THE  BOUNDARY BEHAVIOR OF THE 
LARGE SOLUTIONS OF QUASILINEAR ELLIPTIC EQUATIONS.  THE POWER LIKE 
CASE, S.Alarcón, G.Díaz and J.M.Rey 

11. SUSTAINED INCREASE OF SPONTANEOUS INPUT AND SPIKE TRANSFER  IN THE 
CA3-CA1 PATHWAY FOLLOWING LONG TERM POTENTIATION IN VIVO, O.  Herreras, 
V.  Makarov and A. Fernández- Ruiz�

12. ELLIPTIC EQUATIONS IN WEIGHTED BESOV SPACES ON ASYMPTOTICALLY FLAT 
RIEMANNIAN MANIFOLDS, U. Brauer  and L. Karp

13. A NUMERICAL METHOD TO SOLVE A DUOPOLISTIC DIFFERENTIAL GAME IN A 
CLOSED-LOOP EQUILIBRIUM, J. H. de la Cruz, B.Ivorra and  A. M. Ramos

14. EVALUATION OF THE RISK OF CLASSICAL SWINE FEVER SPREAD IN BULGARIA BY 
USING THE EPIDEMIOLOGICAL MODEL BE-FAST, B. Martínez-López.  B.Ivorra, A. M. 
Ramos, E. Fernández, T. Alexandrov and J.M. Sánchez-Vizcaíno

15. WAVE-PROCESSING OF LONG-SCALE INFORMATION IN NEURONAL CHAINS, J.  A. 
Villacorta-Atienza and V. A. Makarov

16. A NOTE ON THE EXISTENCE OF GLOBAL SOLUTIONS FOR REACTION-DIFFUSION 
EQUATIONS WITH ALMOST-MONOTONIC NONLINEARITIES, A. Rodríguez-Bernal and 
A.  Vidal-López



PREPUBLICACIONES DEL DEPARTAMENTO
DE MATEMÁTICA APLICADA

UNIVERSIDAD COMPLUTENSE DE MADRID
MA-UCM 2013

1.  THIN DOMAINS WITH DOUBLY OSCILLATORY BOUNDARY ,   J.M. Arrieta and M 
Villanueva-Pesqueira  

2. ESTIMATES ON THE DISTANCE OF INERTIAL MANIFOLDS, J.M. Arrieta and E. 
Santamaría

3. A PRIORI BOUNDS FOR POSITIVE SOLUTIONS OF SUBCRITICAL ELLIPTIC 
EQUATIONS, A. Castro and R. Pardo

4. EVALUATION OF THE DIFFERENCES OF PROCESS VARIABLES IN VERTICAL AND 
HORIZONTAL CONFIGURATIONS OF  HIGH PRESSURE THERMAL (HPT) 
PROCESSING SYSTEMS  THROUGH NUMERICAL MODELLING, N. A. S. Smith, K. 
Knoerzer and A. M. Ramos 

5. MATHEMATICAL MODELLING OF THE GROWTH AND COARSENING OF ICE 
PARTICLES IN THE CONTEXT OF HIGH PRESSURE SHIFT  FREEZING PROCESSES, N. 
A. S. Smith, V. M. Burlakov and A. M. Ramos 

6. UNIQUENESS RESULTS FOR THE IDENTIFICATION OF A TIME-DEPENDENT 
DIFFUSION COEFFICIENT, A .Fraguela, J. A. Infante, A. M. Ramos and J. M. Rey


