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Abstract

We study boundary value problems for backward parabolic heat equations with
Cauchy condition at the initial time, i.e., at the ”wrong” end of the time interval. We
found that existence, uniqueness, and regularity of solutions can be still achieved for
the problem with boundary inputs.
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Parabolic equations such as heat equations have fundamental significance for natural sci-
ences, and various boundary value problems for them were widely studied including inverse
and ill-posed problems (see, e.g., examples in Tikhonov and Arsenin (1977), Glasko (1984),
Prilepko et al (1984), Beck (1985)). For ill-posed problems, solvability and regularity es-
timates for the solutions are not guaranteed for typical inputs. A classical example is the

backward heat equation

ou  d*u

with the Cauchy condition at initial time ¢ = 0. This problem is ill-posed, and the cor-
responding problem with the Cauchy condition at time ¢ = T is well-posed. For the
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parabolic equations, it is commonly recognized that the type of the boundary value condi-
tions and the sign of the second order coefficient usually defines if a problem is well-posed
or ill-posed.

Apparently there are boundary value problems that do not fit the framework given
by the classical theory of parabolic equations and by the mentioned above examples. In
Dokuchaev (2007), an example was given of a boundary value problem that appears to be
ill-posed but allows solvability, uniqueness of the solutions, and regularity estimates, for
an explicitly given set of inputs which is dense in a Lo-space of all possible inputs. This
result was obtained in frequency domain for linear parabolic equations on (0, 4o00) with
the second order Cauchy condition at x = 0 and with zero initial condition at ¢t = 0.

In the present paper, we give another example of a problem that looks similar to clas-
sical ill-posed problems but allows solvability and regularity estimates for the solutions.
Using the approach similar to the one from Dokuchaev (2007), we investigate a boundary
value problem in the interval [0, +-00) for linear parabolic equations similar to the backward
heat equation (0.1), with Cauchy condition at initial time ¢ = 0 and with mixed boundary
condition at the boundary point z = 0. This parabolic equation is known to be solvable
with Cauchy condition at terminal time but not at initial time. For these problems, we
established existence, uniqueness, and regularity of solutions for the problem with bound-
ary inputs. More precisely, we found that the boundary inputs from W3 (R)) vanishing for
t < 0 ensure solvability and regularity estimates for the solutions in a weighted Sobolev
space; the weight is defined by the sign of the first order coefficient. As far as we know,

this fact about backward heat equations was left unnoticed in the existing literature.

1 The problem setting

Let us consider the following boundary value problem:

ou 0%u ou
aa(aﬁ,t) + @(Cﬂ,t) + ba—x(x,t) +cu(z,t) =0, z>0,t>0,
u(xz,0) =0, x>0,
kou(0,t) + klgz(o,t) =g(t), t>0. (1.1)

Here a, b, c, kg, k1 € R are constants.



If b = 0 then the parabolic equation may describe the heat propagation or diffusion
along a semi-infinite rod with Robin type boundary condition at the end point, with the
diffusion coefficient a~!. The equation with b # 0 describes a diffusion process with drift.

We assume that
a>0, k}+ki>o0. (1.2)

The assumption that a > 0 and the presence of the initial condition at ¢ = 0 makes
problem (1.1) similar to the ill-posed backward heat equation.
Let T' denote the set of all functions g : R — R such that ¢g(t) = 0 for ¢ < 0 and

lgllw;w) < 400, where

Jg
ol 2 19l + H .
W2 (R) Lo (R) 8t LQ(R)

We mean that the corresponding derivative exists in La(R).

Remark 1 Note that the conditions on g are requires that g(0+) = 0 and that g is is
absolutely continuous on R, since dg(t)/dt € La(R).

For ¢ € R, introduce a weight function r(z) = r(z,q) = e~9.

Let RT £ [0, +00), and let Ly(R™,7) be the space of functions v = v(z) : Rt — R

00 1/2
ol a2 ( /0 r(a:)rv(x)Fdx) .

Let D = Rt x R, i.e., D is the domain of {(z,t)} for equation (1.1). Let Ly(D,r) be

with finite norm

the space of functions v = v(x,t) : D — R such that v(z,t) = 0 for ¢t < 0, with finite norm

loliaon 2 ([ r@lote, ->||%2(R)dx)l/2 — ([ s [ 1ot 0P "

Let WW = W(q) be the space of the functions v = v(z,t) : D — R such that v(z,t) = 0 for
t < 0 and with finite norm

v
ot

La(D,r) ’ Lo(Dyr)’

follw 2 ol oo + || oo o) Haxa

We mean that the corresponding derivatives exist in the class La(D, ).



The equations presented in problem (1.1) for any u € W are defined as equalities in
some Lo spaces. Let us show this. All the terms of the parabolic equation are elements
of Lo(D,r), so this equation is considered as an equality in Lo(D,r). Since u(-,t) is
continuous in Ly(R™T,r) as a function of ¢ € R, the initial condition at time ¢t = 0 is well
defined as an equality in Lo(R*,r). Further, for any y > 0, we have that uljoyxr+ €

C([0,y], L2(R)) and g—g € C([0,y], L2(R)), i.e., u(x,-) and g—;(:v, -) are continuous

[0,y] xR+
in Ly(R) as functions of z € [0,y]. Hence the functions «(0,¢) and %(x,tﬂx:o are well
defined as elements of Ls(R), and the boundary value condition at x = 0 is well defined as
an equality in Lo(R). Therefore, all equations in (1.1) are defined for u € W as equalities

in the corresponding Lo-spaces. Technically, it is not a classical solution.

2 The main result

Theorem 1 Let condition (1.2) holds, and let ¢ > 0. Let ¢ > —b, for q from the definition
of W=WH(q). Then there exists a unique solution u(xz,t) of problem (1.1) in the class W
with this q for any g € T'. Moreover, there exists a constant C = C(a,b,c, ko, k1,q) such
that

lullw < Cllgllwy g - (2.1)

Remark 2 In fact, (2.1) is the estimate for the norms in Lo(D) of the functions
e~ 9%/ 2y (x,t), e=9%/2ul(x,t), e=9/2u! (x,t), e/ (x,t). For b > 0, negative ¢ > —b
are allowed, and this estimate is stronger than the one for ¢ = 0, when Lo(D,r) = Lo(D).
For b <0, (2.1) holds for positive ¢ > —b > 0 only. In that case, (2.1) provide estimates

of u(+) in the corresponding weighted Sobolev space only.

Remark 3 It is essential for the proof given below that the only allowed inputs are bound-

ary inputs.

The following theorem shows that assumption that ¢ > 0 is not really restrictive if we
are not interested in the properties of the solutions for 7' — +o00, as can happen if we deal

with solutions on a finite time interval.



Theorem 2 Let ¢ < 0, and let condition (1.2) holds. Let M € (—c,+0o0) be such that
g(t)e=Mt € T. Then problem (1.1) has a unique solution u such that up; € W, where

upg(x,t) = e My (x,t).

In Theorem 2, we mean again that the solution u is such that the equations in (1.1) are
satisfied as equalities in some Lo-spaces.

Proof of Theorem 1. (A) Let us assume first that
p=02/4—c<0. (2.2)
Let Ct £ {z € C: Rez > 0}. For v € Ly(R), we denote by Lv the Laplace transform
V(p) = (Lv)(p) £ /000 e Ply(t)dt, peCT. (2.3)

Let H" be the Hardy space of holomorphic functions h(p) on C* with finite norm
Al e = sup,~q |R(v + iw)||Lr(r), 7 = 1 (see, e.g., Duren (1970)).

For functions V : Rt x C* — C, where C* = {z: Rez > 0}, we introduce norms

1/2
!Whgé(LJ@MW%M§m>,

Vi 2 1Vl + | 2]

+ HpV(wp)‘

H H 2‘ H "'
Lo, Ox2 L4, L3,

As usual, the statement ||V || < +o0o means that the corresponding derivatives of V' exist
in the corresponding classes.

Let us assume first that there exists a solution u € W of (1.1). Set go(t) = u(0,1),
gi(t) £ Zg (x,t)|z=0. As was discussed above, the functions g are well defined as elements
of Ly(R).

Let G = Lg, G, = Lg and U = Lu. Since g € T, we have that G € H2. Since u € W,
we have that the functions Gy, are well defined and G, € H?.

The assumption that u is a solution and u € VW implies that

02U oU
apU (z,p) + W(w,p) + b%(x,p) +cU(z,p) =0, x>0,

ou
koU (0,p) + k15-—-(0,p) = G(p), p€CT, (2.4)
and
2
U(m,~),aa—U( ), gg( )€ H? forae x>0, U]+ < 4o00. (2.5)



Let A\, = Ax(p) be the roots of the equation A\? + bA + ¢ + ap = 0 defined for p € C™,
ie., M(p) = —b/2 — /i —ap and Ag(p) = —b/2 + /it — ap, where = b2/4 — ¢ < 0. Here
we select the branch of the square root such that Arg\/u —ap € (—n/2,7/2], i.e., that
Re /it —ap > 0, where Arg z denote the principal value of the argument of z such that
Argz € (—m, m]. Under these assumptions, we have that Re (1 — ap) < 0 for p € C*, the
function /i — ap is holomorphic in C*, and

b
Re)\l(p)g—i, ImA(p) #0 if peCh or p=iw, weR, (2.6)
30>0, v>0, we>0: 2ReXo(v +iw) —g>4d if weR, |w > w,. (2.7)
In addition, we have that the functions A, (p) and e**+(®) are holomorphic in C* for

any x > 0, and
(M(p) = Xe(p) " € H®, Me(p)(M(p) — Xe(p)) " € H®, k=12,
(ko + kidi(p)~t € H*®, X\(p)(ko + ki (p)) "t € H™. (2.8)

The last two statements in (2.8) follow from the fact that ko + k1A1(p) # 0 for p € C* or

p = iw, w € Ry this fact follows from the second inequality in (2.6).

Let
valt H A ' b ‘ M
A= Aellge (S IIA = Azl gee ko + k11 || oo ko + ki || oo
For z > 0 and p € CT, set
1
Uz, é(G — Xa(p)Go(p))eM®)®
(z,p) M) = () (G1(p) 2(p)Go(p))
~(Ga) — MG ). 29)

It can be verified directly that, for every given p € CT, this U(-,p) is the unique solution

of the Cauchy problem

U oUu
(:E?p)—i_bi(x)p)_'_CU(l‘ap) :Oa CL'>0,

apU (x,p) + ) 9
oU
U(0,p) = Go(p), %(0,19) = G1(p). (2.10)

Equation (2.9) for U can be rewritten as U(x,p) = Ui(x,p) + Us(zx, p), where

1
m<Gl(p) — X2(p)Go(p)).

1
A1(p) — A2(p)

Up(z,p) = MNP (p),  Ji(p) =

Us(w,p) = 2P Jo(p),  Ja(p) = (G1(p) = Ai(p)Go(p))-



Let us show that
||U1HL§{2 < 4o00. (2.11)
By (2.7), |e*MP)| < e=/2 ) ¢ CF. Tt follows that

e il < sup [T g < e 2 Tz < New™2 3 |Gyl e
peC+ k=0,1

Then (2.11) holds. The assumption that u € VW implies that (2.5) holds. This and (2.11)
imply that

||U2||L512 < +o0. (2.12)
By (2.7) again,
1022, >/ d:vr(:v)/ ]Ug(x,u+z‘w)|2dw:/ dm—qw/ M+ () 1) 2
22 R+ R Rt R
:/ dg:e_qz/ 62Re’\2(”+i“’)x]<]2(l/+iw)|2dw2/ dﬂse‘sm/ | Jo (v + iw) | dw.
R+ R R+ w: |w|>ws

By (2.12), it follows that Jo(p) is vanishing on {p = v +iw : |w| > w.}. Since J, € H?, it
follows that Jo(p) = 0. Therefore, we have obtained that, if u € W is a solution of (1.1),
then

Gi(p) = MGo(p),  J1(p) = Go(p), J2(p) = 0.

Remind that koGo(p) + k1G1(p) = G(p). It follows that koGo(p) + k1A1Go(p) = G(p).
Therefore, we have proved that if u € W is a solution of (1.1), then U(z,p) = Ui(z,p),

and

Go(p) = (ko + k1 hi(p) " G(p),
U(z,p) = MP*Go(p). (2.13)
In particular, we have proved the uniqueness of solution in the class W.

Let us establish existence of a solution in the class W.

Let the operator F~!: H? — Ly(R) be defined such that v = F~1V is

where the limit is in Ly(R). By Paley-Wiener Theorem, this operator F~! is continuous

(see, e.g., Yosida (1995), p.163). In addition, v(¢) vanishes for t < 0, and if V(iw) =



V(—iw) then v is real. In fact, this operator represents the inverse Fourier transform of
the trace of V on iR.
Let us show that u(z,-) = F~1U(x,-) is a solution of (1.1) if U is defined by (2.13).
First, let us estimate ||U||x.
Repeat that, by (2.7), [e*1®)| < e=28/2 for p € C*. It follows that

I e W Go(p)| 2 < e[ Go(p) 12

< e 2 (hy + () a6 Gl < Ne 2" Gl m = 0,1.
It follows from the above estimate that
[P"Ullpg < NCi[p"Gllg2, m=0,1. (2.14)

Further, we have that

g%(:vvp) = Go(p)MeM* = kOf}MG(p)MeW. (2.15)
We obtain again that
ou i — ou ’ A(p)z ?
‘ o s = /R+ r(z) ‘8x (x,p) o dx < NCy /R+ r(z) He G(p)HH2 dx

< NC, / r(@)e " |G ()| 42 dz < C5|Gllge. (2.16)
R+

By (2.4), 0?U/0z? can be expressed as a linear combination of U, pU, and 0U/dx. By
(2.14)-(2.16),

92U 2

— d
@ Gten)| o
<c /r<>6U< 2d+§j/ 2) U (. p) |2 d
< (4 R+xaxﬂcp azmm P z,p) |52 dx

It follows that
02U 2 ) )
@) | 25| dr < CICIE + ) ) (2.17)
R+ T H2

Here Cj are constants that depend on a,b,c, ko, k1,q. By (2.14)-(2.17), it follows that
estimate (2.5) holds for U defined by (2.13).



By (2.14), it follows that u(z,-) = F~'U(x,-) and %(x, ) = F YpU(x,-) are well
defined in Lo(D,r) and are vanishing for ¢ < 0. It follows that w(-) is continuous in
Ly(R™) as a function of ¢, and that u(-,0) = 0 in Ly(R™). In addition, we have that
U(z,iw) = Uz, —iw) for w € R (for instance, Gg(iw) = Gp(—iw), eoM(iw) = g@hu(=iw)
etc). It follows that u(z,-) = F~1U(z,-) is real. By (2.5), estimate (2.1) holds. Therefore,
u is the solution of (1.1) in W. The uniqueness was already established above. This
completes the proof of Theorem 1 for the case when (2.2) holds.

(B) Let us prove Theorem 1 for the case when (2.2) does not hold. Note that if
v e W and u(z,t) = v(ex,t), then u € W for any € > 0, and ||ullyy < C|v|lw, where
C = C(e) > 0is a constant. For ¢ € (0,24/c/b), consider the problem

ov 5 0% ov
aa(x,t) +e @(l‘,f) +eb

v(z,0)=0, z>0,

6x(x,t)+cv(ac,t) =0, =>0,t>0,

kov(0,t) + kl%((),t) =g(t), t>0. (2.18)

Clearly, the analog of (2.2) is the condition £2b?/4 < ¢, and it is satisfied. By the part
(A) of the proof, it follows that problem (2.18) has unique solution v € W, where W is
defined for ¢ = g. > —¢b, and an analog of estimate (2.1) holds. By (2.18), it follows that
the function u(z,t) = v(ex,t) is the unique solution of (1.1), and (2.1) holds for the space
W defined for ¢ = e '¢, i.e., for ¢ > —b. It can be obtained by the change of variables

such as

/R+ e %" |u(x, )|}, gydz = /R+ e ulex, )1, ryde
N 6_1/ eV uly, |7, mydy < +oe.
R+

This completes the proof of Theorem 1. [J
Proof of Theorem 2. Rewrite the parabolic equation with ¢ replaced by ¢ + M and
g(t) replaced by g(t)e~M!. By Theorem 1, solution uy; € M of the new equation exists.

Mt

Clearly, u(z,t) = e™'ups(x,t) is the solution of of the original problem. [J

Remark 4 A similar result can be obtained for the classical well-posed problem with a < 0.
In that case, the conditions can be less restrictive, for example, with b < 0 and g = 0. In

contrast, we require that ¢ > —b for our case with a > 0.



3 Some applications

Exact compensation of a boundary input by an initial value input

Let T > 0 be given. Let us consider the following well-posed boundary value problem on

R* x [0,T]:

ov 0% ov
aa(:c,t) = @(%t) + b%(a:,t) + cv(z,t), x>0,tel0,T],
v(x,0) = vi(x),
kov(0,t) + kng(o,t) =g(t), t>0. (3.1)

Here a > 0,b > 0, ¢, ko, k1 € R are constants such that (1.2) holds.

Theorem 3 For any g € T, there exists v, € Loy(R") such that v(z,T) = 0, where v € W
is the solution of problem (3.1).

Proof. The time change t — T — t transforms problem (3.1) into the equation with initial
time at time ¢ = 0 in (1.1). It suffices to take the solution u € W for ¢ = 0 of problem
(1.1) and take vi(z) = u(x,T), v(z,t) = u(z, T —t). O

Theorem 3 gives a solution for the following inverse problem: find the distribution of
the initial temperature along the rod such that the temperature at a given time T is a

given constant even if there is a variable in time loss/gain of heat at the endpoint.

Restoration of the past distributions for diffusion processes

Assume that there is a probability space. Let E denote the expectation of a random
variable.

Let w(t) be a scalar Wiener process (i.e., it a pathwise continuous Gaussian process
with independent increments such that Ew(t) = 0 and Ew(t)? = t). Consider the following

stochastic process
y(t) =&+ Bt + ow(t). (3.2)

Here 8 > 0 and ¢ > 0 are constants, & is a random variable such that ¢ > 0, E€2 < 400,
and ¢ is independent from w(-). We assume also that £ has the probability density function

p € Ly(RT). However, we assume that this p is unknown.
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The process y(t) describes the evoultion of a Brownian motion starting at £ with drift
(; it is the limit continuous time model of the random walk.

Set 7 = min {t > 0: y(t) = 0}.

Let function p(z,t) : R x [0,7] — R be such that p(z,0) = p(x),

/B p(a, t)dzr = BeMyy e irsy

for any interval B C R*. Here I denote the indicator function of an event.

In fact, p(z,t) is the probability density function of the process y(t) if this process
is being killed (absorbed) at 0, and it is being killed inside (0,+o00), with the rate of
killing (—A\); the case of A > 0 is not excluded. It is known that the evolution of p
is described by the parabolic equation being ajoint to (1.1) with the boundary value
conditions p(z,0) = p(x), p(0,t) = 0, and with

a=1/c% b=p8/c% c=)o? k=1, k =0. (3.3)

It is also known that p(-,T) € Lo(R™).

For g € T, let uy = ug(x,t) be the solution of the problem (1.1), (3.3).

Let T > 0 be given, and let Wy(x) 2 ug(z,T). By Theorem 2 applied with ¢ = 0, it
follows that ¥, € Ly(R™).

Theorem 4 For all functions g €' and all A € R,

Ee’ g(1) ety = —BeM Uy (y(T) o1y = —/ p(z, T)V,(z)dz. (3.4)

Rt

Theorem 4 allows to find the distribution of the first exit times for the Brownian
motion when its initial position is random with an unknown probabilistic distribution and
when the statistics of the observations is available at the terminal time 7" and only for
particles that didn’t achieve the boundary. More precisely, it allows to solve effectively the
following inverse problem: find the distribution of 7l .7} using the terminal distribution
p(z,T) for the case when the distribution p(z) = p(z,0) of £ = y(0) is unknown. Using
this theorem, one can find the value of the expectation at the left hand side of (3.4) for
any g € I' via the following algorithm:

(a) Find ug as the solution of (1.1), (3.3).

11



(b) Find ¥y = uy(-,T).
(c¢) Using known p(x,T'), calculate the integral at the right hand side of (3.4).

This approach does not require regularization being used for ill-posed problem such as in
Beck (1985) or Tikhonov and Arsenin (1977).
Proof of Theorem 4. By the definitions,

BN Dy, (y(r AT), 7 AT) = EGATQ(T)H{T<T} + Ee)‘T\I’g(y(T))H{TET}‘

By It6 formula,
EN Dy, (y(r AT), 7 AT) = Bug(a,0) = 0,

since ug(x,0) = 0. In addition,

BT () sr) = [ (o TV, (o)

Then the result follows. OJ
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