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ABSTRACT. We discuss inverse problems of determining the time-dependent
source coefficient for a general class of subelliptic heat equations. We show that
a single data at an observation point guarantees the existence of a (smooth)
solution pair for the inverse problem. Moreover, additional data at the observa-
tion point implies an explicit formula for the time-dependent source coefficient.
We also explore an inverse problem with nonlocal additional data, which seems
a new approach even in the Laplacian case.

1. Introduction. Let X = (X1,...,X,,) be a system of real smooth vector fields
defined over a subset W of R? satisfying the Hormander condition (H): There exists
a natural number r such that the vector fields Xi,..., X,, together with their r
commutators span the tangent space at each point of W.

Let Q C W be a bounded connected open subset with smooth boundary 0f2
non-characteristic of X = (Xi,...,X,,). In Q, we consider the following inverse
problem of finding a pair (u,p) :

Opu(z,t) — Axu(z,t) = p(t)u(z, t) + f(x,t), inQx(0,T),
u(z,0) = p(x), x €1, (1)
u(z,t) =0, on 90 x (0,7T),
with additional condition u(g,t) = w(t), ¢t € [0,T], for a point ¢ € Q. Here
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with X = —X; — divX,, is a self-adjoint subelliptic operator (see [3]).

In the classical case when X; = 0,,, ¢ = 1,...,d, one has the usual (elliptic)
Laplacian A instead of the subelliptic operator Ax in (1) and there is a vast of
literature on such parabolic inverse problems, especially, in 1D-cases. The existence
and uniqueness of the solution for this inverse problem were initially established by
Cannon, Lin, and Wang [7]. They utilized the method of time variable retardation
along with a priori estimates. Additionally, for more general case, Prilepko and
Soloviev [15] contributed by using a potential theoretic approach with the funda-
mental solution.

Furthermore, integral(nonlocal) overdetermination, expressed as [, u(z, t)w(z)dx
= w(t), where w and w are known functions and u is the solution of a specified par-
abolic equation, is also discussed in this paper. This approach can be instrumental
in solving inverse coefficient problems. Notably, problems incorporating integral
overdetermination in parabolic equations were first introduced and analyzed within
the academic circle led by Prilepko [14], to the best of our knowledge. Subsequent
in-depth investigations into these inverse problems were conducted by Cannon and
Rundel [8], Ivanchov [11], Lesnic [13], among others, as referenced in their works.

There is a substantial body of literature on classical parabolic inverse problems,
particularly in one-dimensional cases, as detailed in books [11] and [13] . Additional
resources on integral overdetermination conditions can be found in [6] and [10]
and the references cited therein. For a comprehensive analysis of related inverse
problems in classical contexts, we also refer to references in [5] and [12].

The present paper aims to analyse inverse problems of recovering the time-
dependent source parameter p(t) in the Cauchy-Dirichlet problem for the subelliptic
heat equation (1). First, in order to find a pair (u,p), we fix a point ¢ €  as an
observation point for some time-dependent quantity. So, by using this additional
date we recover the time-dependent source parameter p(t). Interestingly, we dis-
cover that this method works well to study an inverse problem for the same model
but with nonlocal additional data. The latter approach seems new even in the
Laplacian case. Our proofs rely on subelliptic spectral theory arguments. Thus, we
establish the existence and uniqueness for the inverse coefficient problem based on
the eigenmodes (eigenvalues and eigenfunctions). It is well-known that the eigen-
modes can be used to numerically solve these types of inverse problems (see, e.g.
recent papers [2] and [4]).

Moreover, we also state that the solution to the inverse problem can be found ex-
plicitly in the case of an increase in the number of overdetermined data by potential
theory techniques.

We organize our paper as follows. In Section 2, we prove the existence and
uniqueness result with a single datum at an observation point by using a spectral
theory approach. In Section 3, the time-dependent source parameter is found in
an explicit form by applying the potential theory arguments. In Section 4, our
technique from Section 2 is applied to treat a nonlocal case. Some interesting
particular models are discussed in Section 5.

2. Single datum. Let 2 be a bounded connected open subset with smooth
boundary 9 non-characteristic of X = (Xy,...,X,,) and let |H| > 0, where the
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set H is defined in (5). Consider the following inverse problem of finding a pair
(u, p):
Su(z,t) — Axu(x,t) = p(t)u(z,t) + f(z,t), in Qx(0,T),
u(z,0) = p(x), x € 9, (2)
u(z,t) =0, on 02 x (0,7,

where ¢ € C?*(Q) and f € C?%9(2 x [0,T]) for integer k > £ + 1. Here and after
we understand g € C1(Q2) if Xg € C(Q).

The operator Ay is well-defined on {u € Hy 4(92) : Axu € L*(Q)}. Recall that
H(Q) = {u € L*(Q) : Xju € L*(Q),1 < i < m} and Hy ((Q) is the closure of
Cs°(Q) in H ().

For any 2 € Q and given 1 < k < r, let Vi () be the subspaces of the tangent
space at x spanned by all commutators of X1, ..., X, with length at most k. Note
that the number r in the statement (H) in the introduction is called the Héormander
index. The Hausdorff dimension v of 2 (or it can be also called the Métivier index
of Q) is defined as

V= Zk’ (v — Vg—1)
k=1

with vg = 0. Here it is assumed that for each z € Q, dimVj(x) is a constant denoted
by vy in a neighborhood of z.

Let us consider the following Dirichlet spectral problem of finding a nontrivial
function ¢ and eigenvalue A:

—Ax¢(x) = Ag(z), inf,
¢(z) =0, on Q.

By using the spectral theorem for compact self-adjoint operators, it can be shown
that the eigenspaces are finite-dimensional and that the Dirichlet eigenvalues A\ are
real, positive, and have no limit point. The eigenspaces are orthogonal in the space
of square-integrable functions and consist of smooth functions. In fact, the system
of eigenfunctions ¢, (x), n € N, an orthonormal basis of L (2) (see, [3, Section 3.1]).

The eigenvalues can be arranged in increasing order:

0< M <Ao< < A — 00,

where each eigenvalue is counted according to its geometric multiplicity. It is well-
known that Weyl’s asymptotic formula for the Dirichlet Laplacian (v = d) holds

Ap ~nv. (3)
The asymptotic formula (3) fails to hold for general Hérmander vector fields not
satisfying the so-called Métivier condition. However, recently, in [3] for the operator
Ay it was proved that Weyl’s asymptotic formula
Apy ™~ n? (4)
holds if and only if |H| > 0. Here
H:={xe€Q|v(zx)=0} (5)

and v(x) := Z;le (vj(x) —vi—1(x)) (with vy(z) := 0) is a pointwise homogeneous
dimension and

EES r;leaécy(m) (6)
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Clearly, 7 = v if dimV(z) is a constant in a neighborhood of z.

Let g € Q be a point such that ¢,(q), n = 1,2,..., is bounded with ¢,,(g) # 0 for
some ng € N. Let N, C N be maximal set such that ¢, (¢) # 0 for all n € N,. We
use this point ¢ € 2 as an observation point for the quantity:

w(t) =u(g,t), tel0,T]. (7)
Set on = [ @(x)dn(x)dr and fo(t) = [, f(t,z)on(x)dx
Lemma 2.1. If p € C?%*(Q) and A%p = 0, m = 0,...,k — 1, on x € IQ with
k> % +1, then we have

Z A lonl < e [|A% |,

where ¢ =Y _°7 L

n=1 W
Proof. From Green’s identities for the subelliptic operator Ax we get
k
Pn = (_ ) )\k: (AXQD>

where (A’)“(go)” = [ Ak @(x)¢n(x)dz. By the Cauchy-Schwarz and Bessel inequal-
ities we have

Z)‘ |‘p”|_z)\k r[(A%e),|

o 2 3
S(Z)\Q(k 1> <Z|AX(pn >
n=1
<t [[akel,, -

The series ¢ = Yo~ Pea 15 is convergent by the Weyl-type asymptotic formula (4),
since k > % + 1. O

Let us introduce:
Dp(Q) = {p e C™(Q): ARp =0, m=0,...,k—1on z €N}

for some k > %—&— 1.
We have the following assumptions about the given functions.

1. ¢ € Di(Q) with ¢ndn(q) > 0 for Vn € N, and ¢ ¢n,(¢) > 0 for some
ng € Nq;

2. feC(Qx][0,T]) and f(z,t) € Dr(Q) with f,,(t)¢.(q) > 0 for V¢ € [0,T] and
for Vn € Ng;

3. w e C0,T| with w(t) # 0 for Vt € [0,T] and w(0) = ¢(q).

The following theorem is valid for the existence and uniqueness of the inverse
problem.

Theorem 2.2. Assuming conditions (1)-(3) hold, a unique smooth pair (u,p), that
is, u € C?1(Q,[0,T]) and p € C[0,T), exists that solves the inverse problem (2)
with (7).
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Proof of Theorem 2.2. The solution of (2) has the form:

u(z,t) = Z (50 e —Ant+[I p(r)dr / Falr e~ An(t=7) )+ [ p(s) dsdT) bn(2)
n=1
with ¢, = [, p(x z)dr and fr(t) = [, f(t,2)pn(x)dx

Let r(t) = e~ fo T)dT. So, we have

_ i; (Wiw ¥ /0 t fn(T)e*n@T)r(T)dT) b ().

From the additional condition (7) it follows that

H(t)ula,t) = (go ety / fulr)e () )%( ) = r(tyut)

or

w

_ 2211 ‘Pne_k"t(bn( ) 1 e~ (t=1) ) 1 (Vdr
r(t) = o / (Z bu(0) ) (dr ()

in the case w(t) # 0.
From Green’s identities for the subelliptic operator Ax we get

Kk
on =50 [ Aet@iona)ds

for o € C*(Q) and A¢ =0, m =0,....k — 1, on z € 9. We have

|30n = )dx

Let |¢n(q)] < M for some M = const > 0. The majorant of the series

> pne e (q)
n=1

is D07 1 |¢nl, that is, by the Cauchy-Schwarz inequality we have

Z\m =3 5| Ao

00 1 5 o] 2 %
n=1"" n=1
Now we apply the Bessel inequality
2 00 1
ey (2)de| <> 5 N2k 1A% 90HL2
n n=1""1

This series is convergent by the Weyl-type asymptotic formula (4).

The same inequality is true for the second series in (8). Then the second kind
Volterra equation has a unique continuous solution in [0, 7] and it must be positive.
Then

r'(t)

r(t)

r(t) = el PO — (1) = —
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The function r(t) is continuously differentiable if the series > oo | onAne ', (q)
is uniformly convergent. It is the case since the majorant series M > "7 | A, |¢n] is
convergent for k > 7 + 1 by Lemma 2.1. O

Simple example. The inverse problem
Up = Ugy +P(E)u+ (1 +t)sinz, O<z<m; 0<t <T,
ul,_o = sinz,
u|:z::0 = U"I:’ﬂ' = 07
u(Z,t) =t+1,
satisfies all the assumptions of Theorem 2.2 in the one-dimensional case, since
¢(z) = sinz, f(x,t) = (14 t)sinz, ¢ = § and w(t) = t + 1. Consider the
corresponding spectral problem
{ —¢"(x) = Ap(x),
¢(0) = ¢(m) = 0.

The eigenvalues are \,, = n?,n = 1,2,.. and orthonormal eigenfunctions are ¢,,(x) =

\/gsin(nx)ﬂl =1,2,....

Because ¢ € D2(0,7) and f € Dy(0, ) for Vt € [0,T], and also ¢, = (¢, ¢p,) =0,

n> la Y1 = \/?7 fn(t) = (fa(bn) = Oa n> 17 fl(t) = \/g(t—i_l) and <P1¢1(g) =1>
0, fi(t)p1(5) = 1+t > 0 with w(0) = 1 = ¢(F), all the assumptions of Theorem
2.2 are satisfied. This problem has the exact solution pair u(x,t) = (14¢) sinx and

p(t) = -

3. Double data. Let Q C R? be bounded open set with piecewise smooth bound-
ary 0. Consider the inverse problem of identifying a pair (u,p):
Oru(z,t) — Axu(z,t) = p(t)u(z,t) + f(z,t), in Qx (0,7T),
u(z,0) = p(x), x €, (9)
u(z,t) =0, on 90 x (0,7),

where ¢ € C2(Q) and f € C;'°(Q x [0,T]) are given functions. Assume that there
exists ¢ €  such that f(q,t) € C'[0,T] is continuously differentiable function with
flg,t) # 0. We now fix ¢ € Q as an observation point for two time-dependent
quantities:

wl(t) = vl(Qvt)v w2(t) = '02((]775); te [Oa T] (10)
Here
Oy (z,t) — Axvy(z,t) = p(t)vy (x, t) + f(z,t), inQx(0,T),
Ul(l'vo) = (p((E), T e Q’ (11)
vi(z,t) =0, on 902 x (0,7),
and

Opva(z,t) — Axva(z,t) = p(t)va(x,t) + Ax f(z,t), in Q x (0,7T),
va(z,0) = Axp(z), x €Q, (12)
ve(x,t) =0, on 082 x (0,7).

Theorem 3.1. Let ¢ € C2(Q) and f € C2°(Q x [0,T]). Let q € Q be such that

flq,t) € CY0,T) is continuously differentiable function with f(q,t) #Z 0. Let w
and wy defined in (10) be the observation data. Then there exists a unique smooth
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solution pair (u,p), that is, u € C>(Q,[0,T]) and p € C[0,T), for the inverse
problem (9) with

p(t)wi(t) = wi(t) — wa(t) = f(g,1)-

Note that if p is found, then the solution u of the direct problem has the following
representation

atet)=ep ([ prar) | [ no(e.a. s+

+ /Ot/QhD(x,y,t—r) exp (— /OTp(s)ds> f(y77-)dyd7—:|7

where hp is the subelliptic heat kernel [3, Theorem 1.1] for the Cauchy-Dirichlet
problem for the subelliptic heat equation in the cylindrical domain  x [0, 7).

Proof of Theorem 3.1. Let us recall the following transformation from [6]:

o(@,1) = r(Bulz, 1), r(t) = exp (— /Otp(T)dT),

that is,

Thus, we have
ov(x,t) — Axv(x,t) =r(t)f(x,t), in Qx (0,7T),
u(z,0) =p(z), z€Q, (13)
u(z,t) =0, on 902 x (0,T).

We now fix a point ¢ € 2 as an observation point for two time dependent quantities:

w1 (t) = wi(q,t), wa(t) :=wa(gq,t), tel0,T].

Here
Opwr (z,t) — Axwy(x,t) =r(t) f(x,t), inQx (0,7T),
wy(x,0) = p(z), T €, (14)
wq(x,t) =0, on 902 x (0, 7).

and

Orwa(x,t) — Axwa(z,t) = r(t)Ax f(x,t), inQx(0,T),
wa(x,0) = Axp(z), x €, (15)
wa(z,t) =0, on 002 x (0, 7).

It is known that the solutions of Cauchy-Dirichlet problems (14) and ( 15), cor-
respondingly, can be presented by

wn(z,t) = / /Q hp (@t — T)r(r) f(y,7) dy + /Q ho(e.y Do)y (16)

and

wi(, 1) = / hip (gt — 7)r(r) Dx f(y7) dy + / ho (@, 9, ) Axe(y) dy. (17)
0 Q Q
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That is, for ¢ € Q and for all ¢ € [0,T] we have
)= [ [ holast =) 1.7) dyar
+ /Q B (g, 3, De(y) dy = @1 (1)
wsla)= [ [ olat =18 s dyds

+/ hp(q,y,t)Axp(y) dy = wa(t).
Q

By differentiating w; and applying the Leibniz integral rule, then using d:hp (z,y, t—
7) = Axhp(z,y,t — 1), t > 7, Othp(z,y,t) = Axhp(z,y,t), t > 0, and Green’s
second identity for the operator Ax, we get

(1) = /Q (g, )p(y) dy + () £(,1)
T / / O (0,9, — 7)r(7) f(y, 7) dy dr

:/ /Axhp(q,y,t*T)T(T)f(y,T) dy dr
0 Q

+r(0f(@.0)+ | Axhola.v. el dy (18)
Q
- / / B (g, 9.t — Tr(F)Ax f(y,7) dy dr + () f (g, 1)
+/ hp(q,y,t)Axp(y)dy
Q
=w2(t) +7(t)f(q,1).
Thus, we arrive at
Wy (t) = @y (t) —r(t)fg,t). (19)

Moreover, we have the following relations
wi(t) :=r(H)wi(t), wa(t) :==r(t)wa(t), t€][0,7T).
Plugging in (19) we obtain
p(t)wi(t) = wi(t) —wa(t) — f(q,1).

Also, the direct Cauchy-Dirichlet problems (13), (14), and (15) have a unique
solution. It implies that there exists a unique classical pair (v, r), that is, (u,p) for
the inverse problem (9). The proof is complete. O

4. Nonlocal data. Consider the following problem:
Opu(z,t) = Axu(z,t) + r(t) f(z,t), inQx(0,7),
u(z,0) = p(x), x €, (20)
u(z,t) =0, on 90 x (0,7,

where ¢ € C?*(Q) and f € C?%:°(Q x [0,T]) for some integer k > % + 1.
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Note that the equation (20) is equivalent to (2) (see the proof of Theorem 3.1).
Now we consider the inverse problem of finding (u, r) from (20) with nonlocal datum

/Qw(x)u(x,t)dx =w(t), tel0,T], (21)

where w(z) € La(2).
One could also discuss the case when (21) is replaced by the measurement in
Section 2:
u(g,t) =w(t), telo,T],
where ¢ is a given space observation point in 2 such that the sequence ¢, (q),
n = 1,2,..., is bounded. This is retrieved when one considers the Dirac delta

distribution §(z — ¢) centred at ¢ in equation (21).
The following theorem is valid for the existence and uniqueness of the inverse
problem.

Theorem 4.1. Let the following conditions hold:

1. p e Dk(Q);
2. feCQx[0,T]), f(z,t) € Dp(Q) and [, w(z)f(z t)da: #0 for vt € [0,T7;
8. w e C0,T] with w(t) # 0 for ¥t € [0,T] and w(0) = [, w( x)dz.

Then there exists a unique smooth pair (u,r), that is, u € C% 1( ,[0,T]) and
r € C[0,T], for the inverse problem (20)-(21).

Proof of Theorem j.1. The solution of (20) has the form:

u(a, 1) = (son At / o)) ) o),

where ¢, = [, p(z) ( )dx and f(t) = [, f(x,t)¢n(x)dz. So, we have

oo

ug(x,t) = Z <—)\n<pne_)‘” / fulT _/\"(t 7) r(T)dr + fn(t)r(t)> On ().

n=1
From the over-determination condition (21) it follows that

oo

/Qw(a:)ut(m,t)dx = Z (—Anpne Mt

n=1

—An /Ot fn(T)e_)‘"(t_T)r(T)dT) /Qw(a:)¢n(x)dx

r t)/Qw(x)an(t)gb (z)dz

=w'(t)

wl(t) + Z:o 1 n‘Pn _)\ntf ($)¢n($)d$ n 1
Jow()f(z,t)dx Jow()f(z,t)dx

(s e MENar | w(z z)dz | r(7)dT
X/O<T;Anfn<) wnar [ ()m()d) (r)d

since [ w(x) Y07 fa(t)on(x)de = [ w(x)f(z,t)de.

r(t) =
(22)
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Let [, w?(z)dz < M in (21) for some M = const > 0. The series

- —Ant
5 e /ch<x>¢n<x>dm

is uniformly convergent since the majorant series M Y07 | A, |¢n| is convergent by
Lemma 2.1. Thus, the Volterra integral equation (22) has a unique continuous
solution. ]

5. Particular cases and conclusion. Laplacian. In the classical case, when
X; = 0y, © = 1,...,d, one has the usual (elliptic) Laplacian A instead of the
subelliptic operator Ay in (1). Our approach seems new even in this classical case.

Sub-Laplacians. Let G = (R? o) be a stratified Lie group and {X1,..., X,,},
m < d, be a system of generators for G, i.e. a basis for the first strata of G. It
satisfies the Hormander condition (H). The sum of squares operator

Ag = —f:XE
i=1

is called the sub-Laplacian on G. Ag is elliptic if and only if G is same as (R¢, +).
It is clear that the above results are valid on stratified Lie groups. Note that the
class of stratified Lie groups includes the groups of Iwasawa type and the H-type
groups. A simple example in R3 is the operator

(0y + 220.)? + (0, — 2y0,)>.

Baouendi-Grushin operator. Let z := (z,y) := (21, ..., T, Y1, ..., Yr) € R™ X
RF with m,k > 1 and m + k = d. Let us consider the vector fields

0 0
Xizia ':1u"'7 9 Y: "/77 >07 :177k
6$Z‘ ! mn J |l’| 8yj 7= J

The Baouendi-Grushin operator on R™** is defined by
m k
By =D XPH DV =Dt a7, (23)
i=1 j=1

where A, and A, stand for the standard Laplacians in the variables € R™ and
y € R¥, respectively. Recall that the Baouendi-Grushin operator for a positive even
integer v is a sum of squares of vector fields satisfying the Hérmander condition
(H). In that case, the results of the present paper hold for the Baouendi-Grushin
operator (cf. [1]). A simple example in R? is the following operator

651 + x2a§y.

Conclusion. In conclusion, the findings presented in this paper demonstrate that
the subelliptic operator under consideration encompasses a broad spectrum of cases,
underlining its applicability in various scenarios. The adoption of the spectral theory
approach in our analysis has shown its effectiveness, particularly due to its minimal
reliance on additional data, which enhances its practicality. However, a significant
challenge encountered in this methodology is the verification of the boundedness of
the sequence of normalized eigenfunctions at a specific observation point ¢. This
aspect is straightforward in the context of two-dimensional canonical domains for
the Dirichlet Laplacian, for example. Nevertheless, this may not hold true in more
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complex geometrical configurations, where an appropriate observation point ¢ might
not exist, as elaborated in [9, Theorem 4].

On the flip side, our exploration of the potential theory approach has yielded

interesting results, particularly in providing explicit solution pairs. This is indeed
interesting, considering the rarity of such outcomes in the inverse problem theory.
However, it’s important to acknowledge the limitations of this approach, primarily

its

dependency on acquiring additional data at the observation point. This require-

ment could potentially restrict its applicability in certain scenarios.
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