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Introduction

Kolmogorov operators are a class of hypoelliptic second order differential operators defined
in RN+

mo N
Lu(z,t) = Z aij(a?,t)ﬁizju(ac,t) + Z bijxi0g,u(x, t) — Opu(z,t)
i,j=1 ,j=1

where z = (z,t) € RN xR, 1 < mg < N, Ag(2) = (aij(2))ij=1...mo 15 a symmetric matrix
definite positive in R™0 for all z € RV*! and B = (bij)ij=1,..N a constant matrix with real
entries.

If we put N = 2n and we consider Ay and B in the form:

O, O,
om0 (®02)

where Z,, and O, represent n X n identity and null matrix, we obtain the prototype of
Kolmogorov operator:

u(z,y,t) Z iz, U(T, Y, ) +Zajz(9ylu (z,y,t) — Owu(z,y,t)

=1

where (z,y,t) € R” x R" x R.

Equations like this arise in diffusion process, where = represents the velocity of the parti-
cle in the position y at the time ¢.

This class of operators defines a structure in RV*! different from the Euclidean one: all
operators belonging to this class are invariant with respect to a particular translation, and a
subclass is invariant with respect to a certain family of dilations, similar in a certain sense
to the dilations associated to the heat operator (which belongs to this class, Ag = Zn and
B = Op). This structure allows us to define a quasi-metric, from which follows the def-
inition of Holder continuity. In particular we are interested in considering operators with
Holder continuous coefficients. In this situation we can construct a fundamental solution via
parametrix method, although we don’t know explicitly its form.

In the first chapter we will study the costant coefficients case, focusing on the geometric
structure that this operator defines. These properties will allow us to move to the variable
coefficients case. We will see that the regularity we ask is strictly related to the geometry
induced by the operator, and this regularity will allow us to define a parametrix method to
construct the fundamental solution.

In the last chapter we will see an application of this theory in a Kuramoto model, a mathe-
matical model that describes the spontaneous synchronization phenomenon between coupled



oscillators. Synchronization is a state into which incoherent systems may go, often as it oc-
curs in phase transition. It concerns phenomena belonging to different fields, such as Biology,
Physics, Engineering and even Social Sciences.

We will study the following nonlinear Cauchy problem:

&p 0 dp p 3
9Py -0 -K w2 %P _ in R T
O I )R R in B x (0,7)
p(0,w,Q,0) = po(0,w, Q) in R?

where we set:

2m
Kp(e,t):K/// g()sin(0 — 0)p(¢', ', Q' t)do dw' sy
RJR JO

This problem was studied in [Sp2] using a regularized parabolic equation with bounded
coeflicients.

We will take advantage of a linearization of the problem to apply the parametrix method,
achieving an existence and uniqueness result with less assumptions on the initial datum.



Chapter 1

Kolmogorov operators with
constant coeflicients

1.1 The class K

In this chapter we start studying Kolmogorov operators with constant coefficients, creating
a starting point to study the Hélder continuous coefficients case. We refer to [AP] and [LP].

We consider the family of Kolmogorov operators of the form:

N N
Lu(x,t) = Z aijé?gixju(x,t) + Z bijx O, u(x, t) — Opu(x,t)
ij=1 ij=1 (1.1)

& = div,(AV,) + (Bx, V) — 0,

7777

constant coefficients, A symmetric and non negative, (-,-) represents the inner product in
RN, V= (g, ..., On ~) and div, is the usual divergence operator with respect to variable x.
An example of an operator that belongs to this family can be found in kinetic theory: if
(Wi)¢>0 denotes a real Brownian motion, the density p = p(t,v,y, to, vo,yo) of this stochastic
process (Vz,Y:)e>o0:
{Vt:vo—i—aWt oeRt
Yi = yo + fy Vids

satisfies the following partial differential equation:
1
§aa§vp +vOyp = Op (t,v,9) € R{ x R? (1.2)

In 1934 Kolmogorov in [K] provided us with the explicit expression of the density p =
p(t,v,y,vo,y0) of the above equation:

2 2
3 (7;((@*110) +3(vao)(y*yo*tvo)+3(:ufyoftyo) ))
p(t,v,y,v0,90) = \/;26 AN - e t>0 (1.3)
am

What we want to point out is the regularity of (1.3) despite the strong degeneracy of (1.2).
This is due to the particular structure of the operator .Z = 3002, + v0, — 0;.
Indeed this operator is hypoelliptic:
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Definition 1.1.1 (Hypoelliptic operator) Let.Z be an operator acting in an open subset
Q C RN, We call this operator hypoelliptic if for every distributional solution u € LL.(Q) to
the equation Lu = f we have:

feC®Q) = ueC*N)

Equivalent conditions for the hypoellipticity of operators (1.1) were proved in [H|, [LP] . We
first need to give some definitions:

E(t) := exp(—tB) VteR (1.4)

C(t) := /OtE(s)AET(s)ds VteR (1.5)

We consider then (1.1) in terms of differential geometry. Let’s consider these first order
differential operators:

N
X; =) a0y, j=1,..N, Y1=(Bx,V,), Y =Y1-0 (1.6)
k=1

We see that £ = Z;-V:l XJ2 +Y.
We can identify a generic first order differential operetor C' = Z,]CV:l ¢k (y)0z, with the vector

field c(y) = (c1(y), ... en(y)).
The following conditions are equivalent:

Theorem 1.1.1 Consider an operator £ in the form (1.1). The following statements are
equivalent:

1. Héormander condition: rank Lie(X1,..., Xn,Y1)(x) =N Vz € RV
(thus rank Lie(X1,..., XN, Y)(z,t) = N+1 V(2,t) eRN xR ) ;

2. ker(A) does not contain non-trivial subspaces which are invariant for BT ;
3. C(t)>0 Vt>0;

4. for some basis of RN the matrices A and B take the following block form:

~[Ay O
S
B x *  *
B=|0 B; * ok
O O ... B, *

where Ay is a square non singular matriz with rank mg, whereas B; is a mj x m;_1 block
with rank mj, j = 1,...,k. Moreover mg > my > ... > my > 1 and N = mgo + mq + ..., m,,
and the entries x of the blocks are arbitrary.
When the above conditions are satisfied, then £ is hypoelliptic and its fundamental solution
I is:

D(z,t,{,7)=T(x— E(t—7),t—7) (1.7)
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where

[(2,t,0,0) = T'(z,t) = { V/det(C(1))
0 t<0

Moreover I'(-,¢) = I'(z,t,&,7) € C°(RNT1\ {¢}).

Proof.

Since A is a positive semidefinite matrix, then C'(¢) > 0 V¢ > 0. For the same reason, for every
fixed € € RN, f(t) = (C(t)€,€) is a monotone non-decreasing function. As a consequence, if
3. does not hold, then there exist t > 0 and & # 0 such that:

(C(s)6,6) =0 Vs e (0,1
Recalling definition (1.5) this yields:
(AE"(s)¢, E"(s)6) =0 Vs € (0,1]
Hence for (1.4) we have:

(i(—mk‘:A(BT)k) £=0 Vse (0,1

k=0

which implies:
ABTYe=0 VkeN (1.9)

Vice-versa, if (1.9) holds then (C(t)§,€) =0 V¢ > 0. This proves the equivalence between 3.
and the following proposition:

ABTYFe=0 VEeN=¢=0 (1.10)
On the other hand, since
v={eerY AB =0, keN}

is the greatest BT -invariant subspace of ker(A), (1.10) is equivalent to 2.
To show the equivalence between 1., 2. and 3. we need first to give some definitions about
Lie(X1,....,Xn,Y1)(x). For any k € Nand j =1,..., N, we set:

XG0y =Xjr Xgarn = [Xga), Y]
where [, -] denotes Lie bracket between vector fields defined in (1.6). Then we have:
Lie(X1, ..., Xn,Y1) = Vi, = span {X(jﬂ-),j =1,..,N,i=1, k} for some k € N

Condition 1. means that Vj, = RY.
We observe now that condition 1. is equivalent to (1.10) because:

X(jk) = j—th row of ABTF VkeN,j=1,..N

thus proving the equivalence.
We now prove the equivalence between condition 1. and condition 4.
Let’s suppose 1. holds, if we define:

k:=min{k € N: V}, =RV}
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we know this is well posed. Since X(; ) is the j-th row of A(BT)*, then for every k € N we

have:
1

Vi = (ker(4) Nker(AB™) N ... Nker(A(BT)F))
Thus
VocVic..cV,=RN

and V; # V;_1 for every i < k. In fact, if V; = V;_1 for some ¢ > 1 then Vj_; =V}, for every
k > i.
Let us set

mo = dim(Vp), m; = dim(V;) —dim(V;—1), 1 <i<k

We say that {u1,...,ux} is a canonical basis of RY for the operator (1.1) if {u,...,uy} is a
fan orthonormal basis for the subspaces Vj, ..., V. We show that this is the basis such that
A and B take the form described in 4.

It’s easy to see that A takes the form described in 4. Moreover, if we write:

T T T T

O

BT Biy Biq Bip -+ Bi,
T T T T

BK,O B/{,l Bn,2 T Bn,n

where B;‘Fj is a m; x m; block, then

AOB({O AOBOTJ AOBOTQ AOB({K
AT o) @) @) o)
0 @) @) o)

As a consequence, since X(; 1) is the j-th row of ABT and X1y € Vi = span{X(; o), X(j1) :
j = 1,..N}, it has to be AOBOT72 = 0,---,14038:,4 = 0 and rank(Aongl) = my. Thus, as
Ap is not singular, we have B(Zf g = .. = BOT7 . = 0 and rank(BOT7 1) = my. Finally, because
Bf = BOTJ is a mo x my matrix, we have m; < my.

Then the matrices BT and A(BT)? = (ABT)BT can be expressed, respectively, in the fol-
lowing way:

~ B o ... 0
B Bl, B, Bf, --- Bf,
BT, BT, BT, ... BT,
and
* x ABI'BT, .- A¢B{B{,
=T 0T
00 © . O

Now, since X(;9) is the j-th row of the matrix A(BT)? | arguing as above we can prove
that rank(AoB{ Bl ;) = ma and AgB{ B 3 = ... = AgB{ B{,, = 0. As a consequence, since
rank(BlTQ) > rank((AoBif)sz) and Bl := Bif,2 is a my X mg matrix, we get rank(BZ) = my

and mo < mq. Moreover, as ker(AgBY) = {0} (AgB{ is a mg x m1 matrix of rank m1 < myg)
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from the previous equality we obtain B;f’?) =..= BEH = 0. Therefore, the matrix BT can be
written in the following way

* BlT 0) o - @)
* * BQT o .- @)
BT = BQT,O BQT,1 BzT,Q BzT,s T BlT,n

The proof of the first part of the equivalence follows by iterating the previous arguments.
Let’s prove now the vice-versa: if A and B are in the form 4. let’s show that {ej, ...,en} with

ei=(0,..,1,..,0), 1<i<N

2

is a canonical basis of RV for the operator ., thus implying its hypoellipticity. If A and B
are in that form then:

*0 k1 vt ki1 CZ o --- 0

where x; denotes a mg x m; block, and C; = AoBlT...BZT is a mg x m; matrix of rank m; (if
i =0 we agree to let C; = Ap).
By definition, since Xz is the j-th row of A(BT)E, we get:

k
Vk:span{eh:0<h<2mi}, 0<k<xk
i=0
In other words, {ej,...,ex} is a fan orthonormal basis for Vp, ..., V;..
The proof of the equivalence between condition 1. and hypoellipticity and the construction
of the fundamental solution were proved by Hérmander in [H]. )

Remark 1.1.1 From the proof of Theorem 1.1.1 it easily follows that condition 3. is equiv-
alent to the following ones:

o there exists t > 0 such that C(t) > 0;
e C(t)<0 Vt<O;
o there exists t < 0 such that C(t) < 0;

We denote by K the class of Kolmogorov operators (1.1) satisfying one (thus all) condition
in Theorem 1.1.1. We will now study an important subclass of K, that defines a structure in
RN+ This structure is important to extend the theory to operators in non divergence form.

1.2 Lie group

In this section we will also refer to [BLU].

When we study a differential operator it is very useful to define its associated structure, a
non Euclidean structure that define a quasi-metric.

Let’s consider .Z € K, and suppose the basis of RY is such that the constant matrices A and
B have the form 4.
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Definition 1.2.1 (Lie group on RY) Let o be a given group law on RN, and suppose that
the map:

RY x RY — RV

(z,y) — y lox
is smooth. Then G = (RN o) is called Lie group on RY.

The operators .Z € K have the remarkable property of being invariant with respect to the
left translations of a Lie group on RN*1. In fact, if we define

(z,t) 0 (6,7) = (E+ E(T)z,t +7), (x,1),(&,7) eRY xR (1.11)
it’s easy to show that (RV+! o) is a group with identity element (0,0), and inverse
(z,t) 7" = (—B(~t)z, )
If, for every ¢ € RVt we denote by l¢ the left translation defined as

RN+1 RN+1

z2——le(2) =Coz (1.12)

then every .Z € K is left invariant with respect to (1.12):
Lole =10 2 = L(u(Co2)) = (Lu)(Co2)
We note also that (1.7) can be interpreted in the following way:

D(z,t,6,7) =T((& 1) o (1))

We focus now on dilations: let us call dilations group in R¥*! a family 4 = (D(r)),>0 where
D(r) is a symmetric and positive definite matrix in RV+1. We say that the operator .# is
¢-invariant (or that .2 commutes with the dilations of ¢) if the following identity holds

ZLoD(r)=7r*D(r)o 2)
or equivalently we have
ZL(w(D(r)z)) = r2ZLu(D(r)z)

for every u € C§°(RN*1), r > 0 and z € RV+L,
We denote by Kg the subclass of operators .2 € K which are invariant with respect to some
dilations group. We show now when .Z € Kg:

Theorem 1.2.1 The operator £ € K is invariant with respect to a dilations group 4 =
(D(r))r>0 if and only if all the x blocks of the canonical form (4.) of B are zeros matrices.
In this case we have:

D(r) = diag(rZimg, > Ly s oy 72 T, 72) (1.13)
where Iy, denote the identity matriz k X k.

Proof.
Let & = (D(r));>0 be a dilations group on RN*! commuting with . and let (miz (1)) j=1,.. . N+1
be the matrix D(r). If we put, for every p,r € R

u(z) = u(x,t) = e, v(z) =u(D(r)z)
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then
(ZLu)(D(r)z) = —pu(D(r)z) = —pv(2)

and

N N
Lv(z) = (P2 > aigmyyri(r)mag1(r) +p Y bzim i (r) —PmN+1,N+1(T)) v(2)

i,j=1 hj=1

As a consequence, since the invariance of £ with respect to ¥ yields Z(u(D(r)z)) =
r2(Lu)(D(r)z) for every r > 0 and for every z; € R,1 < i < N, the following conditions

hold:
N

> agmyri(r)ymyg;(r) =0
i—1
N

Z b,’jzimN+17j(T) =0
2,7=1

my 1,41 (r) =1
the first equation and the form of A (4.) give

my+1,i(r) =0 for 1<i<mg, r>0

Using this relation in the second equation give

N
> bijmni14(r) =0 for mo+1<i<N, r>0
j=1

Since the matrix B is in form 4., using this last relation we obtain
BY (Ming+1,N41; s Mgy, N+1) = (0, ..., 0)7
hence, because B;f is a my X my matrix of rank m; < my,
my+1,i(r) =0 for mog+1<i<mog+mq, >0
By iterating this argument we finally obtain
my41,i(r) =0 for 1<i<N, r>0

Now we put
U(z) =P %%, V(2) =U(D(r)z)

where p,q,r € Rand 1 <14,57 < N. Then

N
(ZU)(D(r)z) = <P2au‘ +2pgag; + ¢*aj; + > (pbpi + thj)(D(T)Z)h> V(z)
h=1

and

N N N
LV (2) =" > anemin(r)mi(r) + 2pq ( > ahkmih(r)mz‘k(r)) ( > ahkmih(r)mjk(r))

h,k=1 h.k=1 hok=1
N N
+¢* Y amman(r)ma(r) + D bakze(pman(r) + gma(r))V (2)
h,k=1 hk=1

(1.14)
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Since .Z is invariant with respect to ¢, then (£V)(z) = r*(LU)(D(r)z) for every r > 0
and for every z € RV*!. Consequently, since p,q,4,7 in (1.14) are arbitrary, the following

equations hold:
r2A = M(r)AM(r)

M (r)BT = BT M(r)
where M (r) denotes the matrix (m;;(r))i j=1,..n. Now, we break up the matrices M (r) and

BT into m; x m; blocks M;;(r) and Bg;-, respectively, 4,5 = 0, ..., k. From the first of this last
equations and the form of A we have:

r? Ao = Moo (r) Ao Moo(r)
Mio(r)AoMoo(r) =0, 1<i<k

(1.15)

Then, since M (r)(and so Myo(r)) is positive definite,
Moo (7’) = ’I“Imo
Mio(’r‘):O, 1§7J§I€
On the other hand considering the form of B” we have B]T—l,j = B;‘-F if 1 <j <k and
Bli=0if0<i<rk—-1
From the second of (1.15) we then obtain:
r*Bly=rBj, Vr>0
hence B{; = 0. But from the same relation we also have
r*Bl; = B{iMi;(r) for1<i<rk
and so, since Bl; = B has maximum rank and B{; = 0 for i > 2,
Mi1(A) = NT,p,,
Mli()\):(] 2§i§l€
By iterating these arguments and by using (1.15) for the (7, 7) blocks, i > 2 and j > 0, we

finally get
D(r) = diag(rZy,, r3Im1, - 7"2”“Imm r2)

and Bg = 0 when ¢ > 0 and j < ¢. This proves the "only if" part. The "if" part is an easy
exercise. 0

From now on we will denote by Dg(r) the "restriction" of D(r) to RY:

Do(r) = diag(rZing, Ly s s 7" L0.)

Definition 1.2.2 (Homogeneous dimension of RV*1) We define homogeneous dimen-
sion of RNTL with respect to (D(r)),s, the natural number:

Q +2 = log, (det(D(r))) = log, (det(Do(r))) + 2

The homogeneous dimension is usually considered when we define a dilations group associated
to an operator, for example the dilations associated to the laplacian are the Euclidean one,
and the homogeneous dimension of RV with respect to this dilations is Q@ = N.

We will prove now a relation between the fundamental solution defined in Theorem 1.1.1
and the homogeneous dimension that has an equivalent with respect to laplacian and other
operators.
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Theorem 1.2.2 Let’s suppose £ € Ky, its fundamental solution I' is homogeneous of degree
—Q with respect to (D(r)),>o dilations.

Proof.
We can consider the fundamental solution with pole { = 0. If we denote with § the Dirac
measure with support in 0 we have:

ZL(ToD(r)) =r’D(r)(LT) = —r’D(r)§ = —r~ %5

were we used the following property of the fundamental solution: ZT" = —§.
Therefore T' o D(r) = r~T. O

When .Z € Ky, the matrix C(t) defined in (1.5) takes a particular form, as stated in the
following theorem (for more details see [K1] and [K2]):

Theorem 1.2.3 If . € Kq then
C(t) = Do(V1)C(1)Do(VE), VE>0 (1.16)
Moreover, if I' denotes the fundamental solution of £ with pole at (0,0), then

D, 1) = jg exp <—i<c—1(1)D0 (\2) 2. Dy (\2) x>> (1.17)

where cn s the following positive constant

v|2
ol

en = (A7)~ (det(C (1))~ (1.18)

Proof,
Since I' is D(r) homogeneous of degree —@Q, then for every (z,t) € RY x Rt we have
L(D(r)(z,t)) = r~9T(z,t), thus

r @ = <d(ifzéc(’£2)))>2 exp (—i<c_1(7'2t)D0(7’).%', Dy(r)z) + —(C7 (t)a, x))

this yields
Do(r)C~H(r*4)Do(r) = C71(t)

which implies (1.16) by choosing r = %
Now, recalling det(Dg(r)) = r%, (1.17) and (1.18) follow from (1.8). O

If £ € Ky the matrix B is nilpotent and

K tk
E(t) = Z(—1)’fHB’f (1.19)
k=0
Using this identity keeping in mind Theorem 1.1.1 and Theorem 1.2.1 we get:

E(rt) = Do(r)E(t) Do <i) (1.20)

In fact, one needs to prove that

E(r*t)Do(r) = Do(r)E(t) (1.21)
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From (1.19) this equivalence holds if and only if
r**B*Do(r) = Do(r)B*, 0<k<k

For k = 0 this identity holds. A direct computation shows that it also holds true also for
k = 1. As a consequence

r*B?Dy(r) = r’B(r?BDy(r)) = 2 B(Dy(r)B) = (r*BDy(r))B =
= (Do(r)B)B = Dy(r)B?

Then it holds also for k£ = 2. The thesis follows iterating these steps.
We can use this relation to prove the following proposition:

Proposition 1.2.1 Let o and D(r) be the left translation and the dilation defined in (1.11)
and (1.13). Then the following "distributive” property holds:

D(r o ¢) = (D(r)¢) o (D(r)¢)
and moreover
D(r)z"" = (D(r)z)"!
Proof.
Since D(r)D(v/t) = D(V/72t), from (1.20) we obtain
D(ro(¢) = D(r)(€ 4+ E(r)x,t +7) = (Do(r)€ + Do(r)E(T)x, 7t + r’1) =
= (Do(r)§ + E(r*7)Do(r)a, r*t + 1) = (D(r)¢) o (D(r)¢)

Moreover
D(r)z_1 = D(r)(—E(t)x,—t) = (—Dy(r)E(t)x, —7‘2t) =

= (—E(r2t)D0(r)x, —r2t) = (D(r)z)*1

We can now consider particular Lie groups:

Definition 1.2.3 (Homogeneous Lie group on RY) Let G = (RY,0) be a Lie group on
RN (according to Definition 1.2.1). We say that G is a homogeneous Lie group on RY if the
following property holds:

o There exists an N-tuple of real numbers o = (o1, ...,0n), with 1 < o1 < ... < oy, such

that the dilation
o : RY — RN

x— (r7'zy, ..., r’Nay)

is an automorphism of the group G for everyr >0 .

We will denote by G = (RN, 0,6,) the datum of a homogeneous Lie group on RN with com-
position law o and dilation group (0y)r>0-

If we consider the dilations defined in (1.13), we can define a suitable homogeneous Lie group
associated to the subclass Ky if we define 6, (x,t) = D(r)(z,t).

Definition 1.2.4 (Homogeneous Lie group for subclass Ky) If the matriz B is in the
form described in Theorem 1.2.1, the following structure:

Go = (RY*',0, D(r))

(where o and D(r) are defined in (1.11) and (1.13)) is a homogeneous Lie group.
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Definition 1.2.5 A measurable function u on Gy will be called homogeneous of degree o € R
if
u(D(r)z) = r®u(z) Vz € RVH!
A differential operator X will be called homogeneous of degree B € R with respect to D(\) if
Xu(D(r)z) = r?(Xu)(D(r)z) Vz e RVH

and for every sufficiently smooth function u. Note that, if u is homogeneous of degree o and
X is homogeneous of degree [3, then Xu is homogeneous of degree o — f3.

As far as we are concerned with the vector fields of the Kolmogorov operators as defined in
(1.6), we have that X, ..., Xy are homogeneous of degree 1, Y and Y; are homogeneous of
degree 2 and .Z = Zfil X2 +Y is homogeneous of degree 2 with respect to D(r).

We now introduce an homogeneous semi-norm of degree 1 with respect to the family of dila-
tions (D(r)),>0, and a quasi-distance which is invariant with respect to the group operation
o.

Definition 1.2.6 For every z = (z,t) € RVT! we set
1 N L
Izl = 1tz + > o] (1.22)
j=1
where the numbers q; are associated to the dilation group D(r) as follows:
D(r) = diag(r?, ..., riV r?)
this semi-norm is homogeneous of degree 1, that means
| D(r)z]| = 7|zl Vr >0, z€ RNT!

Because every norm is equivalent to any other in RN*! other definitions have been used in
the literature. For instance in [M] it is chosen the following one: for every z = (z,t) € RY xR
the norm of z is the unique positive solution r to the following equation:

x? 3 N x?\, n t2 1
7“2‘11 7«2% r2QN r4 B

Note that, if we choose this definition the set {z € RV*!: ||z|| = r} is a smooth manifold for
every r > 0, while is not the case for (1.22).
The semi-norm (1.22) induces a quasi-distance d : RV T x RN+l — R

Definition 1.2.7 For every z,w € RNt we define a quasi-distance d(z,w) invariant with
respect to the translation group Gq defined in Definition 1.2.3 as follows

d(z,w) = ||z~ o (1.23)
and we denote by B,(z) the d-ball of center z and radius r.
The following properties hold:

1. d(z,w) = 0 if and only if z = w for every z,w € RN*1;
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2. for every compact subset K of RVN*1 there exists a positive constant Cx > 1 such that

d(z,w) < Cgd(w, 2);
d(w, z) < Cg(d(2,¢) +d(C,w))  Vz,w, (€K

We can now state a proper definition for Hélder continuous function associated to this quasi-
metric:

Definition 1.2.8 (Holder continuous function) Let o be a positive constant such that
a < 1, and let Q be an open subset of RNt We say a function f : Q — R is Holder
continuous with exponent a in ) with respect to the homogeneous Lie group Gg defined in
Definition 1.2.3 (in short, Holder continuous with exponent o, f € C*(Q)) if there exists a
positive constant k > 0 such that

[f(2) = F(Ol < kd(2,0)* Vz,( €

To every bounded function f € C*(Q)) we associate the norm

_ 1£(2) = F(Ol
Flag = " I+ z,g-?ég# d(z,¢)>

Moreover, we say a function f is locally Holder continuous, and we write f € C.(Q), if
f e C¥) for every compact subset ' C Q.

Remark 1.2.1 Let Q be a bounded subset of RN If f is a Hélder continuous function of
exponent o in the usual FEuclidean sense, then f is Holder continuous of exponent «, because
it can be shown that Euclidean metric is continuous with respect to the following one. Vice
versa if f € C*(Q) then f is a f—Holder continuous in the Euclidean sense, where f = T

and K is the constant appearing in 4.

1.3 Principal part operator

Definition 1.3.1 Let’s consider the canonical form 4. of the matriz B related to some
operator £ € K, £ = divy(AV,) + (Bx,V,) — 0;. We denote by By the matriz obtained
by annihilating every * block. We define by principal part of £ the operator obtained by
substituting the matriz B with matrix By, that means:

Lo = div,(AV,) + (Box, Va) — 0

Theorem 1.2.1 shows us that the invariance with respect to D(r) dilations is related to the
matrix B, this means that % € Ko.

In the following we will state the equivalence between £ and its principal part £y on the
level set {z € RN+ . Tg(2) > K} (for more details see [LP]).

Theorem 1.3.1 Let £ € K and let £y be its principal part. Then for every K > 0 there
exists a positive constant € > 0 such that

(1—e)To(z) <T'(2) < (1+¢)lo(2)
for every z € RN such that To(z) > K. Moreover, ¢ = ¢(K) — 0 as K — +oo.

We observe that this relation does not hold, in general, for the fundamental solutions I'(z; ()
and T'o(z;¢) when ¢ # 0.
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1.4 Mean value formulas

In this section we will first show a mean value formula which demonstration uses the diver-
gence theorem, then starting from this formula we will derive mean value formulas with more
regular kernel, by the Hadamard’s descent method.

For every r > 0 and for every zp € RV*! let us denote by Q,(z) the following level set
of the fundamental solution I' of the operator .Z":

1
Q. (20) = {z e RN+, [(z0;2) > }
,

Since T'(20;2) = ['(271 0 29;0) = '(0; 25 * 0 2) we have

Q,(z0) = 20 0 Q2,-(0) (1.24)
where zp 0 Q,(0) denotes the zop-left translated of €,.(0):
200 Q-(0) ={zp0ow: w € Q,.(0)}

When . € Ky, if 4 = (D(r)),>0 is the dilations group related to .£ and @ is the spa-
tial homogeneous dimension of RN+ with respect to ¢, then rI'(0;2) =T (O; D (7’_$> z);
therefore: )

2,(0) = D (r@) ©1(0) (1.25)

By (1.24) and (1.25) we can easily argue that , if £ € Ko, then Q,(z) is a compact set
for every r > 0. In general, if . is an operator of K not belonging to the subclass Kg, this
statement fails, as the following example shows.

Example 1.4.1 If & = 02, — 20, — 0y, where (x,t) € R?, then

D(x,t) = (27(1 — e_2t))_% exp —li t>0
’ 2e2 — 1)

Whereas, fort <0,

1 1 z?
D((0,0) (1)) = (2(1 — =)~ exp ( )

Then ) )

L((0,0);(0,4)) = (2m(1 —e™))72 > (2m) 72
Consequently, for every r > /2w, Q,.((0,0)) is an unbounded set, since it contains the half-
line {(0,t) : t < 0}.

Proposition 1.4.1 Let © be an open set of RV*! and let u € C(Q) be a solution of the
equation Lu =0, with £ € K. Then, for every zo € Q and for every r > 0 such that ,(zp)
is a compact subset of ), we have

1
u(zp) = /ﬂr(zo) M (2o, z)u(z)dz (1.26)

r

where
AV, (20; 2), VoI'(205 2))

I2(2p; 2)

M(zp,2) = < (1.27)
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The proof of the following proposition follows from an appropriate definition of Green’s iden-
tity associated to .Z and standard arguments.

Starting from (1.26), by the Hadamard’s descent method, we can derive some mean value
formulas with more regular kernels. The descent method relies on the following remark: if
u = u(x,t) is a solution of Zu = 0, then, for every m € N, the function a(y,z,t) = u(x,t),
y € R™, is a solution of o

ZLi=(Ay+L)u=0 (1.28)

This operator belongs to K, and can be written in the form (1.1), with matrices A and B

replaced by
~ Zm O ~ (O O
(59 - 5)

If " is the fundamental solution of £, then a straightforward computations shows that the
fundamental solution I' of .Z is given by

I'(yo, xo, to; y, x,t) = I'(x0, to; x, 1) Kin (Yo, to; ¥, t)

where K,,(yo,to;y,t) denotes the fundamental solution of the heat equation in R™*1:

2

1 7 _1lvo-yl
Km(yo,to;y,t) = (Wo—t)) e 4 (-1t t <t
0 t >t

As a consequence the kernel M in (1.27) corresponding to the operator % becomes

M (yo, o, to: y, z,t) = M (z t':lct)—l-EM
054050, Y5 Ly 050y, 4(t0—t)2

As shown in [LP], the level set

~ 1

(Yo, 20) = {(y,Z) € R™N*: Tyo, 209, 2) > T,}
is bounded for every r > 0.

Now, let u be a solution of Zu = 0 in the open subset €. For every 29 € 2 and r > 0 such
that the closure of €, (yo, 29) is contained in R™ X 2, keeping in mind (1.28), formula (1.26)
gives:

1 —
ueo) =3 [ W00y, 2Ju()dydz
r QT(O,Z())

If we integrate with respect to the variable y we obtain

1 —
u(zp) = / M (20 2)u(z)dz (1.29)
r anm)(z(])
where )
Ar(m) m m Ny
M, Wi N, (M + m 2 4ty — t)2> (1.30)

N2(z0;2) = 4(tg — t)In (W)

(4m(to — 1))

(M) (20) =1 2 v, TGoiz) 1
Q0" (20) { e RNVT '(47r(t0t))7§>7“}
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In (1.30) wy, denotes the measure of the unity ball in R™.
We state then this mean value formula, that does not need the to check if the level set is

bounded, because we can prove that ng) (z0) is compact.

Proposition 1.4.2 Let Q be an open set of RNT! and let u € C®(Q) be a solution of the
equation Lu = 0, with & € K. Then, for every zg € Q and for every r > 0 such that the

(m)

closure of the set Qy " (zo) is contained in Q, we have

u(zp) = E M (20; 2)u(z)dz (1.31)
T (z0)

1.5 Harnack inequality

In this section we will give some Harnack inequalities for the non-negative solutions of the
equation Zu = 0, which are invariant with respect to D(r). These proof rely on mean value
formulas (1.26) and (1.31).

Theorem 1.5.1 Let . € Ky and let Q be an open subset of RN*L,
We define:

KT(zo,a):QT(zo)ﬂ{(x,t)ERNH:tStO—sr%}, e>0

2

Then for every e € (0, cf\‘?,} there exists a constant ¢ = c(e) > 0 such that

sup u < cu(zp)
KT‘(Z07E)

for every non-negative solution u of Lu =0 in Q and for every zg € Q and r > 0 such that
Q2,(20) C Q (here cn is the constant defined in (1.18)).

Theorem 1.5.2 Let ¥ € K and let Q be an open subset of RNTL. Let us fix an integer
m > 3.
We define:

Kﬁm)(zo,s) = ngm)(zo) N {(x,t) eRNTL ¢ <ty — Ermim}, e>0

2

Then for every e € (0, cﬁ,} and rog > 0, there exists a constant ¢ = ¢(e,rg) > 0 such that

sup  u < cu(zp)
K™ (20,€)

for every non-negative solution u of Lu =0 in Q and for every zop € Q, r € (0,7¢] such that
QQT(Z()) c Q.

We can easily obtain an Harnack inequality on the following "cylinders":

Hy(20) = 20 0 { (Do(r)z,7%) : 2] < 1,-1 < t <0}
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Theorem 1.5.3 Let £ € K and let Q be an open subset of RVTL.
We define:
H, (20) = 20 © {(x,t) € H,(0):t= _TQ}

Then there exist three positive constant 0 = 0(.L), ¢ = ¢(L) and ro = ro(L) such that

sup u < cu(zp)
H, (20)

for every non-negative solution u of Lu =0 in Q and for every zg € Q and r € (0,rg] such
that H,(zp) C Q.

This last theorem restores the analogy between results presented in Theorem 1.5.1, Theorem
1.5.2 and cylindric geometry of the classical parabolic Harnack inequality.



Chapter 2

Kolmogorov operators with variable
coeflicients

In this chapter we will refer to [AP] and [P].

We consider Kolmogorov operators in non-divergence form in RV *1:

mo N
Lu(x,t) = Z ij (2, )0, u(w, 1) + Z bijxj0p,u(x, t) — Opu(z,t)
. ij=1 ij=1 (2.1)
&L = Z ij(2,t)0p;z; + (Bx, V) — O

ij=1

with continuous coefficients a;;(x,t). As in the parabolic case, the classical theory for degen-
erate Kolmogorov operators is developed for spaces of Holder continuous functions introduced
in Definition 1.2.8. We remark that this definition relies on the Lie group G (1.11), that is
an invariant structure for the constant coefficients operators. Even though the non-constant
coefficients operators in (2.1) are not invariant with respect to G, we will rely on the Lie
group invariance of the model operator

mo
Y 0 +(Bx, V) -0
j=1

associated to .Z. Indeed, this is a standard procedure in the study of uniformly parabolic
operators. We next list the standing assumptions of this chapter:

[H.1] The matriz B = (bij)i j=1,..N i a real constant matriz of the form 4. where all

* blocks are zero matrices.

[H.2] The matriz A(z,t) = (a;j(x,t))ij=1,..N s a symmetric matriz of the form 4. More-
over, it is positive definite in R™° and there exists a positive constant \ such that

1 Mo mo mo
XZ G1° < Y aij(@,)&& < A G (2.2)
i=1 ij=1 i=1

for every (&1, ..., Emy) € R™ and (z,t) € RVFL,

[H.3] There exists a € (0,1] and M > 0 such that
|aij(2) — ai; (Q)] < Md(z, ()"

17
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where d(-,-) is the quasi-distance defined in Definition 1.2.7.

[H.4] For every i,j = 1,...,mq there exist the derivatives Oy ;a;j(2) and they are bounded
and Hélder continuous functions, with exponent c.

Hypothesis H.1 and Hypothesis H.2 are related to hypoellipticity, in fact if all coefficients are
constant then operators (2.1) belong to K. In [P] is made the assumption of x blocks equal to
zero, this hypothesis was later removed in [DP]. The statement of Hypothesis H.2 is linked
to uniformly parabolic operators: if mg = N, the operator £ is uniformly parabolic and
B = 0. Hypothesis H.3 implies that a;;(z) are Holder continuous functions. Hypothesis H.4
allow us to extend the results about fundamental solution to operators in divergence form:

£ = div(A(2)V,) + (Bz, V) — 8, (2.3)

We give now a definition of classical solution to the equation Zu = f under minimal regularity
assumption on u. We need first to give the definition of Lie differentiability with respect to
the vector field Y defined in (1.6):

Definition 2.0.1 (Lie differentiable function) A function u is Lie differentiable with re-
spect to the vector field X at the point z if there exists and is finite the following limit:

Xu(z) = lim A08) = u(1(0))

s—0 S

where v is the integral curve of X from z.

In particular, if Y is the vector field defined in (1.6), its integral curve is y(s) = (E(—s)z, t—s),
with z = (x,t). Clearly, if u € C*(Q) where  is an open subset of RN*1 then Yu(z,t) agrees
with (Bz, Vyu(x,t)) — Owu(z,t) considered as a linear combination of the derivatives of wu.
We can now give a proper definition of classical solution to Zu = 0:

Definition 2.0.2 Let f € C(Q2). A function u is solution to the equation Lu = f in
a domain Q of RN if there exist the Buclidean derivatives O, Or;z; € C(Q) fori,j =
1,...,mg, the Lie derivative Yu € C(Q2) and the equation

mo N
Z aij(fxvt)axiwju(x’t) + Z bij$jaxiu($at) - atu(x¢t) = f(l‘,t)
i,j=1 tj=1

is satisfied at any point (z,t) € Q.
The natural functional setting for the study of classical solutions is the space:

C2(Q) = {u € CUQ) : Oy, Ouyay, Yu € CX(Q), for 5 =1,...,mo |

This functional setting is related to the quasi-metric defined in (1.23). In fact, if we define
the following norm for u € C**(Q):

mo mo
2400 = [tlao + D 10ulag + Y 102, ulag + [YVulag
i=1 i,j=1

we can state fundamentals results in classical regularity theory: Schauder estimates. We
state the following one, proved in [DPo].
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Theorem 2.0.1 Let us consider an operator £ of the type (2.1) satisfying assumptions
(H1),(H2),(H3) with o < 1. Let Q be an open subset of RNTL f € C2 (Q) and let u be
a classical solution to Lu = f in Q. Then for every ' CcC Q" CC Q there exists a positive
constant C such that

ulztar < C (supul +|floc

With a suitable adaptation of the Levi’s method of parametrix, we shall construct the funda-
mental solution of operators (2.1) verifying the first three hypothesis, and the fundamental
solution of operators (2.3) verifying all four hypothesis. In particular we will refer to [P].

2.1 Fundamental solution

In this section we will construct the fundamental solution via parametrix method, according
to [P]. We define for every z € RV+1L:

mo
£ = Z aij(E)aizj + <BSE, Vz> — O
ij—=1

We denote by Zz(z; () the fundamental solution of .%%. To simplify the notation, when z = ¢
we shall write Z¢(2;¢) = Z(z;¢). According to Levi’s method, we seek the fundamental
solution I' of £ by using the parametrix Z(z; (). We put

I'(2:¢) = Z(%0) + J(20) (2.4)
and we require that I'(+; () is a solution of the differential equation (2.1), for z # (:
0=2T(2¢) = ZLZ(2() + ZLJ(2() (2.5)

Suppose that the function J can be written as

t
J(x,t;:6,7) =/ /RN Z(x,t;y,8)G(y, s; €, 7)dyds (2.6)

for some unknown function G.
Assuming J(z; () can be differentiated under the integral sign, we obtain:

ZLJ(z() = /t . LZ(x,t;y,5)G(y, s €, 7)dyds — G(2; Q) (2.7)

then condition (2.5) can be written as

G0 = [ | 22ty 5)G 6 m)dyds + (£2)(:50) (28)

It then follows that the differential equation ZT'(z;() = 0 is transformed into the integral
equation (2.8), where the unknown function is G. This function can be determined by means
of the successive approximation method, which yields:

[e. 9]

G(2¢) =Y (L 2)r(%) (2.9)

k=1

where

(ZL2)1(2:¢) = (ZLZ) (%)

t
L2 = [ | (L2 2l yds
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In order to give some results about G (and then about the fundamental solution), we give
some estimates, whose demonstration can be found in [P]. We only remark that they are
based on (H.1),(H.2),(H.3), and (H.4) for the divergence form operators.

Proposition 2.1.1 Fiz ¢ > 0, put Ao = (A +e)Zy,, where X is the constant appearing in
(H.2). Let denote by T the fundamental solution corresponding to

£ =div(AyV,) + (Bz,V,) — 0, (2.10)

Then there exists a constant ¢ > 0 such that, for every i,j = 1,...,mg and for every z,{ €
RN*L we have

1Z(2¢)] < éF(Z;C) (2.11)
00,2050 £ ——=T(=0)
02, Z(50)] < ——T(2:0)

Lemma 2.1.1 There exists an operator & and a constant ¢ > 0 such that, if T is the
fundamental solution of £, then

2201 S g T, Ve A¢

where o is the Holder continuity constant defined in (H.3).

Under (H.4) we have the analogous for divergence form operators.

Lemma 2.1.2 Let M be the divergence form operator defined in (2.3), verifying Hypothesis
(H.1)-(H.4). Then there exists an operator % such that, for every bounded interval I C R,
there exists a constant ¢; > 0 such that, sz denotes the fundamental solution off then

Cr

MZ(z, < 7af’ z;
MO < (=g 0
Corollary 2.1.1 For every k € N we have
(LD(z0)) € —F—T(2(),  Vz,( e RV (2.12)
(t—7)17%
where
Lew(5)" (2.13)
L = .
Feul(ka)

Here ¢ and T' denote the constant and the function of Lemma 2.1.1, and Ty denotes the
Euler’s Gamma function.

We can now state this proposition, that gives us all information we need about G.
Proposition 2.1.2 There exists kg € N such that, for every interval I C R:
1. (£ 2) is a bounded function in St :=RN x I, for every k > ko;

2. the series
o0

> (ZLZ)i(=0)

k=ko

converges uniformly on Sr;
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3. the function G defined in (2.9) satisfies the integral equation (2.8) for every ¢ € RV*!
and for every z # (.

Proof.

1. follows from Corollary 2.1.1 and from the explicit expression of f‘(az, t;y,s), for kg € N
and kg > Q+2

2. follows from (2.12), noting that the power series

m .
> Crorit?
=1

where ¢y, is defined in (2.13), has radius of convergence equal to infinity;

3. using (2.12), (2.13) and the reproduction property of the function I':

/RN T(zy,s)L(y, s;¢)dy = T'(2;¢)

we obtain, for every z # (:

L [z 2Ga6ws s =3 [ [ (£2)00(# 2t 5 )dis =
i;fz Je1(2:0) = G(2:¢) = (£2) (%)
k=1

a

Result (3) ensures that the function I' defined in (2.4) is a solution of ZT'(2;{) = 0, for
every z,( € RN+ such that z # ¢, once we prove we can differentiate J under the integral
sign.

As a consequence of Lemma 2.1.1 we have these results:

Corollary 2.1.2 For every bounded interval I C R there exists a constant k; > 0 such that

kll_gf(ZQC) Vz,( € Sp, 2 # ¢

G(z; <
601 < g

Corollary 2.1.3 For every bounded interval I C R there exists a constant c; > 0 such that
P(2:¢) Serl(2:¢) V2,0 €81 2 #¢
We can now prove (2.7).

Proposition 2.1.3 Let J(z;() be the function defined in (2.6). Then, fori,j = 1,....m
the functions Oy, J, G%WJJ and the Lie derivative Y J exist and are continuous. Moreover for

every z,( € RNFL such that z # ¢ we have:

t
210 = [ [ 220 t0.5)G 56 rdyds - G 0)
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Proof.
We start showing that, for ¢ = 1,...,mg, 0z, J(2; () is continuous and

t
0,720 = [ [ 02050965 dyds (214

We first note this integral converges since, by Proposition 2.1.1 and Corollary 2.1.2 there
exists a positive constant ¢ such that

/ t / 100, 223y, )Gy, 5: 0)|dyds < / t / Pz, )Ty, 5:)(t — 5)~F(s — r) "+ dyds =
7 JRN  JRN

t
= f(z;g)/ (t—s)"2(s—7)"*5ds < 00

Let ¢ be a function of class C?(R), such that 0 < (t) < 1 for every t > 0, ¢(t) = 1 for every
t < %, and ¢(t) = 0 for every ¢t > 1. For any fixed € > 0, put

R0 = [ 2 G

Ne(ziw) =1—¢ <HD (i) (wtoz)

and

We first show that for every z = (z,t), ¢ = (£,7) € RV*! with ¢ > 7, it holds
0,50 = [ du(Zn) ()Gl O (2.15)
RN x (7,t)

Note that, for every ¢ > 0, functions 7., 0,,7. are bounded. From Proposition 2.1.1 it follows
that there exists c. > 0 such that

10, (Z0) (25 w)| < =T (23 w)

Vi—s

On the other hand, if we set
B(z,p) = {C RV 1 ¢ o2 < p}

then (Zn.)(z;w) = 0 for every w € B(z, 5), from which

INCT
10z, (Zne) (z;w)| < ¢e sup (zw) =G < 00
weRN+1\B(z,5) VI — 8
Hence, from Corollary 2.1.2, the bound
ek =
10z, (Zn:) (23 w)G(w; ()| < ——F—=T'(w; ()
(s—1t) 2

holds uniformly with respect to the z variable, where the constant kr in Corollary 2.1.2
corresponds to the interval I = (7,t). Since this upper bound is absolutely integrable, (2.15)
follows by Lebesgue’s Theorem, for any fixed € > 0.
Fix (= (& 1) € RN+1, and for any Ty, Th € R, 7 < Ty < T, let St = RN x (To, Th).
We claim that:

Je(z:¢Q) —> J(%5()  Vz €S (2.16)

e—0
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and, for every ¢ = 1,...,mq, z € Sp:

O Je(2;¢) == 0w, Z(2;w)G(w; ()dw (2.17)

e—=0 JRN x(7,t)

(where —= denotes the uniform convergence). If (2.16) and (2.17) hold, function J(-;()
e—0
has derivatives 0y, J(-; () on S;. Moreover these derivatives are continuous functions and, for

every z € Sr:

GO = [ on G e

The arbitrariness on the choice of I = (Tp, 1), with 7 < Ty < T1, yields the result we wanted
to show.
We are thus left with the proof of (2.16) and (2.17).

Without loss of generality, we can suppose 0 < ¢ < g, with g = TO; ~. Then

FEO IO = [ 2 wla(ew) - 16w Odu

From the definition of the function 7., we have

(z;w) — 1] <1 Vw € RN+
.(z0) ~ 1 v o1
Ne(z;w) —1=0 Vw € RV B(z,¢)
From (2.11), (2.18) and Corollary 2.1.2 it follows
= T (w;
(0~ I@01< [ )
B(ze) (s—7) "2
s<t
Note that, since z € S7, w € B(z,¢e) and € < g9 = 4/ TO;T, then s — 7 > &3, and
T(w; —o-
L0 o ayepma- (2.19)
(s—7) 2
Hence there exists a constant cg > 0, depending only on the set S7, such that
J(z50) = Tz O < es [ Tlew)du (2.20)
B(z,¢)
s<t
Recalling that I'(z;w) = D(w™" 0 z;0) and that
f(D(r)z; 0) = r 9T (z; 0); det(D(r)) = r@+2

Hence, by setting w’ = D (l) (w™t o z) in (2.20), we obtain

£

J(2:0) — J(2:0)| < 8205/ (' 0)duw’ = e2kg
B(0,1)
s<0
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from which (2.16) follows.
: _ To—7
In order to prove (2.17) we again assume 0 < ¢ < g9 = 4/ “%". From (2.15)

0.0 - [ | 0n2(w)Glwi () =
RN x(7,t)
-/ el ) ~ 16wt (2.21)
RN x (Tt

+ / 72 0) 0y (23 0) G (w; () dw = L(2:¢) + T1.(=: C)
RN x (7,t)

We next evaluate the quantity I, and II.. Using (2.18), Proposition 2.1.1 and Corollary 2.1.2

we get:
ek~ [(w; () , / [(z;w)
I.(z ¢ g/ INzyw)——5dw < c dw
L B(zie) VE— 5 ( )(8—7)1‘5 "o VE=s
s<t s<t

Last inequality follows from (2.19). Substituting again w’ = D (l

£

) (w™1 o 2) we finally obtain

IL(2:0)| < ecs / D50 4y = ekl (2.22)

B(0,1) VS

s<0

To evaluate II.(z; (), we note at first that

8%775(2;111) = é‘ﬂl (HD (i) (w_l o z)

Then, letting m = supg ¢/,

)

|0z, me (25 w)| < YV € RN+

o3

Op;Me(z;w) =0 Vw € RN\ B (z,¢)

By using these relations Il can be treated as I in the previous case. We have:

L (2 0)] < Tk /B( )f‘(z;w)r(w;odw <

€ (s—7)"%
<t (2.23)
mc = / =0 /
< / [(z;w)dw < mcse/ ['(w'; 0)dw' = mkge
€ JB(ze) B(0,1)
s<t s<0

Then (2.17) follows combining (2.21), (2.22) and (2.23).

To show analogous relations for (‘ﬁizj and the Lie derivative with respect to Y, we need
these two estimates (whose proof can be found in [P]):

1. For every bounded interval I there exist three constant ¢ > 0,v,7’ € (0,1) such that
,y/

Gl t:0) — Gl 85 )] < A2 =15

(t— -3 [f(x,t; Q)+, C)} (2.24)

for every ¢ = (¢,7) € RV*L for every t,7 € I,t > 7, and for every z,2’ € RV,
1

Here |z — 2'|p = Zév:l |zj — ;| % represents the part related to z in (1.22).
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2. There exists a constant k£ > 0 such that
k _ ~
02,0, Zel50) = 02, Zo(zsw)] < [l o ¢ F () (2.25)

for every z,w,(, ¢’ € RVNT! and for every 4,5 = 1, ..., mq.

We can now prove that, for every fixed ¢ € R¥*! and for every i,j = 1, ..., mg, the derivatives
831_%_(] (+;¢) exist and are continuous functions. Moreover:

62, J(z /ﬁ/ Z(2y,5)G(y, 5; O)dyds (2.26)

We observe we cannot assert that this integrating function is absolutely integrable on RV x
(1,t). However, we can consider the integral in (2.26) as a "repeated integral". Indeed, since
the function G is absolutely integrable, it is sufficient to prove that, for every fixed ty € (7,1),

the integral
// i 2 (23, 8)G (y, 53 ()dyds
to JRN I

converges. For every fixed s € (7,t) and for every y € RN,
/ iz, 2 (239, 8)G (Y, 8: € dyds—/ ia; 2(2:9,8) [G(y, 8:.C) — Gy, ;. Q)] dyds+

+G(y’78;C)/IR 03.a,) [Z(y 9~ Ly s):| (219, s)dy + Gy, 5:€) / Orix, 20y ) (239, 5)dy =

=I'(zGys) (2 Gy s) + T (2:.G Yy 5)
(2.27)
We next give some estimates for the three addend above. Let y’ = E(s—t)x. From Proposition
2.1.1 and from (2.24) we have

Peav ol [ T ae I Fy w0+ B, w0

t— (3_7-)1 2

If s € (to,t), the explicit expression of T' allows one to derive the existence of k = k(o) > 0
such that _
I'(y,s:¢)
(s—7)'72
Moreover, using (1.21) we can prove that there exists a constant M = M (Tp,T1) > 0 such
that

<k V(y,s)ERN+1 D s>ty

’ ’ l/
ly—y5 =ly—E(s—t)z| < M(t—s)=

(t=9)72) @ Et-s))|

Therefore, from the last three inequalities it follows that there exists a constant ¢/(tg) > 0
such that

F@aE@—mwngdW”,/ ey, s)dy = —S0)_ 29g)
(t—s)'=% JRY (t—s)'~%

Arguing as above, using (2.25) we can show that there exists a constant ¢”’(t9) > 0 such that

C//(t()) - /RN f‘(z;%s)dy = (tc_”(;)ol)g (2.29)

[1"(2, G E(s — t)x,5)| < m
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To evaluate I"”, note that, for every z € RN¥*! we have

/ Zz(zy,s)dy =1
RN
Then, for every 7,7 =1, ..., mg, we have
351%/ Zz(z;y,8)dy =0
RN

On the other hand, using the Lebesgue’s Theorem, for every s € (7,t) it holds

. / Zz(zy, 8)dy = / 03 0, Z=(2;y, 5)dy
RN RN
Setting z = (E(t — s)x, s), we obtain I"”” = 0. This proves the existence of integral (2.26).

Now we put our focus in taking the second derivative inside the integral. Arguing exactly as
in the first part of the proof, it can be shown that

02,0 Jo(#:) = / 02, (202 (2 w)Gl(w; €)dw (2.30)
RN (m,t)

For every fixed ¢ = (&,7), for every Ty, Ty € R, with 7 < Ty < Ty, let S; = RN x (T, Ty). If
we prove that, for every z € St it holds

821% z; () :&// Z(zy,5)G(y, s; ¢)dyds (2.31)

e—0

then from (2.16) and (2.17) it follows (2.26).
Without loss of generality, we can suppose that 0 < e < ¢gg = 1/%. From (2.30) we have

Oy Je(2:€) = // (239, 8)G(y, 5;¢)dyds =
-/ / 2 (01 = 121330, G0, 55 )y = (232
—/ (Z(z:Gy) + I (2:Gyys) + (2G5 9, 5)) ds

Functions I’, I” and I" are obtained as in (2.27) with Z replaced by (1. — nZz.

E)—e
In order to prove (2.31) it is sufficient to find bounds independent of ¢, for I] I’ and I I”, as in

(2.28) and (2.29). This requirement can be met by showing that

k €0) =
02,0, [(ne ~ V2] t:9,9)] < 2w, 11y, ) (2.33)
for every z,y € RN s € (1,t),e € (0,0). As mentioned above

Oeme(ziw)| <= Vw e RN

O, Me(z;w) =0 Yw e B <z, Z)
Moreover
oz”—2|x— (t—ys) )|qﬂ+\/t—5< :>1< !
€ 2V/t—s
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Then .
|02, me (23 w)| < N : Vw,zeRVHL
Analogously
m/

’ mx]nE(z ’LU)| > 4(t— ) ; Vw,zeRN“

Using Proposition 2.1.1 the estimate (2.33) follows. Since the integrating function on the right
hand side of (2.32) is zero for every (y,s) € RV*! satisfying s > t — £2, estimates analogous
to (2.28) and (2.29) guarantee that there exist two constant 5 € (0, 1) and c(gg) > 0 such
that

t
L0 = [ 0,260, s Odus| <

t
S /
t—e2

t C(e’;‘o)
< ————ds=¢ p
< e
This proves (2.31), and thus (2.26).

ds <

[ [0 = DZ)Ce50.5)G w5 Oy

We now work on the Lie derivative, showing that for every ¢ € RV*! the derivative Y J(z;¢) =
(Bx,V;J(z;C)) — 0 J(2z; () exists and it is a continuous function with respect to z. Moreover

t
YJ(0) = / [ Y Z(9.5)G 5 Oy = (=) (2.34)

t—e
_ / /R Z(zy,5)G(y,s: Odyds

Similarly to (2.16), it can be shown that, for z,¢{ € RV*! ¢ # 2, we have

Here, for every € > 0, we set

Ja(e:0) — J(220)
Let z = (2,t) € RNt § > 0 and define the path v : (—d,0) — RVFL:

v(s) = (z(s),t(s)) = (E(s)x,t + s) (2.35)

From the definition of E(s), it follows

Y(0) = (z,t),  4(s) = (=Bux(s),1)

Let ¢ = (&, 7) € RVF! be given, with 7 < ¢ and set € > 0 such that ¢ < gg = t_TT
We next show that

t—e
Vi = [ [ Y206 s Ods— [ Zsnt -6t —=0dy (230
Consider the path defined in (2.35) with § = 5. We have

Ja(v(a);é“)— /t 5/ s) = Z(7(0); 9, 5)
BN

o
t+o—e¢
o / )Gy, 5 C)dyds
t RN

G(y, s;¢)dyds+
(2.37)
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Being Z(z;y,s) the fundamental solution of L, ), it follows from (2.35) that there exists
o* € (—|o|,|o]|) satistying

Z2(1(9):y,8) = Z(7(0); 9, 5) _ iZ(’Y(U)w, 8)|o=or =

o do
mo
= —YZ(v(0")y,8) = Y aij(y,8)02,5,Z(v(07); 9, 5)
3,j=1

Using the fact that a;; are bounded functions and that t +o0* > ¢ — 5, Proposition 2.1.1 gives
that the function 3310 a;;(y, s )03%1:5J (7(c*); 5, s) is bounded on RN x (7.t — ¢).
The summability of G yields

t—e Z : — Z(v(0);
tim /N (v(9);y, ) - (v(0); 9, S)G(y,s;g)dyds _
TR (2.38)
—— [ [ Y2096 Odyis
T RN
Hence
t+o—e
/RN Z(zy,t — )Gy, dy—/t /RN )G(y, 5;¢)dyds =
(Setting r= 8_;+€)
1
= [ [ 2t =2 - 260yt~ =+ ro)lGlont — 5 Odyar+ (239)

1
+ / / Z(W(0):y,t — e +10)[Gly, t — £5) — Gly, t — & + o3 O)]dydr =
/\0 RN A
=1(2¢) + 1(2¢)

Since § = 5, it follows that Z(z;y,t —¢) — Z(y(0);y,t —e +7r0) is a bounded function, while
(y,7) — G(y,t — ;) is an absolutely integrable function on RY x (0, 1). Hence, from (2.35)

and the Lebesgue’s Theorem,
lim I’ o(z0)=0 (2.40)

o—0

Applying on I”(z;¢) the change of variable

1
n=2D <€—|—(1—7“)(7> (E(o)x — E(e+ (1 —r)o)y)

with an obvious meaning of notations we have

eol<e [ [ e (€ @nm) 1660 - ¢) ~ Gyt -+ ros Ol

Since G(y(n),t—¢e; () —G(y(n),t —e+ro; () is a bounded function, from Lebesgue’s Theorem
it holds
1 T . —
tim 77(::) = 0 (2.41)

Then, from (2.39), (2.40) and (2.41) it follows

t+o—e
lim © / )Gy, 5;C)dyds = / 2zt — )Gyt — O dy  (2.42)
RN N

c—0 0 R
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Hence (2.37), (2.38) and (2.42) yield (2.36).
Fix now ¢ = (&,7) € RV*! and, for every Ty, 71 € R with 7 < Ty < T3, put Sy =
RN x (Ty,T1). Let us proves that, for every z € Sy

(%,¢0) == Y Z(zy,s)G(y, s; ()dyds — G(2; () (2.43)
e—0 RN
Without loss of generality, we can assume 0 < € < gg = % As above,

t
/ YZ(zy,5)G(y,s;¢)dyds = — / / aij (Y, 8)03,0,Z (2, 8)G(y, s; ()dyds
RN t—e JRN

(2.44)
Using Hypothesis (H.3) and (2.24), we have that a;;(y, s)G(y, s; () is uniformly Hélder con-
tinuous with respect to y. Following the lines used for second derivatives (see (2.27)), we can
show that there exist two constant ¢(g¢) > and 5 € (0,1) such that

3,7=1

¢ c(e
[ it 902, 251Gl Qayas| < —0
t—e JRN (t — 5) 2
for every z € Sp,s € (t —e,t). Hence, from (2.44), for all z € St
t—e
/ YZ(zy,5)G(y, s;()dyds = YZ(zy,5)G(y, s; ()dyds (2.45)
- RN e—0 RN

Since G(- ;() is a continuous and bounded function on Sy, we obtain for all z € Sy (see the
proof of Proposition 2.1.2)

e—0

/RN Z(zy,t —e)G(y,t —e;¢)dy == G(z;() (2.46)

From (2.36), (2.45) and (2.46) relation (2.43) follows, and therefore (2.34).
The thesis follows from (2.14), (2.26) and (2.34). O

We have shown that the function I' we built via parametrix method is a solution of the
equation .ZT" = 0 in RN*1\ {¢}, for any ¢ € RV*1. In order to prove that I is the funda-
mental solution of .Z, we only need to prove the following:

Theorem 2.1.1 For every function f € Co(RY) we have

lim L(xz,t:€,7)f(§)ds = f(x)

t—7t JRN
for every x € RN, 7 € R.

Proof.
Recall that I was defined as

['(2¢) = Z(2;¢) + J(2;0)

Since Z is the fundamental solution of %%, for every x € RV,

lim 2z, (2,66, 7) f(§)dE = f(x) (2.47)

t—7t JRN
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Moreover, since, from Hypothesis (H.3), it follows

lim ’Zw(z;f,T)—Zw/(Z,f,T)‘dfz

w—w' JRN

= lim | Zw(0,0;¢, 7 —t) — Z(0,0,&,7 — t)| d§ = 0

w—w' JpN

and f is a bounded function, we can easily derive

im | [Zen)(2:67) = Zn (2:6,7)] F(E)dE =0 (2.48)

t—=7t JrN
Finally, applying Corollary 2.1.2 and Proposition 2.1.1 to the definition of J in (2.6), we get

5];‘] ~

t - ~ a
|J(2z;Q)] < / m /RN ['(z;y,8)(y, s;¢)dyds = ¢ (t — 5)2T(2;¢) (2.49)

from which

im [ J(56,7)f(€)de =0 (2.50)
t—7t JRN
The result follows from (2.47), (2.48) and (2.50). O

We can see this theorem from the following point of view.
Let’s consider the following Cauchy problem:

(2.51)

Lu=0 (z,t) € RNV x R
u(z,0) = f(r) xRN

then
uwt) = [ T 0) e

is a classical solution of (2.51). In fact, from the boundedness of f we can easily show that
Lulo,t) = [ (ZD)@6E0/(dE =0 (01) €BY xR
RN

Moreover, we take the initial condition in the limit sense, i.e.:

limu(x,t) = f(z)

t—0

We prove now the following theorem about the regularity of I'.

Theorem 2.1.2 Let T" be the fundamental solution of (2.1) built via the parametriz method.
Then T € LL (RN+1)n C(RNT1\ {¢}).

loc
Proof.
The continuity derives from the definition of T' (2.4) and from the property of G stated in
Proposition 2.1.2.
From (2.11) and (2.49) we have, for every K cC RN+

[ K@ tignldedt = [ 12(eti67) + St ot <
K K
< [ 12 e n)iddi+ [ 176 m)ldade <

K K

< 6/ T (x, t; €, 7)|dwdt + c’/ (t —s)2T(x, t; &, 7)dzdt < 00
K K
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These last two integrals are both finite because T is the fundamental solution associated to
(2.10), and there exists a constant Mg, depending on the compact K, such that (t — s)2 <
M. O

We give now two estimates for the fundamental solution and its derivatives.

Theorem 2.1.3 Let £ be an operator as in (2.1) veryfing Hypothesis (H.1),(H.2),(H.3),
or be as in (2.3) veryfing Hypothesis (H.1),(H.2),(H.3),(H.4). Then, for every ¢ > 0,
there exists K > 0 such that

(1=2)Z(%¢) <T(¢) < (1+€)Z(%0)
for any (z;¢) € RNT such that Z(z,¢) > K.

Theorem 2.1.4 There exist two positive constant cy, K such that, for every z,( € RN*!
satisfying T'(z; () > Ko, and for every i =1,...,myq,

ID((t — 1)~ % (x — Bt — 7))

t—T1

102, T (2 Q)| < ¢ + 1| T'(2; )

2.2 Cauchy problem

We will give now some results concerning the Cauchy problem associated to the operator:

mo mo
Z = Z i (T,t)0z;z; + Zai(:z,t)axi + (Bzx, V) + c(x,t) — 0, (2.52)
ij=1 i=1

that is a generalization of (2.1) containing low order terms.
We assume that:

[H.1] The matriz B = (b;j)i j=1,..N s a real constant matriz of the form 4.

[H.2] The matriz A(x,t) = (a;j(x,t))ij=1,..N 5 a symmetric matriz of the form 4. More-
over, it is strictly positive in R™° and there exists a positive constant \ such that

1 mo mo mo
Y SR < D agla )&& <A |G (2.53)
i=1 ij=1 =1

for every (&1, ..., Emy) € R™ and (z,t) € RVFL,

[H.3] The coefficients a;j(z,t), a;(x,t), c(z,t) are bounded and belong to C*(RN+1).

We summarize the results obtained in [DP], that are a generalization of the results stated in
[P].

Theorem 2.2.1 Assume that £ in (2.52) verifies hypotheses (H1),(H2),(H3). Then there
exists a fundamental solution T' to £ with the following properties:

1. T(5¢) € LIIOC(RN“) NCRNIN\ {¢)) for every ¢ € RN*;

2. T(:;¢) is a classical solution to Lu =0 in RNT1\ {¢} for every ¢ € RVNFL;
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3. if g € C(RY) is such that:
lg(z)| < Coe®l** vz e RN (2.54)

for some positive constant Cy ; then there exists:

lim [ T(x,t:£,7)9(8)dé =g(z), VzeRY,reR

t—1t JrN

4. the reproduction property holds:
/]RN D(x,t;y, s)T(y, ;& 7)dy =T(x, t;6,7), Vo, feRN r<s<t
5. if e(x,t) = c is constant, then:
/RN D(z,t:6,7))de =e 7 vz eRN 7 <t (2.55)

6. if I'® denotes the fundamental solution of the following operator:
Z° = (A+¢)Armo + (Bx, V) — 0 (2.56)

where ¢ > 0, X\ is defined as in (2.2) and Ay, denotes the Laplacian in R™° (in
particular ¢ € Kq); then for every positive € and T , there exists a constant C, only
dependent on \, B, €, and T , such that:

D(z;¢) < CT%(2;¢)

‘81’1'F(Z§ C)‘ <

1022, T (25 C)| <

Z;Tj ? —_ t

[YT(2;¢)| <
for any i,j=1,....,mo and z,{ € RN*T with0 <t —7 < T.
Let’s consider the following Cauchy problem.:

{.,Sfu(:v,t) = f(z,t) (x,t) € RN x (T, T1)
u(z, Tp) = g(x) r e RN

where g € C(RY) is such that:
lg(z)| < Coe** vz e RN, Cy e RT (2.57)
and f € C(RN x (Ty,T4)) is such that:
1f(z,t)] < CLe@l P v(z,t) e RN x (Th, T1) (2.58)

for some positive constant Cy, and for any compact subset M of RN there exists a positive
constant C' and 8 € (0,1) such that:

‘f(.%',t) - f(yvt)’ < Cd((.%',t), (yvt))ﬁ V:):,y S Mat € (TOaTl)
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where d is the quasi-distance defined in (1.23).
Then there exists T € (Ty, T1) such that the function:

t
wet)= [ T te @i - [ ranensender  @5)
is solution to the Cauchy problem:

{.,Zu(x,t) = f(x,t) (z,t) € RN x (T, T)
u(z, To) = g(z) reRN

Moreover if u is a solution to the Cauchy problem with null f and g, and verifies estimate
(2.58), then u = 0; in particular, the function in (2.59) is the unique solution to problem
verifying estimate (2.58).

These results follow using the same argument we used in the last section.

We state now two propositions about the function G(z; () defined in the parametrix method,
proved in [DP], that we will use in the sequel.

Proposition 2.2.1 The function G satisfies the following estimate: for any ¢ € RN*L, for
any € > 0 there exists a positive constant Cy (only depending on £,T*, X\ and B) such that:

Gz 0)| < 0 E)

_— Vz = (z,t) e RN x (-, T*
<o (2,0) € BY x (5,T7)

Proposition 2.2.2 For every e > 0 and T* > 0 there exists a positive constant Cs, such
that:

ol

Glatitr) — Glu i, r)| < Co Y

t—7) "4

for any (&,7) € RN* t € (1,7 +T*] and z,y € RV.

Here | - |p represents the component in the the homogeneous norm associated to the first N
variables, that means:

((z, 856, 7) + T (y, t:€,7))

Izl = |z[g + [t]7  Vz=(z,t) e RN*!
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Chapter 3

Kuramoto model

One of the most fascinating phenomena in nature is the tendency to synchronization. It
pervades nature at every scale from the nucleus to the cosmos, and even our heart exhibits
this phenomenon. A cluster of about 10,000 cells, called the sinoatrial node, generates the
electrical rhythm that commands the rest of the heart to beat, and it must do so reliably,
minute after minute, for about three billion beats in a lifetime. These cells are a collection of
oscillators, i.e. entities that cycle automatically, and repeat themselves over and over again at
more or less regular time intervals. The cells have to coordinate their rhythm, reaching some
kind of synchronization: as a matter of fact if they send mixed signals the heart becomes
deranged.

Huygens was one of the pioneers in the study of synchronization. In February of 1665 the
Dutch physicist was confined to his bedroom for several days, and observed a curious phe-
nomenon: the two pendulum clocks in the room, separated by two feet, kept oscillating
together without any variation; moreover, mixing up the swings of the pendulums the syn-
chronization returned after some time. Intrigued by this phenomenon, he carried out several
experiments, finding out that the synchronization could take place only if they could com-
municate in some way.

In the following centuries many mathematicians studied the problem, coming up with differ-
ent models: some of these describe specific problems, while others have been created with the
aim of being general enough to describe the dynamics of different systems, even concerning
very different areas such as Biology, Medicine, Neuroscience, Chemistry, Physics, Engineer-
ing and Social Sciences as well. One of the most famous model that belongs to the latter
group is the one proposed by Kuramoto, nowadays a landmark in the field of synchronization.

The Kuramoto model is a system of ordinary differential equations introduced in the late
decades of the last century in [Ku] to describe at least qualitatively many synchronization
phenomena: indeed it describes the collective behavior of a population that can be seen as a
group of oscillators.

Let’s consider a population of N oscillators. We denote as 6;(t) the phase related to the i-th
oscillator, and as w; its natural frequency, which is an intrinsic parameter of the i-th oscil-
lator. We suppose that these natural frequencies are distributed according to an unimodal
distribution g(w) such that:

« g€ L'(R);
e g is normalized, that means:

/Rg(w)dw =1
35
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e ¢ has mean frequency 2, that means:
Q= / wg(w)dw
R

e g is symmetric with respect to its mean frequency €2, that means:

9g(Q—w)=9(Q+w), Yw € R,

The governing equation is given by the following system of ordinary differential equations:

. K
0; :wﬁNjlem(ej —6;), i=1,..,N (3.1)

where K is a real positive constant sizing the coupling strength between the oscillators.
We observe that this is a mean-field coupling, where each oscillator exerts the same influence
on all the others. There are also more general models, called hierarchicals:

N
. 1 . .
0; :wi_‘_Nj:ElKij s1n(0j —01'), 1=1,...,.N

In this kind of models the coupling between each oscillator may vary.

The coupling is nonlinear, thus the ensuing phenomena may be expected to be rather com-
plicated.

Let us define the following complex number, called order parameter:

. 1 M
()N ® = N Zezef(t) (3.2)
j=1

The phase 1 (t) is the mean phase of the system. The modulus 7y (t) represents the coherence
of the system: when rx(t) = 0 the system is in a full incoherence state and no synchronization
occurs, while when it increases the system enters in a state of partial synchronization where
some oscillators are synchronized. In the full coherence state (ry(t) = 1) every oscillator is
synchronized, and the system can be treated as one oscillator with phase ¥y (t).

We can restate (3.1) using the order parameter:

éi:wi—l—KrNsin(wN—Qi), i=1,..,N (3.3)

which is the equation of an overdamped pendulum with torque w; and restoring force pro-
portional to Kry. This formulation simplifies the analytical treatment.

Although requiring this type of coupling may seem restrictive and unrealistic, it was shown
that (3.3) describes some important physical phenomena such as some Josephson array and
the interaction of quasi-optical oscillators with a cavity, and it gives us a starting point to
study synchronization in generic oscillators.

Kuramoto model shows how synchronization in a population of many coupled oscillators may
occur, and the type of synchronization:

o frequency synchronization, where each oscillator completes its cycle at the same time;
e phase synchronization, where each oscillator is at the same point in the cycle;

Kuramoto based his studies on a self consistency argument, reaching the following conclusions:
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o the oscillators that synchronize have natural frequency w; "close" to the mean frequency
Q:
lwi — Q] < Kr

« the oscillators will only synchronize in frequency generally;

o the oscillators that do not synchronize form a stationary distribution which does not
affect the coherence ry(t);

o full coherence state (ry(t) = 1) is in general impossible for finite coupling K;

o for coupling K lower than a threshold K. no synchronization occurs (phase transition
phenomenon).

Equations (3.1) represent a molecular dynamics type model, typical in the case of a population
of oscillators made up of a finite number of elements. We can extend the Kuramoto model
to a population of infinitely many oscillators: this was described by Strogatz in [S].

Let’s consider a continuum of oscillators whose natural frequency distribution is g(w).

Let p = p(f,w,t) be a density function describing the fraction of oscillators at phase 6 with
natural frequency w at the time ¢, a nonnegative function that is normalized:

21
/ p(O.w,)d =1, ¥ (w,t) € R x [0, +00)
0

Moreover p(f,w,t) is a function 27 periodic in 6.
The evolution of p is described by the following continuity equation, an hyperbolic partial
differential equation:

op 0

ot —%(Pv)
which expresses conservation of oscillators of frequency w. Here the velocity v(0,w,t) is
interpreted in an Eulerian sense as the instantaneous velocity of an oscillator at position 8,
given that it has natural frequency w.
From (3.3) that velocity is:

v(0,w,t) =w+ Krsin(y — 0)

where r(t) and 9 (t) follow from the law of large numbers applied to (3.2):

2m
reiw:/ /eigp(O,w,t)g(w)dwdH
o JR

Combining these equations we obtain the following nonlinear partial integro-differential equa-
tion for the density p:

ap . 0 2m . / /AN ! ! 10!
%~ 58 [p (w + K/O /Rsm(Q —0)p(0, ' t)g(w)dw'dd )] (3.4)

Both (3.3) and (3.4) describe deterministic phenomena. We can extend these models adding
noise to describe stochastic phenomena. A first generalization has been studied by Sakaguchi
in [Sa], who extended the model to allow rapid stochastic fluctuations in the natural frequen-
cies.

The governing equations for N oscillators take now the form of a system of Langevin equa-
tions:

. K&
9i:wi+§i+N;sm(9j—ei), i=1,..,N (3.5)
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where the variables & = ;(t) are independent white noise processes that satisfy:

(&) =0
(€i(s)&;(1))) = 2Ddi;0(s — t)

where D > 0 is the noise strength, d;; is the Kronecker delta, §(t) is the Dirac delta and the
angular brackets denote in this case an average over realizations of the noise.

Sakaguchi argued intuitively that since (3.5) is a system of Langevin equations with mean-
field coupling, as N — oo the density p(f,w,t) should satisfy the following Fokker—Planck
equation:

(3.6)

6/0 52:0 0 /QW/ : / /o / ! 10!
—=D———= |plw+ K sin(@' — 0)p(0',w', t)g(w')dw'db 3.7

The previous equation is a nonlinear parabolic partial integro-differential equation, that re-
duces to (3.4) when D = 0.

Linear stability of the incoherent state, concerning both the deterministic and the stochastic
case, was studied by Strogatz and Mirollo in [SM]. They showed that in the continuum limit,
the incoherent solution is stable for all coupling not strong enough (K < K.) and becomes
unstable for stronger coupling (K > K.), meaning that a partially synchronized state exists.
Moreover, they showed that if some noise affects the system then the incoherent solution
(r(t) = 0) is unique whenever K < K, , while there are infinitely many solutions in the
absence of noise.

One of the most fascinating phenomena where we observe some kind of synchronization
is that of the southeast Asia fireflies: thousands of fireflies that orchestrate their flashings so
precisely that they become one pulsating light. One of the most famous and studied species
is Pteroptyr malaccae. This particular species has the ability to alter its firing frequency up
to 15%, realizing synchronization with very small phase lags.

In 1991 Ermentrout, in his studies on this fireflies, introduced in [E] a model with inertia,
that is a model with a mass-type element, formulated as a system of second-order ordinary
differential equations for phases. This was an "adaptive frequency" model, which implies that
the natural frequencies of all oscillators are allowed to vary with time. This step towards a
second order model was done to cross the obstacle that is in phase synchronization: indeed,
a second order model leads now to have almost a phase synchrony, where the phase shift
between synchronized oscillators is inversely proportional to the mass.

Based on the model proposed by Ermentrout, Tanaka and al. in [TLO] elaborated a second
order variation of Kuramoto model:

L K& ‘
mb; + 0; ZQZ'—FN;SHI(QJ' —91'), i=1,...,.N (3.8)

where m > 0 is the inertial term, and now we denote as {2; the natural frequency related to
the i-th oscillator, which oscillates at frequency w; = 6;.
Through (3.2) we can restate (3.8):

mb; + 6; = Qi + Krysin(yy — 6;), i=1,..,N

which is the governing equation for a single damped driven pendulum with torque £2;.
The analytical treatment is now more complex, also for the dependence on initial conditions.
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Following the same argument used by Kuramoto, it was shown that the system can exhibit
hysteretic synchrony depending on the initial conditions: the coupling needed to bring a com-
pletely incoherent system to a partial synchronization state must be higher than a threshold
K jow, while the coupling needed to make incoherent a coherent system must be lower than
a threshold K. ., such that K., < K¢ ow-

Starting from such contributions, in 1998 Acebroan and Spigler formulated in [AS] an exten-
sion of (3.8) adding white noise, obtaining a system of second-order Langevin equations that
consider an inertial term:

méi—i-éiZQZ'—FKTNSin(wN—Qi)—i-& i=1,...,.N (3.9)

where & = &;(¢) is the function that takes into account noise, whose properties are defined in
(3.6).

If we set §; = w;, reasoning as in (3.7) we get the following nonlinear ultraparabolic partial
integro-differential equation:

D &p 10 dp Op
WW‘FE%[(W—Q—KA@J))P]—W%—a =0 (3.10)
where we set:
27
K,(0,t) = K/ / / g(Q)sin(0' — 0)p(¢', ', Q' t)do dw' Y (3.11)
RJR JO

Here g(2') denotes the natural frequency distribution of the oscillators, and it has the same
property described for the first order model.
Many results about existence, uniqueness and estimates for (3.7) and (3.10) are included in

[Sp], [Sp1], [Sp2].

We end this section by mentioning the uncertainty principle introduced in [Sp].

The synchronization phenomena deal with phase and frequencies synchronization. It was
shown that, as in Quantum Mechanics, we can’t determine with arbitrary accuracy both
phase and velocity in the noise models. Indeed, denoting as Af and Awv the spreads in phase
and in velocity, for large value of the coupling parameter K we have:

AOAv ~ D

for equation (3.5), while for equation (3.9) we have:

AOAY ~ L

vmK

and we observe that a large mass m and a strong coupling K lower this uncertainty, while
the noise D tends to make the uncertainty more significant.

3.1 Existence and uniqueness of classical solutions

In this section we study the existence and uniqueness of classical solutions for the non linear
equation arising in the model with inertial term.
We will consider normalized parameters, that is D =m = 1.
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Let define Sy = R3 x (0,7T): we are looking for a function p = p(,w, ,t) such that satisfies
the following Cauchy problem:

?p 0 dop Op
TP w-Q—K W2 _ %P i
a2 T o (@ PO 0)p —w50 =5 =0 in St (3.12)
p(0,w,2,0) = po(6,w, Q) in R?
where we set:
2
K, (60,t) = K / / / o) sin(0 — 0)p(0, o', Y, 1)d6) d' dSY (3.13)
rRJR Jo

We define a property that will be use often in the sequel.

Definition 3.1.1 We say that a function f(0,w,Q,t) : A C R* — R has an exponential
decay in w if there exist two positive constant M, C such that:

F(0,w,0,8) < Ce ™M V(h,w,0,t) €A (3.14)
We will say that f verifies property (E) if (3.14) holds.

We list the assumptions on the initial datum py:
1. po € O(R3);
2. pp is strictly positive and verifies (E);
3. po is 2w periodic in 6;

4. for every 2 € R we have:

2w
/ / po(0,w, Q)dfdw = 1
RJO

Remark 3.1.1 We notice that K,(0,t) is 2m periodic with respect to 6, in accordance with
the periodicity of Kuramoto model. This hints to search for periodic solutions.

Let us now make some observations:

o this equation is similar to the one associated to operator (2.52), so we are looking for
a continuous function p classical solution to the equation with 9,0, 92,p and Yp =
wOyp — wdyp — Op continuous functions;

o the function ¢g(€2) denotes the natural frequency distribution of the oscillators: we
suppose that g € L*(R);

e we observe that {2 appears in the equation as a constant and as integration parameter,
but no derivatives in €2 appear;

e the positive parameter K represents the strength of the coupling between the oscillators,
and it is a constant parameter;

e we observe that point 4. means that pg is normalized: this is because we want a solution
p that is a density function.
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In the sequel we will use the distance defined in (1.23), where the matrix related to the left

translations is:
et 0
E(t) - <1_et _1

while the matrix related to the dilations, that defines the homogeneous norm, is:

D(r) = diag(r,r>,7%)

We prove now a lemma that will be useful in our proof, based on the link between (3.12) and
(2.52).

Lemma 3.1.1 If a classical solution p to (3.12) exists and verifies (E), then:

1. p derivatives verify (E) for every fized t > 0, in particular there exist two positive
constant M,C such that:

Sup [0p(6,0, 9, 1)] < e
0,0

Vi
where O stands for 9, (i = 1), 02, or Lie derivative Y (i =2);
2. p is 2w periodic in 0;

3. for every Q € R and for every t € [0,T) we have:

2w
// p(0,w,Q,t)d0dw = 1
R JO

4. p is strictly positive, that is p(0,w,,t) > 0 for every t > 0.

Proof.

In the sequel we will study equation (3.12) for fixed Q € R. We set S := R% x (0, 7).

First we note that if a solution p exists, then the operator associated to the equation in (3.12)
is in the form (2.52). Indeed the equation becomes:

Lp=02,p+wdyp —wdgp + ©,(0,9,4)0up+p—p =0 (3.15)

where ®,(0,Q,t) = —Q — K,(0,1).

‘We have:
10 1 0

a(w,0,t) = 0,(0,Q,1) c(w,0,t) =1
Moreover, if we write explicitly ®,(6,2,1):
2w
D,(0,Q,t) = -Q — K/ / / g()sin(0 — 0)p(0', ', Q' t)db' dw'dSY
RJR JO

we claim that for every (6,w,Q,t), (0,@,9Q,t) € R3 x (0,T), we have:

|y (0,21) — @0, 1) < L d((6,w,1), (6,@,1))
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where L is a positive constant.
Through trigonometric formulas, we have:

1B,(0,9,1) — 0, (0,0, 1)| = ]K,,(@,t) — K,(0,1)] <

< [ ][, o

21
SK/ / / g(€) [sin(6")] ‘COS(Q)p(Q’,w',Q’,t) - cos(@)p(@',w’,Q’,t)‘ do' dw dSY +
R JR JoO

sin(' — 0)p(6, ', ', t) —sin(8' — 0)p(¢', ', Q’,t)’ d'dw'dQ <

2
+K/ / / 9(Y') |cos(¢')] ‘Sin(e)P(el,w,,Q/,t) — sin(G)p(@',w’,Q’,t)’ de'dw'dQ)Y <

[ s
[ [0

By the regularity of cos(f) and sin(f), there exists C; € Rt such that:

cos(f) — cos(

0)||p(0/,w', Q1) dO’ dw’dQY +

0| |p(0, o, 1) do’ dw'dQ

sin(f) — sin(

\cos(e) —cos(f)| < 1 A((8,w, 1), (8,@,1))

‘sin(@) - sm(é)] < Cy d((0,w,1), (0,0,1))

Then for property (E) we have:

2
1@,(0,Q,t) — ®,(0,Q,1)| < 2K d((0,w,t), (0,@,t /// <240 dw' dSY =

=L d((8,w,1),(8,0,1))
(3.16)
where K is a positive constant.
Furthermore ®, is bounded, as a direct consequence of property (E).

These properties allow us to use the parametrix method, this means that the operator asso-
ciated to the equation in (3.15) is in the form (2.52), with Holder exponent o = 1, implying
that p is a classical solution of the following Cauchy problem:

.fp:Q%wp—i—w&up—w&gp—l—<I>p6,Q,t)8wp+p—8tp:O in ST
p(0,w,Q,0) = po(0,w, Q) in R?

We can apply then the results stated in Theorem 2.2.1: let I'g be the fundamental solution
of (3.15), the representation formula (2.59) holds:

p(6,00,9,1) = /R /[R T (0w, £, €, 0)po(, €, Q) dnde (3.17)

To prove that dp verifies property (E) we first note that:

Op(0,w, 1) = //GFQHwtn€0)po(n,£Q)dndE

Then by point 6 of Theorem 2.2.1 we have:

© / / P56, w, £, €,0)po (. €, Q)dnde

|0p(0, )| < i e |




3.1. EXISTENCE AND UNIQUENESS OF CLASSICAL SOLUTIONS 43

where ¢ = 1 for J,,, otherwise ¢ = 2.

Property (E) follows then from the exponential decay of the fundamental solution and the
exponential decay of the initial datum.

Indeed, the following change of variables:

(z,y) = (,€) = E7(~t)(w,0)"
leads to:
|0p(0,w, Q,t)| < % / / I'5(0,0,t;2,y,0)p0(e w4,y — e fw + w4+ 6,Q)dxdy <
C

IN

Co//FQOOt:Ey,O) ~M(eTfwte)? dzdy <

Co/ / 15(0,0,t;2,y,0)e M e*QM(eith)d:cdy < \iﬁeMUﬂ

The proof of the periodicity follows from an uniqueness argument. Indeed, let define
v(0,w,Q,t) = p(0 + 2m,w,Q,t): from the 27 periodicity of (3.13) and of the initial datum
po(0,w,Q), we have that v(6,w,Q,t) is a solution of the same Cauchy problem.

Then u(0,w, Q,t) := p(0,w,Q,t) —v(0,w,Q,t) is a solution of:

Lu=0
u(0,w,2,0) =0

Moreover u(6,w, Q,t) verifies property (E), this means we can apply the result stated in the
last part of Theorem 2.2.1, concluding that u = 0, then p(0,w, Q,t) = p(0 + 27, w, Q, ).

For the proof of the third point we integrate (3.15) in # and in w, and we get:

2 2T 2T
/ Orpdfdw = / / 0w (Oup + (w— Q2 — K,(0,t))p)d0dw — / / wOppdfdw
R JO R Jo R Jo

For the periodicity in 6 we have:

2
// w&gdedw—/w[p]g”dw—O
R0 R

Thanks to the exponential decay in w for every fixed ¢ € (0,7"), we can apply Fubini Theorem,
then the first integral in the right side vanishes:

/27r/&J(@wp—i—(w—Q—Kp(H,t))p)dwd@—/27r lm [pt(w—Q—K,(6,1))p) " 2d6 = 0
o JR 0 BR—deo

Moreover the same arguments lead to the following relations:
2w 2 2m
8t// Hthde(,u—@t// (0,w,Q,t)d0dw — w@// (0,w,Q,t)d0dw+
2m 2m
+w89// (0,w,Q,t)d0dw = —Y// (0,w,Q,t)d0dw = —/ Yp(6,w,Q,t)d0dw =
2w 2m 2m
:/ 8tp(9,w,Q,t)d0dw—// w@wp(ﬂ,w,Q,t)dOdw+// wpp(0,w, Q, t)d0dw =
RJO RJO RJO

2
:/ Op(0,w, Q, t)dOdw
RJO
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27 2w
/ O¢pdfdw = 8t/ / pdfdw = 0
R J0 RJ0O

Thus for every t € (0,7") we have:
2
/ / pdfdw = ()
RJO

where ¢(2) is a constant that doesn’t depend on ¢. The thesis follows then from the normal-
ization of the initial datum.

Then we have:

The proof of the fourth point is a consequence of the representation formula (3.17): in-
deed both T'g and pg are positive functions. O

From this lemma we have the following:
Corollary 3.1.1 For any function f(0,w,t,0',w' Q) such that:
|f(0,w, 1,00, Q)] <1

we have:

2
/// f0,w,t,0 0 Q) g(Q)p(0 ', 4)d0 du'dQY | < A
RJR Jo

where
A= / g()dsY (3.18)
R
We can now state our result:
Theorem 3.1.1 Let po(0,w, Q) and g(Q2) two functions such that:
1. po € C(Rs);

2. for every Q2 € R we have:

2m
// po(0,w, Q)dfdw = 1
RJ0O

3. po is strictly positive and verifies property (E);
4. g € LY(R).

Then there exists T > 0 such that there exists a unique classical solution p = p(0,w,,t) to
the following Cauchy problem:

?p 0 dp Op

W—Fa—w[(w—Q—Kp(H,t))p]—w%—a—0 in St =R x (0,T)
p(0,w,Q,0) = po(0,w, Q) in R?
where: o
K, (0,) = K / / / () sin(8 — 0)p(8), ', Y, )6 du dY (3.19)
RJRJO

Moreover p verifies property (E), it is continuous with respect to S, and Lipschitz continuous
for every (6,w) € RZN{t >4} for every § > 0, for every fived Q € R.
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Proof.

We construct a sequence of solutions to a linear Cauchy problem and prove its convergence
by a compactness argument.

In the sequel we fix Q2 € R.

We set po(6,w, 2, t) = po(8,w,2) and we define by induction {py, }nen as the solutions to:

02 o+ 0u[(w—Q =K, (0,t))pn] — wpn — Oepn =0
{wp + Ou[(w pn(0,1))pn] — wOap ip (3.20)

p(eu W, Qa 0) = 00(07 W, Q)

where we set:

2m
Kpn(G,t):K/// g()sin(0 — 0)pp_1(0', ', t)db dw'dQY
RJRJO

As pg € C(R?) and verifies property (E), arguing as in Lemma 3.1.1 we can show that for
every n € N there exists a classical solution in R? x (0, T},).
Moreover, if we define I'"(2; () the fundamental solution of:

Lt = Mpmo + (B, V) — 0,

where ) is the constant appearing in (2.53) (which is A = 1 in this case), we notice that T'"
is the same for every n € N. This means that 7,, =11 =T Vn € N (for more details see the
chapter "Potential estimates" in [DP]).

We have that:

e pn is normalized V ¢ € [0,T):

21
/ / pn(0,w, 2, t)dOdw = 1
RJO

e pp is strictly positive for every ¢t > 0;
e pp is 27 periodic in 6.

Moreover, if we denote by I'q ,, the fundamental solution of (3.20), point 6 of Theorem 2.2.1
give us: -
Lon(f,w,t:€,1,0) < CT°(0,w, t;€,7,0)

10T (0w, t;€,1,0)| < —=T1(0,w,t;¢,1,0)

S

(3.21)

102, Tan(0,w,t;6,1,0)| < —T°(0,w,t;:€,1,0)

| Q)

YTqn(0,w,t;:€,n,0)] < —T°(0,w,t;£,1,0)

| Q)

where the constant C' > 0 depends only on \, B, ¢, and T, which are the same for all n € N
and for all € R. This means that, arguing as in the proof of Lemma 3.1.1, we can show
that {pn}neny and {Opn}neny have an uniform exponential decay in w, and there exist four
functions Q; = Q;(t), i = 1,2,3,4, bounded for every ¢ > 0, such that for every n € N we

have:
sup pn, < Q1(t) = Q1

0,w

Sup‘apn’ S Ql(t)’ 2227374
0,w
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where 0 stand for 9,02, or Y. This means that {p,}nen and {0pn}nen are uniformly

Wy Yww

bounded successions in R? x [u, T' — p], for every p > 0.
These successions are also uniformly continuous in R? x [u, T — p], indeed we have:

8pn(917W1a Qa tl) - 8pn(927 w2, Qa t?) -

://[aFQ,n(elawlvtl;nvfaO)_8FQ,n(927w2at2;777£70)]pO(nvfaQ)dndé
R JR

We recall that I'g ,, is built via parametrix method:

t
O (0.60,€,1.0) = 0Z0n(Oios im0+ | [ 0Z0,(6.00,t50, )Gy 5361, 0)dyds
0 JR2
where the parametrix Zg ,, is the fundamental solution of:
L =0, +wl, —wly — O

Then Zq ,, = Zg for all n € N.
We suppose without loss of generality that ¢; > to, then we have:

Ol (01, w1,t1:6,1,0) — Olq 5 (62, wa,t2:€,m,0) =
= 0Zq(01,w1,t1;£,1,0) — 0Zq (02, w2, t2:£,1,0) +

to
+ / ) [829(01, Wi, tl; Y, S) - aZQ(927 w2, t?a Y, 8)] GQ,n(ya S5 67 m, O)dyd5+
0 R
t1
+ / 2829(91#017751;3/, s)GQ’n(y,s;f,n,O)dyds
to R

We show that there is an uniform bound on Ggq ,, then, arguing as in [DP] we can show that
the integrals vanish uniformly with respect to n as to — ¢;.
For this purpose we will use Proposition 2.2.1 and Proposition 2.2.2:

PE 7t; Y 70
’GQ,n(y7 8,1, 0)‘ < Cl(y(t)légn)

" 5
‘Gan(J},t;f,?],O) - GQ,n(yat;£7n70)‘ S 02’(75)1LB(F8(:E t; 5 m, )+F5(y7t;§7777 0))

Here I'® is the fundamental solution of (2.56), and « is the Holder continuity order of (2.52).

Cy and Cy depend on ¢,t1, A, B (which are the same for all n € N), moreover Cy depends on
the following upper bounds:

o |<I>p,n(97waﬂat) - (I)p.n(ea@a Q7t)| = ’Kpn(evt) - Kpn(év t)‘ S

[ [ o
e [

o |O pn(9W9t|—|_Q Kpn(9t)|

27
‘ - K/// )sin(0' — 0)pn-1(0',0", Q' t)d' dw'dY

cos(f) — cos(é)’ lpn—1(6', ', ', t)| df’dw'dQY +

sin(9) — sin(0)| | pn—1(0', ', 2, )| d6'de’dQ < L d((6,w,1),(0,,1))

<C
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L and C are positive constant that don’t depend on n because we have uniform exponential
decay, as we saw earlier:

Prn—1(0,w,Q,t) < CleMw? Vn €N

Then we have uniform bounds on Gg , that imply uniform continuity.

Moreover {py}nen is uniformly bounded in Lipschitz norm for every ¢ > p > 0: indeed
we can show that there is a positive constant L = L(u) such that:

1pn(0,w,Q,t) — po(0,@,9Q,1)] < L dA((0,w,t),(0,o,1)), Vn € N (3.22)

In order to show this relation we need to connect (#,w,Q,t) and (,&,€,%) through the
geometry induced by the operator: we rely on the results stated in [PP], noting that from
the boundedness we can assume that these points are "close", that means there exists o < 1
such that:

0 -0 <o
lw—-@| <o
t—t <o

First we show that we can connect (6,w,Q,t) and (6,w,Q,t). In the sequel we will use the
same notation used in [PP], then variables will be listed as (w, 6, t), reminding 2 is fixed.
Let define:

'yl(}?g(w,ﬁ,t) = (w+ 0v,0,t), 0,v € R
eV (w,0,t) = (we’,w(l — ) +0,t —0), 0eR
These are the integral curves associated to d,, and Y.

We define:

(0) = (w,6,1)

(1) = 359(0) = (w+ 6v,6,1)

(2) =Y (1) = ((w+ 6v)e”, (w+ dv) (1 — &) + 6, ¢ — 52)

3) =19 1(2) = (w+ 6v)e” — v, (w + 6v)(1 — ) + 0, — 62)
(4) = e_‘SQY(3) = (w+dv— v sve ™ — su +0, t)

(5) (4) = (w+ 6v — dve ™ — 5%, 5ve™" — v+ 0,1)

(6) = gus(w.0,1) = 15 (5) = (w, 0 — 6w+ dve™ 1)

where §' = 6° and

v = Jio (=D 52y = p54e 0" — p5t 4 v 2
= (n+2)!

Then we can use Lemma 3.2 in [PP]:

Lemma 3.1.2 There exists k > 0, only dependent on B, such that: for any 0 € R with
|0 — 0| < k. there exists v € {—1,1} and 6 > 0 such that

Gos(w,0,1) = (w,0,t) and 5] <0 — 0|3

where ¢ € R™ only depends on B.
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We can take o small enough such that § < v/¢, thus implying ¢t — 62 > 0, then 0,T'q,n and
YT'q,, are continuous and bounded through these curves.
For the sake of clarity we omit now the pole in the fundamental solution:

FQ,n(‘ga w,t;n, &, O) = Fﬂ,n(eﬂ ) t)

We define as «y every path we used to connect (1), (2), (3),(4), (5) and (6).
We can apply Lagrange mean-value Theorem to the fundamental solution together with
(3.21), obtaining the following estimates:

&]9—5\%maxf‘a
Vi v
2 2 c € 51 C1 €
Con(2) = Tl < |02 max [YTo,| < |62 = maxT® < [0 - 15 = maxT
vy [V % vy

(analogous estimates for (3)-(2), (4)-(3) and (5)-(4)))

Tan(l) = T(0)an

C
< |9 mf/ix\awfgml < |9 ﬁm$XFE <

82 C
[T2(6) = T(B)anl < |51 = ™) + 8° | max|.Ta.l < (|6%] +10]) 5T
<|6 — é[éﬁ max '
o
where C] and C'y are positive constant that don’t depend on n.
Using triangular inequality these estimates lead to:
~ ~ 1
Con(d,w,t) —Tan@,w,t) =|Tan(6) —T(0)qn., <|0—0|3L11¢ (3.23)
where Ly = Li(u) is a positive constant that doesn’t depend on n, and T'¢ denotes the

maximum of I'* among all integral curves we have considered. We observe that these integral
curves depend only on matrix B, then they are the same for all n € N.
This gives us:

INA
}1
2
3
&
“Qb 2
H
|
—
2
3
¢}
=
L
=
&
“%
N
+
=
2
3
—_
@
L
h<
—~
&
uQ:
~
=
|
—
2
3
—~
&
\.Q:
~
~
I

< FQ,n

+ [P (@,6,8) = Tau(@ w1 — D) +0,)] + [Tou(e®DY (@,0,8) ~ Tau(w,6,1)|

The same argument we used earlier leads to:

’FQ,n(a}’w(l - e(t_i)) + ‘97 tN) - FQ,n(we(t_£)7w(1 - e(t_i)) =+ 07 f))’ < d((eawa t)v (57(:‘}) E))Um’?X re

w(eY (@,0,8) = T u(w,0,0)| < d((0,w,1), (0,5, f))i max '

The second term can be bounded using (3.23), noticing that we can pick o small enough such
that:

.

)

w(l—e D)+ 6 -6 <k

where k > 0 is defined in Lemma 3.1.2. Then we have:

T (@,0,1)—To (@, w(1—eD)46,1)] < |w(1—e"D)+0—-0|5 LiT= < d((0,w,1), (0,, 1)) LiT=
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Then, denoting as ['* the maximum among all integral curves we considered, it follows:
|FQ,TL(W7 95 t) - FQ,TL((‘:}? ~7 7";)| S d((97 W, t)v (éa (:J, E))LZ LE

where Ly = La(p) = max{C, L1} doesn’t depend on n.
We denote by (a, b, ¢) the maximum point:

E - Fg(aw ba C;n7§70)

Representation formula for {p, }, gives:
o (0,69,0,8) = 0.8, 2.0] < [ [ [Fan(.0,6:0.6,0) = Lern(0,,57,6.0) o, & D <

< d((8,w,t), (0, @,1))LyCy /R/Rrﬁ(a, b,c;n,€,0)dndé = L d((0,w,t),(0,0,1))

where L = L(u) is a positive constant that doesn’t depend on n.

We show now that {py, }nen converges uniformly to a continuous function in
Sk =R? x [0,T — v] for every v > 0, that means:

lim ||pn — PHc(ﬁ) =0

n—-+00

Let fix a parameter tg > 0 such that:
s AC
=212 —/tg < 1
q:=2m> Vo

where C, M are the constant that give exponential decay, and A is defined as in (3.18).
Consider the finite set of numbers Ty, = ktg for k = 0,..., N — 1, with Ty = T (Ntg > T).
Then the function u(6,w,Q,t) := pp1(6,w, Q1) — pp(0,w, Q,t) solves:

Kpn)awpn, in S;Q(Tk,Tk_H)

(3.24)

P utwdyu—wdgu+(—Q =K, )Out+u—du= (K,

n+1
with the following initial condition:

w(0,w, Q,Tk) = pry1(0,w,Q,Tx) — pn(6,w,Q, Ty)
Now we have a nonnull term in the rightside of the equation:

fO,w,Q,t) = (K

Pn+1

(0,t) — K,,(0,t))0,pn(0,w,8,1)
but we can still apply all the results stated in Theorem 2.2.1, indeed:
w2 2
o [F(Ow, Q1)) < DT (0,0, 0,8) € Sr.

This is a direct consequence of the exponential decay of 0,0, and the boundedness of K,,,.

* |f(01,(4.)1,9,t)—f(GQ,LL}Q,Q,t”< c d((ehwlvgvt)a(927w2595t))ﬂ

S

for every (61,w1,9Q)(02,w2,Q) € M CcC R% t € (0,T),v,5 < 1.
Indeed we have shown in (3.16) that K, ,(0,t) and K, (6,t) satisfy the previous relation
and are bounded; d,,p, satisfies the previous relation, because of the representation formula

and the following relation for the fundamental solution, stated in Theorem 3.2 of [DPal:

|awrn,ﬂ(97w7t;£a 77,0) - 8anVQ(~,CD,t;§,7’], 0)| < Cd(<67w>, (97W))
t

N

(6, w,t;€,n,0)

]



50 CHAPTER 3. KURAMOTO MODEL

where c is a positive constant. Moreover we know that:

100pn] < Q

R

Therefore we can apply the parametrix method to this Cauchy problem.
Calling I'n the fundamental solution of the operator in the left side, the following represen-
tation formula holds:

(00,0, 1) = /]R /R T (0w, 85 6,0, Te) (st (6, To) — pu(€1, 2, Th)) dédi—

t (3.25)
=[] Talbiontson 7 (K (67) = Kpul6.7) Qupa(€m 2 )it
k
Let us define:
2
Hpn+1 _ank = sup ‘pn-ﬁ-l(eawaﬂat) _pn(97w797t)|eMw ) k 207"'7N_ 1
SEN(Tk—1,Tk]
Hpn-i-l _anN = sup |pn+1(07w797t) —pn(e,w,Q,tﬂeng
SrN(Tn-1,T)
which are finite for all n thanks to property (E).
We will now prove the following estimates:
- < — P
Hpn—I—l anl > QHPTL Pn 1”1 (3.26)

llon+1 — pullk+1 < qllpn — Pr=1llk+1 + lPns1 — pullk

that hold for alln =2,3,..and k=1,2,.... N — 1.
Let’s split the representation formula (3.25) in the sum of two integrals I; and Is. For k =0
we have I1 = 0, indeed we have:

u(@, w, {1, O) = pn+1(97 w, 2, 0) - ,On(97 w, {1, 0) =0
because all p, take the initial datum pg. If £ =1,2,..., N — 1 we have:
1< [ [ To.0t560. T (nen (€09, T0) = o€ 2. T0)] deln <
< ||pn+1 - ank/ / FQ(G’W’ t; 57 7, Tk)eiandédn <
R /R

< lpnt1 — PnHk/R/RFQ(&wat;é,n,Tk)dfdn < lpnt+1 — pnllk

where we used property (2.55) of the fundamental solution (¢ = 1).
To estimate Is we need first the following:

2
K por (0.8) — K, (6,8)] < /R 9() /R /0 1SI(0 — ) (P00, 1) — s (0,0, D, 1))|d0 duod D <

2
 Mw? 3 A
< Alpn = pucalle [ [ e oo =273 S~ prcall
RJO
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Thus we have, using again (2.55),
t
1< [ ] Ta0n b6, [ (607) = Ko (6.7 0l 2. 7) ditndr <
k

3 AC t FQ(O, W, tv §7 7, T)eiMTIQ
<2828 o — oy k/ // dedndr <
M | | T, JR IR VT

3 AC 3 AC
<212 S llon = pua ke (VE = VTE) < 27 2 llpn = pucalle(y Tiows = VT) =

3 AC
::2ﬂ?‘jZTHpn _'pn—IHkVQB}: qllpn — pn—1llk

thus proving (3.26).
We show now that, for all n = 3,4, ... and k = 1, ..., N, the following inequality holds:
k—1 )
P41 — pnlle < @72 (n—2)|lps — polli—i (3.27)
i=0
The proof runs by induction. Let’s show that for £ = 1 the inequality holds. Using (3.26) we
get:
a1 = pallt < dllpn = pa—ills < o <@ llps = p2ln

Suppose now that the relation holds for &k, we show this implies it is true also for k+ 1. Using
(3.26) we get:

k-1
lpnt1 = pullers < @llon — pollier + 472D (n = 2)lps — pall—i <
i=0
k-1 k-1
S(J(fﬂpn 1= o2l +4"2 ) (n=3)[lps — palle- z) +¢"2Y (n=2)[lps — pallr—i <
=0 =0
k-1
< @llon-1— pn—2llks1 +2¢" 2> (n—2)"lps — pallp—s < ... <
=0
k-1
“llos = pallrrr + (n = 2)¢" 2y (n = 2)"p3 — palr—i =
=0
k
=q¢"? Z —2)" | p3 — pallk—i = ¢" D _(n —2)[lp3 — pallrr1-:
i=—1 =0

To show the uniform convergence to p we first note that:

N
[pn41 — Pn“o(@) < Z [ont1 = pnllk
k=

Then, relation (3.27) implies

k-1

N
lpnt1 — an()(s* Z Z —2)'|lps — p2llx—i

i=0
Using the following relation:

N k-1

>3 lles = p2lli—i ZZ [p3 — p2ll; < ZZ 1p3 — p2ll; = NZ o3 — p2ll;

k=1 i=0 k=1j=1 k=1j=1
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we have N
|pnt1 — PnHC(@) < qn_Q(n - 2)NNZ o3 — p2l|;
j=1

If we set

N
M =N llps = pal;

j=1
the following relation holds:
“+o00 o0 “+o00
> Mpnsr = pallogry < DM -2N =M Y ¢"n" < oo
n=3 n=3 n=1

as we have
lim {/¢g"nN =q¢<1
n—+oo
This means that {p,}nen is a Cauchy sequence in C(S7}), thus there exists a function
p(0,w, 2, t) such that:
lim |lpn = plloEz) =0

n—+oo

We conclude the proof of the existence of a solution leaning on Ascoli-Arzela theorem. As we
saw, for every fixed § > 0 the sequences {py, tnen and {0py }nen , where 9 stands for 9,02,
or Y, are uniformly bounded and uniformly continuous in S} N {t > u}, moreover {py, }nen is
uniformly bounded and uniformly continuous in S%. This means that, using the periodicity
in 0, there exists a subsequence {py, }ren such that

L e = pllo@zawe-wwy =0

i N0pn,, = Oplloszrwe-wwingezuy = 0
for any W > 0.
Then we have uniform convergence in 5’7} for the exponential decay in w.
The uniform bound in Lipschitz norm implies p is Lipschitz in S} N {t > p}. Indeed from
(3.22) follows:

1p(0,w, ) —p(0,@, %) < limsup |pn, (0,w, 2 t)—pn, (0,@,9,1)| < L d((0,w,t), (0,d,7))
k

Let consider the subsequence {py, }ren in (3.20): passing to the limit as k¥ — 400 and using
Lebesgue theorem we get:

2P + Oul(w — Q= K, (60,1))p] — wdpp — 31p =0
p(0,w,Q,0) = po(0,w, Q)

where:

2m
Kp(O,t):K/// g()sin(0 — O)p(0', ', Q' t)do' dw'dSY
RJR JO

Thus p is a classical solution of our Cauchy problem.

We show now the continuity with respect to 2.
For every Q1,9 € R, let’s consider p(0,w,Q1,t) and p(0,w, Qo,t). The continuity of py with
respect to ) implies that for every € > 0 there exists § > 0 such that:

’00(970‘1791) - p0(97w792)| <e¢
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for every Q1,9 € R such that |Qs — Q1] < 6. We suppose without loss of generality that
0 <e.

Let define f(0,w,t,Q1,Q2) := p(0,w, Q1,t) — p(0,w, Do, t).

This function satisfies the following Cauchy problem in S7:

{afzwf Fwlyf —wlpf = N0uf — Kp(0,8)0uf + f = 0cf = (1 — Q2)0up(0,w, Q2,1)
f(@, w, 0, le Q2) = 00(97 W, Ql? O) - p0(07 W, 927 0)

(3.28)
The operator associated to the equation in (3.28) is in the form (2.52), and we have a nonnull
right term:

h(eawa tv le Q2) = (Ql - QQ)awp(ea W, Q?v t)

Arguing as we did when we considered (3.24), we can consider the fundamental solution I" of
the operator in the left side. Then the following representation formula holds:

f(9¢wat791a92)://F(9>w7t;£,nao) (,00(5,7],@1,0)—po(g,T],QQ,O))dfd’l’]—
RJR

t
[ [ r0.00t50.0) (@1 — 2202010, 92, 0))dednr

0 JRJR

Then property (2.55), the continuity of pg and property (E) for 0,p(8,w, Qs,t) give us:
|f(9>w7t7 Q17(22)| = |,0(9,(U,Ql,t) - p(0>w792>t)| <e+ Ke

where K is a positive constant that does not depend on €27 and Qs.
This means that p is continuous also with respect to €.

We conclude with the proof of the uniqueness of the solution. We can’t use directly the
maximum principle, because when we consider two solutions the term (3.19) change, but we
can still apply a maximum like method to prove our thesis.

Let’s suppose that p; and ps are two solution of our Cauchy problem. For every A > 0 we
define:

pi=(p1—pa)e ™

From property (E) we have that p is a Lipschitz continuous bounded function. A direct
computation shows that p is solution of:

02 P+wdp—wOpp+(—Q— K5)8up+5—0¢p = Apte N K Oupt — Kp,8upa — K50u(p1 — p2)]

We first note that the rightside term which is multiplied by e * is finite for every t > 0
because of the continuity, the periodicity and the exponential decay of p1, p2, d,p1 and 0,,p2.
Let define:

L := max|p| < +o00
St

which is finite, for the reason we explained above. Let’s call M € St the point such that
p(M) = L, there are two cases:

1. M is a nonnegative maximum point;

2. M is a nonpositive minimum point;
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Let’s start with the first case, being M a maximum point we have:
0,p(M) =0;  OZ,p(M)<0; Yp(M)<0
where the last relation comes from the fact that M € (0,7], because in t = 0 we have

p=po—po=0.
This implies:

S(M) < _e*)\tM (K, (M)0,p1(M) — Km(]\i)i?wlpg(M) — K5(M),(p1 — p2)(M))]

This relation holds for every A > 0, this means that we can choose A such that:
p(M) <0

But M is a nonnegative point, so p(M) = 0.
For the second case analogous considerations follows, being M a minimum point we have:

Bp(M) =0;  92,p(M)>0; Yp(M)=>0
where the last relation comes from the fact that M € (0,7], because in t = 0 we have

p=po—po=0.
This implies:

(M) > e MK, (M)Dupr(M) — KPQ(]\f)_awpo(M) — K5(M)d,,(p1 — p2)(M)]

This relation holds for every A > 0, this means that we can choose A such that:
p(M) =0

But M is a nonpositive minimum point, so p(M) = 0.
Then we have p = 0, and therefore p; = po. O
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