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Abstract. Aiming at enlarging the class of symmetries of an SDE, we
introduce a family of stochastic transformations able to change also the
underlying probability measure exploiting Girsanov Theorem and we provide
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Doob transformations allows us to recover all the Lie point symmetries of the
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1. Introduction

The analysis of infinitesimal symmetries of (deterministic) ordinary and partial differ-
ential equations (ODEs and PDEs) is a classical and well-developed tool in studying
differential equations providing a very powerful method to both compute some of their
explicit solutions or to analyze their qualitative behavior (see [4, 38] for an introduc-
tion to the subject).

The application of Lie symmetry analysis techniques to stochastic differential equa-
tions (SDEs) and stochastic partial differential equations (SPDEs) has received a
growing interest in recent years. Without claiming to be exhaustive, from the first
studies on Brownian-motion-driven SDEs (see [7, 3, 24]) and Markov processes (see
(26, 27, 36, 8]) many different notions of symmetries for Brownian-motion-driven SDEs
has been proposed (see the symmetries with random time change [47, 45, 20], W-
symmetry in [21, 23], weak symmetries in [15], random symmetries in [22, 25, 32] and
symmetries of diffusions in [16]). Moreover, random transformations of semimartin-
gales on Lie groups has been introduced (see [1]) and the notion of symmetry has been
extended also to SDEs driven by general semimartingales (see [2, 35]). Furthermore
the idea of reduction and reconstruction of differential equations admitting a solvable
Lie algebra of symmetries has been generalized from the deterministic to the stochastic
setting (see [35, 30] for strong symmetries and [14] for weak symmetries). Symmetries
of SDEs arising from variational problems has been considered and Noether theorem
and integration by quadratures have been generalized to variational stochastic prob-
lems (see [34, 41, 46]). Finally, a generalization of differential constraint method to
SPDEs has been proposed in [12, 13], while in [2, 17] symmetries have been applied
to the study of invariant numerical methods for SDEs.

In the case of Brownian-motion-driven SDEs or Lévy-process-driven SDEs, the
solution process to the equation is a Markov process. This means that the mean value
of a Markovian function of the process solves a deterministic linear PDE called Kol-
mogorov equation (whose adjoint is the also very well known Fokker-Planck equation).
In this setting, a natural problem is the comparison between the set of Lie point sym-
metries of Kolmogorov (or Fokker-Planck) equation and the set of symmetries of the
corresponding SDE (for the importance of Lie point symmetries of Kolmogorov equa-
tion in integrating the associated diffusion process see [11, 9, 10, 28, 29]). In the case
of Brownian-motion-driven SDEs all the different notions of symmetry introduced for
SDEs (strong symmetries, W symmetries, weak symmetries) have been proved to be
also symmetries of the corresponding Kolmogorov equation, but the converse is false
(see [16, 21, 24, 31, 33]). In this paper we provide an appropriate extension of the
notion of symmetry of an SDE so that the converse of the previous result holds.

In order to do this we extend the approach first proposed in [15], where the con-
cept of weak symmetry of an SDE has been introduced considering a three components
stochastic transformation for the weak solutions to a Brownian-motion-driven SDE.
Indeed, this stochastic transformation is composed by a deterministic transformation
of the state variable X, a random time change and a random rotation of the Brow-
nian motion W. Since the set of these stochastic transformations forms an infinite
dimensional Lie group, it is possible to consider the associated Lie algebra, whose ele-
ments are called infinitesimal stochastic transformations. The infinitesimal stochastic
transformations constitute the infinitesimal generators of the finite stochastic transfor-
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mations. When the process Pr(X, W), obtained transforming a weak solution (X, W)
to an SDE through the stochastic transformation T, is again a (weak) solution to
the same SDE, we say that T is a (finite) weak symmetry for the SDE. The same
notion can be extended to the case of infinitesimal transformations, and this allows
us to obtain explicitly a set of determining equations characterizing the infinitesimal
symmetries of an SDE.

In the present paper we enlarge the previous class of stochastic transformations
introducing a new component which represents the possibility of changing the un-
derlying probability measure of the solution process (X, W) via the use of Girsanov
theorem. We call this kind of transformations extended stochastic transformations and
the corresponding symmetries extended (weak) symmetries.

The first result of the paper is, thus, the introduction of this new family of stochastic
transformations and the study of their geometric properties (they form an infinite
dimensional Lie group with associated Lie algebra).

The second main result is that for any infinitesimal Lie point symmetry of Kolmogorov
equation there exists an infinitesimal extended (weak) symmetry of the correspond-
ing SDE. Furthermore, the family of infinitesimal extended weak symmetries of the
SDE is larger than the set of Lie point symmetries of the corresponding Kolmogorov
equation. Indeed, we find that any extended weak symmetry of the SDE that is also a
symmetry of the Kolmogorov equation is associated with a Doob change of measure.
Since Doob transformations form a strict subset of the class of absolutely continuous
changes of measure which can be obtained within a Girsanov approach, we prove that
the extended weak symmetries of an SDE are in general more than the Lie point
symmetries of the Kolmogorov equation. To the best of our knowledge, these re-
sults represent the first purely stochastic interpretation of the whole set of symmetries
of Kolmogorov equations. In particular, for one-dimensional Brownian motion, our
stochastic symmetry analysis permits us to individuate not only all the symmetries
of the one-dimensional heat equation, but also a new infinite dimensional family of
symmetries associated with the random time invariance of the process (see Remark
5.1). Analogously, for two-dimensional Brownian motion, besides the symmetries of
the corresponding two-dimensional heat equation, we find two new infinite dimen-
sional families of symmetries: the first one is related to random time invariance and
the second one is related to random rotations invariance of the process (see Remark
5.2).

The plan of the paper is the following: in Section 2 we briefly recall the symmetry
analysis of the Brownian-motion-driven SDEs given in [15]. In Section 3 we introduce
the fourth transformation of an SDE which allows the change of the underlying
probability measure into another equivalent probability measure and we show how
the new global stochastic transformation acts on the solution process and on the
SDE coefficients. We also provide a geometrical description of the group of stochastic
transformations and we derive the new determining equations for the infinitesimal
symmetries. In Section 4 we compare the extended weak symmetries of an SDE with
the Lie point symmetries of the corresponding Kolmogorov equation, proving that
the two notions coincide as long as we consider extend weak symmetries with a Doob
change of measure. In Section 5 the theoretical results of the paper are applied to
a list of SDEs which are important both from a theoretical point of view and for
their applications. Finally in Section 6 we give a proof of the martingale property of
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the exponential supermartingale in our framework which is necessary for rigorously
applying Girsanov theorem.

2. A three components stochastic transformation of an SDE

Since in this paper we generalize the stochastic transformations introduced in [15] and
[14] for Brownian-motion-driven SDEs, for the convenience of the reader we collect
in this section the main facts and definitions that can be useful in the following. A
more detailed exposition, as well as all the proofs, can be found in [15] and [14]. In
the following, the Einstein summation convention on repeated indices is used.

Let M, M’ be open subsets of R". We consider the filtered probability space
(Q, F, F,P), where F; C F is a filtration. We fix a finite time horizon [0, 7] with
T >0. Let W= (W' ...,W™) = (W?) be an F;-m-dimensional Brownian motion
and let o : M — R"™ and o : M — Mat (n,m) be two smooth functions.

Definition 2.1. The process (X, W) solves (in a weak sense) the SDE with coefficients
W, 0 (shortly solves the SDE (u,0)) if, for all t € [0,T],

¢ ¢

X! - X} :/ ;ﬁ'(Xs)dH/ ol (X)dWe i=1,...,n.

0 0
When (X, W) solves the SDE (p, 0) we write, as usual
= ,udt +o- th
In order to ensure that the integrals in the above definition are well defined we
suppose that the processes (|u (X5) |%)se[0,ﬂ and (0 (X)) se(o, 7 belong to the class
M2 ([0, T]), i.e. to the class of processes (Ys)seqo,7] that are progressively measurable
and such that fot Y2 (w) ds < oo for almost every w € Q and t € [0, T]. We recall that,
given an SDE (u, o), we can introduce the corresponding infinitesimal generator given
by
1 id )

L= 5 (O'O'T) ’ 816] + /,1,7'81 (2)
In the following we only consider autonomous SDEs, and we introduce three different
transformations for their solution processes.

Spatial transformations

We call spatial transformation of an SDE a transformation ® acting on the process
component X through a generic diffeomorphism ® : M — M’. Let us denote with
V& : M — Mat (n, m) the Jacobian matrix
(VO)! = 0,0’
By using the well-known It6 formula (see, e.g., [43] Section 32 or [37] Chapter 4)
it is easy to compute how the coefficients of the SDE change.
Proposition 2.2. Given a diffeomorphism ® : M — M', if the process (X, W) is
solution to the SDE (u,0), then the process (® (X), W) is solution to the SDE (u',c”)
with
W =L(®)od™?
o =(V®-g)od!
We remark that the spatial transformation does not act on the Brownian motion.
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Random time changes

In the following we consider only Markovian absolutely continuous random time
changes of the solution process to an SDE through a smooth and strictly positive
density n: M — Ry. We denote by H,, the transformation

t
= / ne(X,)ds.
0

This time transformation necessarily acts on both components of the solution process
(X,W). In particular, given a Brownian motion W; and denoting by W/ the stochastic
process solution to

th/ =\n (Xt)th,

it is possible to prove that H, (WW') is also a Brownian motion.
The total action of the random time change transformation on the coefficients of
an SDE is described by the following proposition.

Proposition 2.3. Let n : M — Ry be a smooth and strictly positive function and
let (X, W) be a solution to the SDE (u,o0). Then the process (H, (X),H, (W')) is
solution to the SDE (u',0") with
, 1
wo=—n
n
1

= %O'.

/
g

Random rotations

Since Brownian motion is invariant with respect to random rotations (see [15] and
[1] for the general concept of gauge transformations), and the solution to the SDE is
understood in a weak sense, an additional possible transformation of the SDE consists
in a random rotation of the driving Brownian motion.

By using the Lévy characterization of Brownian motion the following result states
how an SDE is modified by a random rotation of its driving process.

Proposition 2.4. Let B : M — SO (m) be a smooth function and let (X, W) be a
solution to the SDE (u,0). Then (X, W'), where

dW{ = B(X3) - dWy,
is a solution to the SDE (i, o") with

p =,
o =0 BN

Stochastic transformations
Collecting the natural transformations introduced above, we can give the following

definition.

Definition 2.5. Given a diffeomorphism ® : M — M’ and two smooth functions
B: M — SO(m) andn : M — Ry, the triad T = (®,B,n) is called a stochastic
transformation.
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We can distinguish two actions of the stochastic transformation T = (®, B, 7n):
one on the solution processes and the other one on the coefficients of an SDE.

Definition 2.6. If (X, W) is a solution process, we define the transformed process
Pp(X, W)= (X""W) as

X' = o(H,(X))

W' = H,(W),

where
t
W = / B§(X,)dW?E.
0

Definition 2.7. If (X, W) is a solution process of an SDE (u,o), we define the
transformed SDE Ep(p,0) = (¢, 0’) as

/
o =

V<I>~U~BT> od L,
(7

By composing the previous propositions one can prove the following result.

Proposition 2.8. If T is a stochastic transformation and (X, W) is a solution to the
SDE (u, o), then Pp(X, W) is a solution to the SDE Er(u,0).

Since the set of all stochastic transformations is a group with composition law
given by

T oT =(®" o0®, (B o®)-B,(n o®)n)

and unit 1y, = (idpr, I, 1), we can consider a one parameter group T, of stochastic
transformations such that T, o T, = T,4p and Ty = 1p; and the corresponding
infinitesimal generator V.

Definition 2.9. A triad V = (Y,C, 1), where Y is a vector field on M, C : M —
s0(m) and 7 : M — R are smooth functions, is called an infinitesimal stochastic
transformation if

Y(z) = 3a( a(%))]a=0
C(x) = 0Oa(Ba(x ))la 0 (3)
(@) = a(na(x))]a=
On the other side, considering the triad (Y, C,7) defined as above, the solution
(P, Ba, 1) to the equations

90 (Pa () = YV (Pq (2))
9o (Ba (2)) = C(®q(2)) - Ba () (4)
Oa (Na (x)) = 7 (11a (7)) 7a (x)
with initial data @ (z) = idas (2), Bo () = L, o () = 1, is a one-parameter group
of stochastic transformations.
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Weak symmetries and determining equations

The introduction of a (global) stochastic transformation of the solution process to an
SDE allows us to provide a good definition of (weak) symmetry for the SDE.

Definition 2.10. A stochastic transformation T is a (finite weak) symmetry of an
SDE (p,0) if, for every solution process (X, W), Pr(X,W) is a solution process to
the same SDE.

The following characterization of the symmetry property in terms of the
coefficients of the SDE holds.

Proposition 2.11. A stochastic transformation T = (®,B,n) is a (finite weak)
symmetry of an SDE (u,0) if and only if

p= (LL(@)o0

— 1 v o Bfl @*1 (5)
g = ﬁ c0 - ) (¢] .

An infinitesimal stochastic transformation V' generating a one parameter group
T, is called an infinitesimal symmetry of the SDE (u, o) if T, is a (finite) symmetry
of (u,0).

A useful characterization of the infinitesimal symmetries of an SDE is provided
by the following statement.

Theorem 2.12. An infinitesimal stochastic transformation V is an (infinitesimal
weak) symmetry of the SDE (u, o) if and only if V' generates a one-parameter group
on M and the following determining equations hold

[Y, o] = 7%7’0’70"0 (6)
Y(p) - L(Y) = — 74, (7)

where [Y,0]’, = Y (0l) — 0x(®%)ck.

The determining equations obtained in Theorem 2.12 provide a powerful tool
for the explicit computation of the symmetries of an SDE. Indeed, they are definitely
easier to solve than the equations introduced in Proposition 2.11 for finite symmetries.

3. An additional random transformation: a probability measure change

3.1. Extended stochastic transformations

In this section we introduce an additional transformation of an SDE and of its solu-
tion process given by the change of measure through Girsanov theorem. We propose
here only a short introduction of the probabilistic theory of absolutely continuous
predictable change of measure of Brownian motion. The interested reader is referred,
e.g., to [43] Section 38 and to [37] Section 8.6 for an extended treatment of the subject.

Let (Q, F, (F:),P) be a filtered probability space where an (F;)-Brownian motion
W, is defined. We fix a finite time horizon I = [0, 7] with 7 > 0 and we work with
the filtration Fr = {F;,0 <t < T}.
Given a process (0s) (9,77 € M2 [0, T] , we define the process (Zt)1eo, 77 by setting

t t
Zy = Z,(0) := exp {/ 0. dW, — %/ egds} . (8)
0 0
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An application of 1t6 formula gives
dZt == Ztﬁtth,

which says that Z is a local martingale. Since Z; is strictly positive, we have that Z;
is always a supermartingale. The process Z; is called exponential supermartingale and
can be used as a Radon-Nikodym derivative of a new probability measure Q. This
means that we can define on Q the probability law Qz, (dw) := Z7(w)Pr, (dw), i.e.
Q]:T(A) = fA ZT(w)d]P)]:T(UJ),VA e F.

We recall the fundamental result allowing the change of a probability measure
into an equivalent one.

Theorem 3.1 (Girsanov’s theorem). Let (Z¢),c(0, 7 be the exponential supermartin-
gale defined in (8). If (Zt)te[oﬂ is a P-martingale, then the process (Wt) given

t€[0,7]
by

t
Wt :Wt—/ Qsds
0

is an (F)¢-Brownian motion with respect to the probability measure Q, where

dQ]:T
dPr,

= Zr.

Proof. The proof can be found for example in [43], Theorem 38.5. O

In order to better explain the probabilistic meaning of the previous theorem, we
recall the following notion.

Definition 3.2. Let P and Q two probability measures on a measurable space (Q, F).
Q is called absolutely continuous with respect to P, and we write Q < P, if

P(A)=0=Q(A)=0forallA e F.

The measures P and Q are equivalent if Q < P and P <« Q, that is if they have the
same set of null events.

Since the Radon-Nikodym derivative in Girsanov theorem is strictly positive, i.e.
%ﬂ = Z1 > 0, one can prove that the measure Qr, is actually equivalent to Pz .
-

In order to be able to apply Girsanov theorem we need Z to be a true martingale
and not only a local one. Establishing when the supermartingale Z; is a (global)
martingale is in general not an easy task. Instead of using the well known Novikov
condition (see [42], Chapter VIII, Proposition 1.14), we introduce the following
definition and lemma which allow us to achieve the same goal.

Definition 3.3. A smooth SDE (u,0) is called non explosive if any solution (X, W)
to (u,0) is defined for all timest > 0. A smooth vector field h is called non explosive
for the non explosive SDE (p, o) if the SDE (i + o - h,0) is a non explosive SDE. A
positive smooth function n is called a non explosive time change for the non explosive

. u oo\ .
SDE (u,0) if the SDE (?7’ \/77) s non explosive.

Lemma 3.4. Suppose that the equation (u, o) is a non explosive SDE, let h : M — R"
be a smooth non explosive vector field, and suppose that (X, W) is a solution to the
SDE (u,0). Then the exponential supermartingale Zy associated with 0y = h(X}) is a
(global) martingale.
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Proof. The present lemma is a special case of [19, Theorem 9.1.4] or of [44], proved
under very general conditions. In Section 6, following [44], we propose a proof
specialized to our non explosiveness hypothesis. O

Remark 3.5. [t is simple to see that, if (u,0) is a non explosive SDE and T =
(®, B, 1) is a stochastic transformation, then also Pr(u, o) is non explosive.

Theorem 3.6. Let (X, W) be a solution to the non explosive SDE (u,0) on the
probability space (Q, F,P) and let h be a smooth non explosive vector field for (u, o).
Then (X, W) is a solution to the SDE (i/,0") = (40 - h, o) on the probability space
(Q, F,Q) where

Wi

t
—/ h(X,)ds + W,
0

1 = exp/ ha(Xs)d 1/ mE (ha(X))?d
= H/ — = S.
P o « s s 2 0 @ s

Proof. The proof is a simple application of Girsanov theorem and Lemma 3.4. O

We define a new (finite) stochastic transformation including, besides the three
transformations described in the previous section, also a change of the underlying
probability measure.

Definition 3.7. Let ® : M — M’ be a diffeomorphism and let B : M — SO (m),
n: M — Ry and h : M — R™ be smooth functions. We call T := (®,B,n,h) a
(weak finite) extended stochastic transformation.

Since we cannot apply the previous transformation to any SDE, we give the
following definition.

Definition 3.8. Let T' = (®, B,n, h) be an extended stochastic transformation. If the
pair (X, W) is a continuous stochastic process where X takes values in M and W is
an m-dimensional Brownian motion in the space (2, F,P) and (X, W) is a solution to
the non explosive SDE (u, o) for which h and n are non explosive, we can define the
process Pr (X, W) = (X', W), where X' takes values in M" and W' is a Brownian
motion in the space (2, F,Q). The process components are given by

X =& (H, (X))
aw, = Vn (Xe) B (Xy) (AW, — h(Xy) dt)
W=, (W)

deT _ T a 1 T 2
d]P]:T = €xp (A ha(Xs)dWs - 5/0 az::l(ha(Xs)) ds) .

We call Pr (X, W) the transformed process of (X, W) with respect to T and we call
the function Pr the process transformation associated with T .

The previous definition is necessary if we are interested in defining the
transformation Pr on the set of solutions (X, W) to the SDE (u,0). If we focus
only on the SDE identified with the pair of smooth functions (i, o) and on the action
FEr of the stochastic transformation 7', the previous definition is no more necessary
and we can define the transformed SDE Er(u, o) without making any request on the
non explosiveness of the process (X, W).
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Definition 3.9. Let T = (®,B,n,h) be an extended stochastic transformation. If
(u,0) is an SDE on M then we define Er (u,0) := (Er (1), Er (0)) the SDE on M’
defined as

Er(p) = (717 [L(cp)+vq>.a-h]> od~!
1

Br (o) = (m

We call E1 (p, 0) the transformed SDE of (u, o) with respect to T' and we call the map
Er the SDE transformation associated with T'.

V& - 0o- B_1> o®d L,

We stress that a specific choice on the order according to which the
transformations are applied was performed. First the change of measure and then
the rotation together with the random time change. While the diffusion coefficient
does not change, the form of the transformed drift strongly depends on this choice.

Theorem 3.10. Let T = (®,B,n,h) be an extended stochastic transformation and
let (X, W) be a solution to the non explosive SDE (p,0) such that Er(u,o) is non
explosive. Then Pr (X, W) is solution to the SDE Ep (u,0) .

Proof. We show how the SDE (u, o) changes when we apply the transformations in
the order specified above. For simplicity we omit the explicit dependence on the values
of the process. The starting equation is

dXt = udt +o- th
We apply first the measure change obtaining
dX; = (u+o-h)dt+o-dW/

and then the rotation of the Brownian motion and the random time change, obtaining

1 1
dX,{’:5(u+o~h)dt+ﬁo~B‘l-dW{’

1
= Hﬁdtﬁ-& -dw

where we set i = pu+ o -h and 6 = ﬁo— - B7'. Finally, we apply the
spatial transformation considering only the drift (since the equations involving o
coincide with the analogous equations obtained considering non extended stochastic
transformation), and we get

111 ii )
Er () = (77 {2 (o-0") Jaiajqwma@]) ot

1
( [L(®)+Vd-o- h]) od 1,
Ui
Exploiting Definition 3.9 and Theorem 3.10, this concludes the proof. O

In the following, in order to simplify notations, we refer to extended stochastic
transformations just as stochastic transformations.
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3.2. Stochastic transformations group and associated infinitesimal transformations

Let G = SO(m) x Ry x R™ be the group of rototranslations with a scaling factor
whose elements g = (B, n, h) can be identified with the matrices of the form
Vi-B™t h
0 1

If we consider the trivial principal bundle 7 : M x G — M with structure group G,
we can define the following action of G on M x G

Ry : M xG—-MxG
(z,91) — (2,91 g2)
which leaves M invariant, where ¢g; - go denotes the standard product g; - g2 =
(B1,m1,h1)-(Ba,n2,ha) = (B2B1, 211, + /nlBl_lhg +hq). If we consider another trivial
principal bundle 7’ : M’/ xG — M’, we say that a diffeomorphism F : M xG — M'xG
between the two principal bundles M x G and M’ x G is an isomorphism if F' preserves

the structures of principal bundles of both M x G and M’ x G, i.e. there exists a
diffeomorphism ® : M — M’ such that

For' =n10®
FoR;=Ryo0oF

for any ¢ € G. It is easy to check that an isomorphism of the previous form
is completely determined by its value on (z,e), where e is the unit element of
G. Therefore, there is a natural identification between a stochastic transformation
T = (9,B,n,h) and the isomorphism Fr such that Fr(z,e) = (®(z),g) where
g = (B,n,h). In particular we can exploit the natural composition of isomorphisms
in order to define a composition of stochastic transformations in the following way: if
Tl = ((I)l,Bl,ﬂl, hl) and T2 = (@2,32,7]2, hQ) then

TQ [¢] T1 = ((I)Q [¢] ‘1)17 (Bg o (1)1) . Bl, (’I’}g o (I)l)’lh, \/aBl_l . (hg o] (I)l) + hl) .
Moreover we can consider the inverse transformation of T'= (®, B, n, h) given by
— - 1
T = <<I>1, (Bo® )" (no® )" ,——B-ho <I>1> .
Vi

The following theorem, generalizing a result obtained in [15] for stochastic
transformations without the change of probability measure, shows that the
identification of stochastic transformations with the isomorphisms of a suitable trivial
principal bundle has a deep probabilistic counterpart in terms of SDE and process
transformations.

Theorem 3.11. Let T1,T> be two stochastic transformations, let (u,o) be a non
explosive SDE such that Er,(p,0) and Er,(Er, (1,0)) are non explosive and let
(X, W) be a solution to the SDE (u, o) on the probability space (2, F,P). Then on
the probability space (2, F,Q) we have

PTz (PTI (X7 W)) = PT20T1 (X> W)

ET2 (ETI (Mﬂ U)) = ET20T1 (/1‘7 U)'

Proof. The proof of this result without the change of probability measure can be
found in [15], hence we have just to add the part related to the last component of the
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stochastic transformation.
Applying the two transformations to the Brownian motion, according to the fixed
specified order, we obtain

AW, = /mBi - (dW; — hydt)
dW/' = \/iaBs - (AW] — hadt’)
= 2Bz - (/i By (AW; — hydt) — nyhadt)
= /2By - By - (AW, — (hy + /By ' - ha) dt)

— \/iB- (th - Bdt) ,
where
h=\mBr" - hy+ hy.

Noting that, after the first transformation 77, the state variable is ® (X), we obtain
the statement. O

Since the set of stochastic transformations is a group with respect to the
composition o, we can consider the one parameter group T, = (P, Ba, 1a, ha) and
the corresponding infinitesimal transformation V = (Y, C, 7, H) obtained in the usual
way

On the other hand, given V. = (Y,C,7, H), where Y is a vector field on M,
C: M — so(m), 7: M - Rand H : M — R™ are smooth functions, we
can reconstruct the one parameter transformation group 7, exploiting the following
relations

Q

P4 (
@, (7)) - Ba (z)
Oa (Ma (2)) = 7 (0o () 74 (2)

with initial data ®q (z) = idps (z), Bo () = L, no () = 1. Moreover, using Theorem
3.11 and the properties of the flow, we obtain

Rpta () = \/1a (2) B, (2) - by (P4 (2)) + ha (2)
O (hora () =/Na(2)By " (2) - Ob (hs (P (2)))
A (hita (7)) [b=0 = Oa (ha (x)) = V/na (x)B, " (z) - H (P (2))

subjected to the initial condition hg (x) = 0.

&

©
IS
&

i
Q=

The notions of composition and one parameter group of stochastic transfor-
mations allow us to consider the action of a finite stochastic transformation on an
infinitesimal one, as well as the Lie brackets between two infinitesimal stochastic
transformations. Let T' = (®, B,n, h) be a finite stochastic transformation and let
V = (Y,C,7,H) be an infinitesimal stochastic transformation with associated one
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parameter group given by 7,. Then there exists an infinitesimal stochastic transfor-
mation T, (V), called push forward of V' through the transformation T, generating the
one parameter group given by T o T,, o T~! and having the following form

T.(V) = ((b*(Y), (B-C-B'+Y(B)-B)od !, (T v @) 0 dL,

(fﬁB~(ngrC)~h+%B-H+%B~Y(h)>o<I>*1>,
where ®,(Y) denotes the push forward of the vector field Y. Using the

previous expression we can define the Lie brackets between two infinitesimal stochastic
transformations V; = (Y1, C1, 71, Hy) and Vo = (Ya, Cy, 72, Ha) which is

Vi, Vo] = ([Y1,Y2],Y1(C2) — Y2(C1) — {C1, Ca}, Yi(72) — Ya(m1)
Yi(Hy) — Ya(Hy) — (-2 +C1) - Ho+ (-2 +Cs) - Hy).

3.3. Determining equations

In this section we provide the new determining equations (including the probability
measure change) for the infinitesimal symmetries of an SDE.

Proposition 3.12. An (extended) stochastic transformation T = (®,B,n,h) is a
(finite) symmetry of the non explosive SDE (u, o) if and only if

W= (:’[L(q>)+vq>-o-h]>oq>—1

1
o= V(I)-J-B_1> od L.
(\/77

Proof. The proof is a simple generalization of the proof of Proposition 2.11 (see [15])
using Theorem 3.10 in replacement of Proposition 2.8. It is important to note that
since Er(u,0) = (i, 0), in order to use Lemma 3.4, we need only to require that (u, o)
is non explosive. O

The characterization expressed by Proposition 2.11 for the coefficients Er (u) and
E7r (o) under the symmetry hypothesis still holds because the new probability measure
Q is equivalent to P (see Definition 3.2).

Theorem 3.13. Let V = (Y,C, 7, H) be an infinitesimal stochastic transformation.
Then V is an infinitesimal symmetry of the SDE (u,0) if and only if V' generates a
one parameter group defined on M and we have
Y(u)—-LY)—0c-H+7u=0
[Y,o]+ 370 +0-C=0.

Proof. We prove only that the property of V' to be an infinitesimal symmetry is a
sufficient condition for the validity of determining equations. The one parameter group
To = (P, Ba, Na, ha) associated with the infinitesimal transformation V = (Y, C, 7, H)
is a symmetry if and only if the following equations are satisfied

o= (1 [L(®a) + VP, -0 - m) ot

Na

o= ( L V@G.U.Bal)o@al.
Vila
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The first equation is equivalent to
L(®,)+ VP, -0-hg=n,u(P,).

Deriving both sides with respect to the parameter a and then evaluating them in
a = 0, we obtain

L (aa (‘ba) |a:0) + 8a (vq)a : U) |a:0 . h() + V(I)O © 0 - aa (ha) |a:0 =
= 811 (na) |a:0 1% ((I)O) + 10 8@ (M ((I)a)) |a:0

and therefore the first determining equation
LY)+o-H=1u+Y (u).

The second equation, not depending on the measure change, coincides with the
analogous equation obtained in Theorem 2.12 and this concludes the proof. O

4. Doob transformations and symmetries of Kolmogorov equation

4.1. Lie point symmetries of Kolmogorov equation

In the previous section we showed how the determining equations modify if we include
in the stochastic transformation the change of the probability measure underlying
the SDE. A natural question arising in this setting is the comparison between the
determining equations for the infinitesimal symmetries of an SDE introduced in
Theorem 3.13 and the determining equations for the symmetries of the associated
Kolmogorov equation.

The symmetries of the Kolmogorov equations usually involves transformations
explicitly depending on time that would be lost if we consider only autonomous
transformations for our system. For this reason we have to extend our analysis in
order to permit also non autonomous transformations. In order to achieve this, we use
the standard trick, well known in the literature of dynamical system, for transforming
a non autonomous system into an autonomous one. Indeed, given an SDE of the form
(1), we introduce a trivial extra component dZ; = dt, i.e., we consider the system

dX} = pi(Xy)dt + ol (X)dWe 9)
dZt - dt

In this setting, the Kolmogorov equation associated with (1) can be written as
L(u) = 0, where L is the infinitesimal generator associated with (9), i.e.

L(u) = AY0,i5u + pdyiu + 0,u = 0, (10)

and A = %a -0, In the following we always suppose that the matrix A has constant
rank.
Equation (10) is a second order partial differential equation in the independent vari-
ables (2%,2) and in the dependent variable u describing the behavior of the mean
value of regular functions of the solution process X;. More precisely, a solution u(z, z)
to equation (10) is of the form E[f(X7)|X, = 2] = u(x,z), with z € [0,7] and
u(z, T) = f(z) (see, e.g., [37] Section 8.1).

Since (10) is a PDE, it can be seen as a submanifold of the second order jet bundle
J?(R""1 R) described by the equation L(u) = 0 (see [38] Chapter 2). In this setting a
Lie point infinitesimal symmetry for (10) is a vector field = on J°(R"*! R) such that

=@ (L(u))| L uy=0 = 0, (11)
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where (2 denotes the second order prolongation of the vector field Z. If we rewrite
(11) for a vector field of the form

E=m(x,2)0. + ¢'(x,2)0p + V(x,2,u)0, (12)

we get the following determining equations for the Lie point infinitesimal symmetries
of (10)

U(x, z,u) = —k(z,2)u+ko(z,z) (13)
L(ko) =0 (14)
L(k) =0 (15)
L(¢) —E(u) +2A-Vk — L(m)u =0 (16)
Lm)A+Z(A) —Vo-A—A- (Vo) =0 (17)
A-Vm =0 (18)

We remark that the function kg only appears in the first two conditions and corre-
sponds to the trivial symmetry ko (z, t)a% which takes into account the superposition
principle for the solutions to any linear PDEs. Therefore, later on, we omit ko (and
the corresponding condition L(ky) = 0) in the determining equations.

The comparison between the determining equations for the Lie point infinitesimal
symmetries of the PDE (10) and the determining equation for the stochastic
symmetries for the SDE (9) arising in Theorem 3.13 is not straightforward, first of
all due to the different nature of the involved objects. Indeed, when we look for the
infinitesimal symmetries of the PDE we look for a vector field of the form (12), while
when we search symmetries for SDE (9), we deal with an infinitesimal transformation
V = (Y,C,7,H), where Y is a vector field on R"*1, C' : R"*! — so(m), 7: R"*! - R
and H : R"*! — R™ are smooth functions.

In the following, in order to compare the determining equations arising in these
two different settings we restrict the class of transformations for the probability
measure, introducing the notion of Doob transformations.

4.2. Doob transformations

The Doob transformation is a special kind of change of measure, and so a particular
case of Girsanov transformation, in general related with Markov processes. Originally
introduced by Doob (see [18]) it has been generalized in many directions (see [43] for
the continuous case and [6] and references therein for an overview on the topic).

In this paper we only consider the original Doob transformation, which can be seen
as a transformation of the infinitesimal generator L of a given diffusion process.
In the conservative case (i.e. when the probability is conserved at each time) this
transformation assumes the following simple form:

LY =¢p 1Ly

with ¢ a strictly positive function on the state space M such that ¢(X) is a martingale.
The new diffusion process corresponding to the infinitesimal generator L¥ has a path
measure Q (i.e. a measure on the pathspace of the process trajectories) which is
absolutely continuous with respect to the original path measure P with density given
by the following Radon-Nikodym derivative on the time interval [0, T]:

d
d%j: — o (Xo)p(X7).
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In the following we fix a non explosive SDE (u, o) and a solution (X, W) to it and
we give a simplified definition of Doob transformation adapted to our setting. Aiming
to make more explicit the link between Girsanov transformations and Doob ones we
introduce the auxiliary function h(z) := log(p(x)).

Definition 4.1. Given a smooth function h : M — R™ which is non explosive with
respect to (u, o), we say that h is a Doob transformation characterized by the smooth
function h : M — R if the measure Q generated by the Girsanov transformation h is
such that

Tor = exp (D7) — H(X0)).

Remark 4.2. Using the martingale property of o(X:) and the fact that H(X;) =
log(p(X:)) we have that

d
TE = e (H(X0) ~ h(Xo))

foranyt <T.

The next result provides suitable conditions on the functions h and b in order to
guarantee that a Girsanov transformation is also a Doob one.

Proposition 4.3. Let h : M — R™ be a non explosive smooth function associated
with a Girsanov transformation of a non explosive SDE (u,0). Ifh: M — R™ is a
smooth function satisfying

ha () = 0¢,(2)0,: (h)(2) (19)
3 (@) = — L)) (20)
then h is also a Doob transformation.

Proof. By equating the Radon-Nikodym derivative given in Theorem 3.6 with the one
given in Definition 4.1 we obtain the equality

T T m
1
| halegawe =5 [7 3 () Pds = b - h(Xa). (21)
0 0 =1
Applying It6 formula to the function b we get

T T
h(Xr) — b(Xp) = /0 Lh(X,)dt + /0 V(X))o (X,)dW;. (22)

The proof follows by the uniqueness of canonical semimartingale decomposition of
continuous processes (see, e.g. Section 31 and Definition 31.3 in [43]) and by
uniqueness of martingale representation theorem for processes adapted to Brownian
filtration (see, e.g., Theorem 36.1 in [43]). O

Remark 4.4. It is important to note that the fact that a change of measure h is a
Doob transformation strongly depends on the coefficients of the SDE (u,c). Indeed,
the right hand side of equation (19) contains o and the right hand side of equation
(20) involves, through the operator L, both p and o.
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Relations (19) and (20) allow us to derive also the conditions under which
a stochastic transformation T' = (®,B,n,h) involves the Doob transformation
associated with h. Using relations (19) and (20) it is indeed possible to write a
condition such that the one-parameter group T, of the stochastic transformations is
generated by an infinitesimal stochastic transformation V = (Y, C, 7, H). Indeed if in
equations (19) and (20) both h, and b, depend on a parameter a and we take the
derivative with respect to that parameter in a = 0 (when hy = 0 as well as ho = 0),
we obtain that there exists a function k = 9,(h4)|e=0 such that

Ho(w) = 0g,(2)0,: (k) () (23)
0 = L(k). (24)
Using the previous characterization we can state the following theorem.

Theorem 4.5. An infinitesimal stochastic transformation V. = (Y,C,7,H) is a
symmetry of the SDE (u, o) involving only Doob transformations with respect to (u, o)
if and only if V' generates a one parameter group of transformations and there exists
a smooth function k such that the following equations hold

H—-0" - Vk= 0
Y(p)—L(Y)—0-0 -Vk+71u= 0
Y,o]+3r0+0-C= 0

Lk)= o.

Proof. The proof is an easy consequence of the determining equations in Theorem
3.13 and equations (23) and (24). O

4.3. Relation between determining equations for PDEs and SDEs

In this section we compare the determining equations for the symmetries of an SDE
of the form (9) with the determining equations for Lie point infinitesimal symmetries
of the corresponding Kolmogorov equation (10). In particular, we prove the following
result.

Theorem 4.6. Let V = (Y,C, T H) be an mﬁmtesimal symmetry of Doob type for
the SDE (9), with Y = m(z,2) 2 + ¢'(z,2) 52 57 and H = o* - Vk. Then the vector
field =2 =Y — k(x,z)u% 18 a Lie point infinitesimal symmetry for the associated

Kolmogorov equation (10).

Proof. Since V is a symmetry for (9), Theorem 4.5 provides the following determining
equations for V'

L(k) =0 (25)
L(m) =7 (26)
L(¢)—Y(u)+o-0" -Vk—71u=0 (27)
Y(o)=V¢- 0+2TU+0 cC =0 (28)
ol - Vm =0 (29)

We want to prove that, if A = %O"O’T is of constant rank, the vector field = = Y—ku%
satisfies the determining equation for the Kolmogorov PDE (10).

The first condition, i.e. L(k) = 0, is the same in both the sets of determining equations
and, since p¢ do not depend on u, Z(u') = Y (i) and equations (26) and (27) imply
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(16). Moreover, multiplying on the left (29) by o, we immediately get (18). In order
to prove that (17) holds, we consider the right multiplication of (28) by ol and we
get, using o - o7 = 24,

Y(o)or —2Vep-A+7A+0-C-0" =0 (30)

Hence, considering the semi-sum of (30) and its transposed and using the fact that C
is an antisymmetric matrix, we get

Y(A) +7A—-V¢p-A—A- (Vo) =0.
Since A does not depend on u, Y (A) = Z(A) and, using (26), we get (17) O

Now we prove the converse of the previous theorem, showing that with any
infinitesimal Lie point symmetry of the Kolmogorov equation it is possible to associate
an infinitesimal Doob symmetry of the corresponding SDE.

Theorem 4.7. Let 2 = m(x, Z)f% + ¢! (x, z)% —k(z, z)ua% be a Lie point symmetry
for the PDE (10), with A = 5o - o' of constant rank. Then there exist smooth
functions C : R"*1 — so(m) and 7 : R"* — R, such that V = (Y,C,7, H), with
Y =E+ k(x, z)u% and H = o7 - Vk, is a Doob infinitesimal symmetry for the SDE

(9).

Proof. As in the proof of Theorem 4.6, (25) and (15) coincide and, in order to satisfy
(26) and (27) we have to choose T = L(m) and exploit the fact that Z(u?) = Y (u?),
since ¢ do not depend on u. Moreover, the hypothesis of constant rank for A ensures
that (18) implies (29). Hence, we have to choose the matrix C in order to satisfy (28).
Considering the left product of (28) with o7, we get the following expression for C,
where, once again, we exploit the fact that A is of constant rank

1
C=("-0)'V¢-0— (7 0)eTY(0) - 57’[.
The last step is to prove that the matrix C' defined above is antisymmetric. Following
the same line of the proof of Theorem 4.6, if we consider the sum of (30) with its
transpose, we find

Y(o-0T)+2rA—2Vp-A—24- (V)T +0-(C+CT)- 0T =0

and, using (17), we get o - (C + CT) - o7 = 0. Therefore, since A is of constant rank,
C 4+ CT =0, i.e. C is an antisymmetric matrix, and this concludes the proof. O

Remark 4.8. Theorems 4.6 and 4.7 show that there exists a one-to-one
correspondence between infinitesimal symmetries of Doob type of the SDE and Lie
point infinitesimal symmetries of the corresponding Kolmogorov equation. On the
other hand, if we allow more general changes of the probability measure of Girsanov
type, the family of symmetries of the SDE introduced in this paper is wider than the
family of the symmetries for the corresponding Kolmogorov equation. The new (non
Doob type) symmetries can belong to two different families.

The first family consists of non Doob symmetries such that the function k satisfying
H = oTVk does exist, but does not satisfies L(k) = 0. We call these kind of
symmetries almost Doob symmetries.

The second family of non Doob symmetries contains symmetries V.= (Y,C, 7, H) such
that does not exist any function k for which H = cTVk. We remark that the second
family is not empty only for SDEs driven by m dimensional Brownian motions with
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m > 1, while for SDFEs driven by one-dimensional Brownian motions only almost
Doob symmetries exist. In the next section we provide some examples of this fact and,
in particular, we find almost Doob symmetries for one-dimensional Brownian motion,
Ornstein- Uhlenbeck process and CIR model. Moreover, we show that two-dimensional
Brownian motion admits non Doob infinitesimal symmetries of both the types described
above.

5. Examples

In this last section we propose some non trivial examples, in order to show that the
introduction of the probability measure change allows us to obtain a larger number of
symmetries with respect to the methods available in the previous literature.

5.1. One-dimensional Brownian motion

Let us consider the following SDE

() = (3 ) (5 )

corresponding to a one-dimensional Brownian motion, where the second component,
admitting solution Z; = t, has been introduced in order to include in our setting also
time dependent transformations.

If we are interested in finding symmetries of Doob type for this SDE, we have to
look for

V= (Y,C,7, H) = (( ! (@ 2) ),O,T(x,z),Hl(az,z)) (31)

m (z, 2)

where H, = k, and the functions k, f, m, 7 satisfy the following determining equations

1kow +k. =0
%mm—i—mz =T
fz :%T

m, =0.

In order to solve this system, we look for a function k(z, z) satisfying the first equation.
If we chose k = ¢1 + coz + c3(2? — 2), we can solve the remaining equations and we
find

flz,z) = —coz—2c32z+ cux +c5
m(x,z) = —2c32% +2c42 + ¢
T(x,2) = —4dcgz+2¢q

Therefore, the Doob symmetries for the one-dimensional Brownian motion associated
with the function k = ¢ + cox + c3(2? — 2) are

z
v_(( : ),o,o,_l)
2xz
Vo = (( 952 >,O,4z,—2x>
>,0,2,0>

B
Il
VR
Y

)
N8
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as((3) a0
e ()00

Hence, exploiting Theorem 4.6 and adding the symmetry V4 corresponding to H; =
0, we recover, in our framework, the following generators of the well known six
dimensional algebra of Lie point symmetries for the Kolmogorov equation associated
with one dimensional Brownian motion

= 20, + zu0,

=220, + 2220, + u(x? — 2)0,
= 20, + 220,

-9,

— 0.

= ud,.

TR W N

(1] [1] [1] [1] [1] [1]

[}

Let us now consider the determining equations for general symmetries (not
necessarily of Doob type) of the one-dimensional Brownian motion. In this case the
determining equations provided by Theorem 3.13 are

%fxw'i_fz'i_Hl =0

1
Mgz +M, =T
fo =37

zT T2

m, =0.

Here we have no conditions on H; and we can find the following infinite-dimensional
family of almost Doob symmetries (depending on an arbitrary deterministic function
of the time «(z))

Vi = << féo‘j‘((j))jz ) ,Qa(z),—ixo/(z)) .

We remark that, even if H satisfies the condition H = Hy = o7 Vk for k = — 1220/ (2),
we cannot ensure that

1
—kzx+ k., =0
5 +

since this condition holds only if a’(z) = 0. Therefore, for general (non constant)
functions a(z), V, is not a Doob symmetry and Theorem 4.6 does not apply. This
means that we cannot associate with V,, any symmetry of the Kolmogorov PDE

%um +u, =0.

Remark 5.1. The symmetries V,, are related with the random time invariance of
Brownian motion (see Section 2) Indeed, if we consider the deterministic time change

t' = f(t), then Wt’, = fo Vi 5))dW -1y is a new Brownian motion (see [15]).

The symmetry V., provides a genemhzatwn of the prekus fact, considering Wy =

VY)W -1y instead of the integral fo VI (fH(s)dWi-1(4). Obviously, since

Wt’, is a P-Brownian motion, Wt/ cannot be a P-Brownian motion. But, since V is a
symmetry, using Girsanov transformation we have that W,y is a Q-Brownian motion,
where Q has density with respect to P given by

2
dQr, _ f"(s) 1 [ (s)W.
Py, = exp /o 5 %WdW 2/0 (2 o) )
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5.2. Ornstein-Uhlenbeck model

Let us consider the Ornstein-Uhlenbeck process, solution to the following SDE

dXt _ ClXt+b 1 1
()= (57 e (o

where, as in the previous example, the second component has been introduced
in order to include in our framework time dependent transformations. In this case, if
we look for a Doob type symmetries of the form (31) and we consider H; = k,, the
determining equations are

ghoe +(az +0) kg +k; =0

5fee +(ax+0) fo + f. =af+7(ax+0b) -k,
%mm +(ax+b)my+m, =7 (32)
f:v :%T
mge =0.

With a suitable ansatz we can find a solution to the first equation of the form
a—+ 2b2 —2az
e
2a

k(xz,z) =c1+ca(ax+b)e " +c3 (aw2 + 2bx +

so that
H, (z,2) = cpae™ % 4 2¢3 (ax + b) e~ 297,
The remaining determining equations read
—(ax +b) fo + f. =af — coae”** — 2c3(ax + b)e 2%
m, =T
T = Qfx
my = 07
whose solution is
fz,2)) = §e 2% (ax 4 b) + ££e?**(ax + b) + L™ + c5e%*
m(z,z) = —;—36_2“ + %62(12 + cg
7(z,2) = c3e7 2% + cqe??*.
Therefore we have the following family of infinitesimal symmetries of Doob type for
the Ornstein-Uhlenbeck SDE

1 _—az
Vl = (( 260 > ,0,0,ae“)

1 ,—2az
V2 — (< 2a€_ie(fl2xaj— b) > ,0,6_2‘“72((133—}— b)e—ZaZ)
2a
1 2az
Vs = (( 2a° iigg:z—i_ b) > ’O,e2a270)
2a

as(( oo
e () a0

Using Theorem 4.6, we can associate with V; the generators for the symmetry
algebra of the Kolmogorov equation associated with the Ornstein-Uhlenbeck SDE,
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where the vector field =g corresponds to the trivial symmetry Vg associated with
H, =0.

= 1e7%0, — u(ax + b)e” %9, .
— ﬁefzaz(ax +0)0, — %6’2‘“‘82 — ue~2%(ax? + 2bx + —“';ib )Ou

a

= e2%(ax + b)0, + ie%z@z

N =

(1] [1] [1] [1] [1] [1]

3 2a

4 = eazaw
5 = az

6 — u@u

Let us now consider the determining equations for general symmetries (not
necessarily of Doob type) for the Ornstein-Uhlenbeck process. In this case the
determining equations provided by Theorem 3.13 are

oo+ (az+0) fo+ f. =af +7(az+b)— H
%mzx'i_(ax"‘b)mz -l-mz =T
fa: :%7—

m, =0.

(34)

Solving these equations we find the following symmetries

~ 1l 2az _ 105 15 ,2az
Vi= a(g ™o — 57 +35¢ 01—0—62‘”1:
£+L62a2 LR )
a 2a

b
(B )k,
a a

‘We remark that f/l and ‘72 are not symmetries of Doob type, since we have H; = x =
oTVk, for k = 322 + ki(z), but L(k) # 0.

5.8. CIR model

In this section we look for the symmetries of the CIR model

dX, aX;+0b ooV Xy 1
() = (570 o (7 e
which is widely used in mathematical finance to describe the behavior of the interest
rates (see [5] Chapter 3). We remark that CIR model is also important for the fact that
closed formulas for its Laplace transform and its transition probability are known. In
particular, the advantages of the knowledge of Lie point symmetries of the Kolmogorov
equation associated with CIR model and their relationship with closed formulas is
discussed in [11].

If we consider infinitesimal transformations V' of the form (31) and Hy = og+/zk,, the
determining equations for the symmetries of Doob type for the CIR model are

todrk,, + (az +b)ky, +k, =0

%agxfm +(ax +b) fo + f. =af + (ax +b)T — o3k,
%U%xmm +(ax+b)mgy+m, =71

ooV fr — %Ooﬁf = So0VaT
U(]\/E my = 0.
The first step to solve these equations is to find a function k satisfying the first
determining equation. If we chose

k(z,2z) =c1(ax+b)e” " +co
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we can solve the remaining determining equations and we obtain

f(x,2) = fcio8ze " + cywe?”

1. 2 - :
m(z,z) = —5-crop5e” % 4+ e f ¢y
T(x,2) = jc108e7 + cze”

corresponding to the infinitesimal symmetries

Lg —az 2

Vi = (( 2 7€ ) ,0, UOe‘”,maﬁe“”)
_ %0 p—az 2
re? az

e (12 )09

v, — (( 0 >,0,0,0>.

Once again we can exploit Theorem 4.6 in order to find the Lie point infinitesimal
symmetries for the Kolmogorov equation associated with the CIR model, i.e.

— %Sxe_“zaw — g—ée—ﬂzaz —u(ax + b)e” %0,
= xe®*9, + %e‘”@z
= u0,

where the last symmetry, as usual, corresponds to the choice H; = 0. They form the
generators of all non trivial symmetries of Kolmgorov CIR model equation (see [11]).

—

w

[1] [1] [1] [1]
i~}

=

Let us now consider the determining equations for general symmetries (not
necessarily of Doob type) for the CIR model. In this case the determining equations
provided by Theorem 3.13 are

%ngfm +(ax+0b) fo+ f. =af + (ax +b)T — ogy/xH;

%ngmm +(ax+b)my+m, =71
ooV fr — %Uoﬁf = 300V/aT
oov/T my; =0,

and we can find the solution
flz,2) =cavr+c®r
m(zr,z) =c2%z
T(x,2) =2

— oo _ _b _a_
H, *clzsm 2¢70m+200)+02\/5

corresponding to the infinitesimal symmetries

~ ﬁ oo b a
Vi= 70707 o Py
! (( 0 8r  200x * 209

- %0 o
V2: (( &.ﬁ ),O,ao,\/i).

We remark that V4 and Vs are not symmetries of Doob type, since we have H; =

Vz = oT'Vk;, for k) = —ﬁ + 0211/5 + %3 and ky = - but, as in the previous cases,
0 0
k; do not satisfy L(k;) = 0.
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5.4. Two-dimensional Brownian motion

Let us consider the following SDE

dX, 0 10 L
dY; =10 |dt+]| 0 1 ( Z%g >
dZ; 1 0 0 t

corresponding to a two-dimensional Brownian motion. As in the previous examples,
the third component dZ; = dt has been introduced in order to include time dependent
transformations in our setting.

When we look for Doob type infinitesimal symmetries for this SDE, we have to
find an infinitesimal transformation V = (Y, C, 7, H)

(o ) (Ll ) e ()

m(x,y,z) 70(1'73/32) HQ(xay,Z

where Hy, = k;,Hy = k, and the functions £, f, g, m, T, c satisfy the following
determining equations

) %kﬂix + %kyy + k-

?fmx + 7.fyy + fz + kw

59z + 59yy + 92 + ky

5Myy + %myy +m;

fa

fy

gz

9y

My

my

i
Ok © O O

B

1
o Ol |
oY

If we chose k = ¢1 + cax + c3y + c4(2? + y? — 2z), we can solve the previous system
and we find

f(z,y,2) = —2cqzz+ Scsx — coz + coy + c7
9(7,y,2) = —2c4yz + 3¢5y — €32 — CT + g
m(x,y,z) = —2c42% + c52 + co

T(x,y,2) = —4dcgz+cs

c(x,y,2) = cg-

Therefore, the infinitesimal symmetries for the two-dimensional Brownian motion
associated with the Doob function k = ¢; 4+ cox + c3y + 04(w2 +9y2 — 2z) are

—Z
0 0 1
Vl = 0 ) ( ) 7Oa < >
0 0 0 0
0
0 0 0
VZ = -z ) ( ) 707 ( >
0 0 0 1
—2xz
0 2x
Vs = —2yz ,( 0 ),—42,( 2 )

—222

o O
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1
5L
0 0
V4: %y 7(0 0)717<
z

o O
N————

1
0 0 0
VG_ 0 7(0 0))07(0>
0
0
0 0 0
V7: 1 a<0 0>a07<0>
0
0
0 0 0
VB_ El) 3(0 0>3O7<0>

Using Theorem 4.6, we can associate with any V; a corresponding symmetry of the
Kolmogorov equation

1 1
s + Sy + Uz = 0. (35)

In this way we recover, adding the trivial symmetry Vg corresponding to H; = Hy = 0,
the following generators for the well known nine-dimensional Lie algebra of Lie point
symmetries of (35)

= z%xu@u

= 20y + yudy

= 2220, + 2yz0, + 2220, +u(x? + y? — 22)0,
= %x@m + %yay + 20,

YOy — 0y

0 N O Utk W N =
L | V| R B
593@ 8

[1] (1] [1] (1] [1] [1] (1] [1] [1]
|

©

|
S
:

Let us now consider the determining equations for general symmetries (not necessarily
of Doob type) of the two-dimensional Brownian motion. In this case the determining
equations provided by Theorem 3.13 are

%fx:p + lfyy + fz + Hl
39za + 59yy + 9. + Ho
$Maz + 5Myy + M

fz =

fy

Iz

9y =

my =

my =

I o
| O O O
i Y =

|
.O Ol
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Here we have no conditions on the components of the vector field H and we can find
two infinite-dimensional families of symmetries (each one depending on an arbitrary
function of z) which are not of Doob type.

The first family is the generalization of the almost Doob symmetries already found
for the one-dimensional Brownian motion, i.e.

La(2)r 1
~ 0 0 —szd(z
Ja(z)dz
We remark that, despite H satisfies the condition H = o¢7Vk for k =
1

—30/(2)(2® + y?), we cannot ensure that

1 1

since this condition is satisfied only if ’(z) = 0. Therefore, since for general (non
constant) functions a(z), V, is not a Doob symmetry, Theorem 4.6 does not apply
and we cannot associate with V,, any symmetries of the Kolmogorov PDE (35).

The second family of non Doob-type symmetries is given by

= (50 ) (L %) ()

and does not have an analogous for the one-dimensional Brownian motion. In fact, in
this case the vector field H does not satisfy the condition H = ¢ Vk = Vk for any k.

Remark 5.2. The presence of the symmetries \75 is related to the invariance with
respect to random rtotations of Brownian motion (see Section 2) in the same way
as Vy, is related to the invariance of Brownian motion with respect to random time
changes (see Remark 5.1). Indeed if B(t) is a smooth deterministic function of time
taking values in O(2) we have that W, = B(t) - W, is a Brownian motion with respect
to the new probability measure Q having density

Qs T W BT L7 :
—T =exp —/ W, - B'(s) ~dWs—7/ |B'(s) - Wg|*ds | .
dPr, 0 2 Jo

Therefore, the introduction of the notion of stochastic transformation for an SDE
allows us to enlarge the class of symmetries, showing that the stochastic approach is
successful in providing a wider family of symmetries which would be lost in a purely
deterministic approach throughout the Kolmogorov equation associated with the SDE.

6. Proof of Lemma 3.4

In this section we give a proof of Lemma 3.4, specializing to our setting a general result
obtained in [44]. Since in Lemma 3.4 we consider a smooth SDE (u, o) which is non
explosive and a smooth function h : M — R™ such that (u+o0-h, o) is a non explosive
SDE, in order to provide a rigorous proof, first of all we have to suitably extend the
filtered probability space (2, M; C F,P). Considering on R"U{oco} and R™U{oo} the
topology given by the one point compactification of the standard topology of R™, R™,
we take
Q C COR., (R" U {oo}) x (R™ U {oo}))
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as the space containing the functions for which w(t) = oo, for every t such that there
exists a ¢’ <t for which w(t’) = oo, i.e. the space of continuous functions which once
arrived at co they remain at oo. The probability law P is such that, if X} (w) = w'(t)
and W*(w); = w"t(t) (i = 1,...,n,a = 1,...,m), then (X, W) is a solution to the
SDE (u,0) and the filtration M; is the right continuous modification of the natural
filtration generated by (X, W) (in general M; is not completed as F;). Denoting by
7 = inf{t : X; = oo} the explosion time of the process X, the hypotheses of non
explosiveness in Lemma 3.4 ensure that 7 = oo P-almost surely.

In this setting, we consider the process M given by

M, := /t h(X)T - dW, vt >0,
with quadratic Variationogiven by

[M, M]; = /th(Xs)T -h(X,)ds vt >0,
and we introduce the non ne;ative process Z defined by

Zy = exp (Mt — %[M, M]t> Yt > 0.

By applying Ito-formula one can easily see that the process Z is a non negative
continuous P-local martingale. In order to limit the quadratic variation we consider
the stopping times defined as

Tp = inf{t > O|[M, M]; > n},

where n € Ny. The stopping times 7,, are increasing with respect to n € Ny and we
write 7 = sup, ey, Tn = liMppoo 7. Novikov condition (see, e.g., [42, Chapter VIII,
Proposition 1.14]) ensures that the stopped P-local martingale Z™ is a uniformly
integrable P-martingale Vn € Nj.

Proposition 6.1. There exists a probability measure Q such that for any n € Ny
dQm., _ -,

dPu,, B
Proof. For any stopping time 7, let M,,_ be the o-algebra defined as
M, —i=0(Xo)Va({AN{n >t}A e Mt >0}).

Considering the sequence of probability measures {Q, }nen, given by dQ,, = ZI» d P,
and observing that

Qn(A) = Qn(A) VA € Mz, rr)— and Ym,n € N,
we get that the set function

Q: M- —101]

neN

A Qu(A) YAeEM, _

is well defined.
Using [39, Theorem V.4.1], we can extend the family of compatible probabilities Q,,
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to a probability measure Q on \/, .y M, - = M, _. Moreover, by [40, Theorem E.2]
we can further extend Q to a probability measure on (2, M), with M :=\/, M
and, with a slight abuse of notation, we denote it again by Q.

If we fix n € Ny and A € M, , we note that 7,(w) < 7p41(w) on {r, < oo}, since
[M, M];(w) is absolutely continuous and it is P-almost surely finite by the hypothesis
of non explosiveness of h. This then yields

Q(A) = QAN {7 < 00}) + QAN {7 = o0})
= EP[Z;-(/SI/+1XAQ{T7L<OO}] + EIP[Z(:(T)LXAQ{THZOO}] = E]P’[Z;-SXA]
since AN {1, = o0} € M, _. The statement then follows. O

Remark 6.2. The probability measure Q constructed in Proposition 6.1 is in general
non unique. An important consequence of the proof of Lemma 3.4 is that if both (u, o)
and (u+ o - h,o) are non explosive, then Q is unique.

Introducing

. tAT
W, = Wy —/ h(X,)ds,
0

by Girsanov theorem W is a Brownian motion till the stopping time 7. We have
that (X, W) is a solution to the SDE (i + o - h, o) under any probability Q (given by
Proposition 6.1) till the stopping time 7.

Remark 6.3. It is clear that T is the explosion time of both the solution processes
X of the SDEs (u,0) and (u+ o - h,o). We have that 7 < 7. Indeed, since h is
smooth and X, is a continuous process, the only possibility for which T # oo is when
the process X; diverges to infinity. Since the converse is in general not true, i.e. X;
can go to infinity and [M, M]; can remain bounded, we have 7 < 7. This implies that
(X, W) is a solution to the SDE (p+ o - h, o) till its explosion stopping time 7 for any
probability Q built using Proposition 6.1.

Proof of Lemma 3.4. By Remark 6.3 we have 7 < 7, which implies that
{r < o0} C{7 < o0}

For any probability measure Q constructed using Proposition 6.1, in particular by
monotonicity, we obtain that

QT < 0) <Q(Ff < o0) =0,

where we used the fact that (4 + o - h,0) is non explosive. This means that, V¢ > 0
and for all A € M, with P(4) =0, we have

Q(A) = liTm QAN{r, >t}) < liTm Ep[Z72xa] =0.

Hence Q is absolutely continuous with respect to P on My, Vt > 0. Moreover, if we
consider the P-martingale R defined by

_ dQnm,
dPuy,

we have that Rj" = Z/", Vn € N and P-almost surely. Since limpto, 7, = 7 and
7 = oo P-almost surely, taking the limit n 1 oo, we get Ry = Z;. Thus, Z is a
P-martingale. O

Rti VtZO,
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Remark 6.4. Since a posteriori the measure Q is absolutely continuous with respect
to the measure P we can consider the measure Q as defined on the whole completion

F of M.
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