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Particle methods for transport equations : foundations and

improved reconstruction methods

Frédérique Charles
Université Grenoble Alpes, LJK, UMR CNRS 5224,
38058 GRENOBLE CEDEX 9, France.

frederique.charles@univ-grenoble-alpes.fr

Abstract. We present here two methods for improving the accuracy
of the solution reconstruction in particle methods. First, we recall the
mathematical theory of the transport equation, wich is used in the follow-
ing, and the principle of the smooth particle method. We then present
the LTP method, where the shape functions of the particles are trans-
formed according to a local expansion in order to follow the local vari-
ation of the flow. This method allows to obtain a strong convergence
for the reconstructed solution without extensive overlapping of the parti-
cles. We then present a second method, the FBL method, which uses the
backward Lagrangian representation of the solution and also the local
expansions of the flow around the particles. The convergence analysis
shows a theoretical gain of at least one order of convergence compared
to the LTP method.
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Introduction

Transport equations are widely used to describe the motion and evolution
of various physical quantities, such as mass, momentum and energy, in a wide
range of scientific and engineering disciplines. For example, these equations are
commonly found in fluid dynamics, plasma physics, and atmospheric sciences.

Particle methods are popular for solving these transport equations, espe-
cially for kinetic equations where the dimension of the phase space can be large.
Indeed, they are quite easy to implement, even for high dimensions, and the
computational cost is lower than that of Eulerian methods (such as finite differ-
ences, finite volumes...) and forward semi-Lagrangian schemes. The principle
of particle methods is to advance numerical "particles", which are considered
as markers of the flow, along approximated characteristic lines. An approxima-
tion to the solution of the transport equation is then constructed using these
particles and a smooth shape function around the particles. Although con-
ceptually simple, the standard smooth particle method suffers from a lack of
strong convergence, which in practice leads to noisy numerical solutions. More
precisely, the strong convergence of the method is obtained when the size h of
the particle grid tends to zero under the condition that the size of the particle
support tends to zero as h?, with ¢ < 1 [34]. In practice, this means that under
this condition the number of particles whose supports overlap tends to infinity
as h tends to zero, which makes the reconstruction of the approximate solution
very costly.

Several strategies have been developed to reduce the oscillations caused
by the lack of strong convergence without creating a large overlap of particle
supports. One of them is to perform out regular projections on a grid in order
to reinitialise the particles (known as remapping) [26]; with remapping at each
time step, we obtain the forward semi-Lagrangian method [24, 18, 33]. These
remappings have a regularising effect but also introduce numerical diffusion,
although this is mitigated by the use of high-order interpolation kernels [22, 20]
or adaptive remapping methods [2, 37] or other methods: weight averaging
[1, 16], artificial viscosity [19] and the use of wavelets [3, 14].

We present here two quite different methods for reducing the numerical
noise of the numerical solutions reconstructed using particles, based on local



asymptotic expansions of the flow.

The first section introduces the mathematical foundations of the theory
of characteristics for linear transport equations. In particular, the notion of
measure solution to these equations is crucial to the understanding of particle
methods.

The second section presents the principle of the smooth particle method
and convergence estimates. In particular, we see that strong convergence can
be obtained under a restrictive condition between the size of the initial particle
lattice and the width of the shape function support.

In the third section, we present the Linearly Transformed Particle (LTP)
method, introduced by Campos-Pinto in [6]. The principle of this method is to
deform the shape functions of the particles locally according to the linearisation
of the flow around each particle. An LTP approximation is then introduced,
where the shape functions of the smooth particle approximation are replaced by
the deformed shape functions. We prove the strong convergence of this method
for a passive advection equation, and briefly present some extensions of the
method to nonlinear problems [8, 7].

The last section is dedicated to the presentation of the Forward-Backward
Lagrangian method introduced in [9], which can be seen as hybrid between
a particle method and a semi-Lagrangian method. Since the deformation of
the shape functions in the LTP method could lead to a loss of locality in the
reconstruction, we introduce a global approximation of the backward flow, using
the local linearisations around the particles and a partition of unity. We study
this method on an advective equation for a passive flow, and we prove a gain
of one order of convergence in space compared to the LTP method.

Notations

The integrations are here with respect to the Lebesgue measure dx on the
Lebesgue subsets of RY. We introduce the Sobolev space defined for any con-
nected open set Q C R? with a Lipschitz continuous boundary

Hled
g Qg € Lp(Q)a |Oé| < T}

WT7P(Q) = {g . Q — Rm, g S LP(Q)’ Dag = W
1 -2y

provided with the norm

1/p
ol = [ / D@ ] . 1<p<too
la|<r /€2
lgllwreeqqy = max sup [D°g(@)llsos P = +oo.
la|<r 2eQ



We shall also employ the seminorms
1/p
hwesieyi= | X [ID%@I] . 1=p< o
|a|=r Q
|glwree (@) 1= max sup ID“g(2) |00, p = +00.
lal=r e

Throughout these notes the symbol C' refers to a generic constant C' > 0.

1 Theory of characteristics

1.1 Transport equation

We consider a transport equation
Orp + divy(ap) + app =0 (1.1)

where a = (ay,...,aq) is called the advection field. We assume throughout
these notes that we have (at least)

a; € C (0,7, Wh=®R) NC (RY)) for 1 <i<d,  andao € L ([0, TIxRY).

If ag = 0, we get an equation known as the conservation equation 1)
Op + div,(ap) = 0. (1.3)

We will also consider the transport equation in a different form
Ou+a-Vyu=0, (1.4)

which we will call the advection equation by convenience. Note that equation
(1.4) is a particular case of (1.1), when we take ap = —div,(a).

Definition 1.1. A characteristic associated with the differentiel operator
o L9
O+a-Vy=_—+ Z a;—— is a function X € C*(I,R?) (where I is an interval
ot = 8%,

of R) satisfying
X'(s)=a(s,X(s)) Vsel. (1.5)

The Cauchy-Lipschitz theorem gives a sufficient condition on the advection
field a to obtain existence and uniqueness of equation (1.5) with an initial
condition (see [38] for example).



Theorem 1.2. Assume (1.2). Then for all t € [0,T] and x € RY, there
exists an unique characteristic associated with 0y +a -V defined on [0,T] and
satisfying X (t) = x. We denote it by X (s;t,x), and we have

X e CY[0,T]s x [0,T]; x RY).

Moreover, 0sV X and V,0sX exist and are equal in C([0,T]s x [0, T]; x RZ),
where VxX = (8xin)1§¢§d,1Sj§d.

Note that the existence and uniqueness of the characteristic can be obtained
under weaker conditions on a (see [38],[28]). However, here we are interested
here in a situation where there is sufficient regularity.

We will use the following notations :
> FY3(x) := X(s;t,2) is the flow map between ¢ and s, starting from =,
> JbS(z) = (8ijit’8(:v)>i’j = (V4 X(s;t,2))7 is the jacobian matrix of the
flow,
> j4%(x) = det(JH*(x)) is the jacobian of the flow.
We now have the following properties on the flow.
Theorem 1.3. Under assumption (1.2), we have
(i) For all ty, to, t3 in [0,T], F'2% o i1tz = Fiuts,
(i) The flow map is a C* diffeomorphism of R, with inverse (F%*)~! = Fst.
(iii) The jacobian matrix verifies
0sJ5%(x) = Da(s, F"*(x))J"%(x) (1.6)

and its determinant verifies

D535 () = dive(a) (s, F¥5(x))5"5(2). (1.7)

(iv) The flow verifies

O F > (z) + (a(t,z) - V) F¥"¥(x) = 0. (1.8)



Proof. Property (i) is a direct consequence of the definition of F** and
the uniqueness in Theorem 1.2. We deduce (i7) by taking t; = t3 =t and to = s
in (7). To prove property (7ii), we denote M the comatrice of a matrix M, and
we recall that the differential of the determinant is given by Djpsdet(H) =
Tr(MTH). Then

05" () = Tr (J53(2) 0,0 () ) .

Moreover, since the flow verifies 95 F*(x) = a(s, F»*(x)), we have

05 I () = Os (aszf’s(@) 1<i<d = (aﬁjastm(x)) 1izd

1<j<d 1<j<d
= (awj (ai(SaFt’s(-T)))) 1<i<d
1<j<d
d t
= <Z O, ai(s, Ft’s(x))%ij’s(x))
= 1<i<d
155<d

Then
0sj" (x) = T (J’*S(iﬂ)T (02, ai(s, P (@)) ) 1244 Jt’s(f”)>

1<j<d

=Tr ((8%“%’(37 Ft’s(fﬁ))> 1<i<d Jt’s(x)TJt’s($)>

1<j<d
= j"(x) Tr <(0xj a;i(s, Ft’s(x))) 1§i§d>
1<j<d
= j55(z) divg(a)(s, F¥* ().

To prove (iv), we start from the relation
X(tgit, z) = X(ts; b2, X (tast1, )

that we differente with respect to to. Then for all i we get (here we denote 9y and
0o the derivative according to the first and second variable of X respectively)

d
0 = 02 X;(ts;ta, X (tait1, ) + Y Ou, Xi(tsita, X (t2it1,2)) O Xp(ta;t1, ) -
— _/_/
h=1 =ag (t2,X (t2;t1,1))
With the change of variable y = X (t2;¢1,2) we then get

d
0=0Xi(tsita,y) + Y Ou, Xi(tsit2,y)ar(ta,y), for1<i<d
k=1



that is
0= 09X (ts;ta,y) + (alte,y) - Vi) X(t3;t2,7) for all t5, t3 € R, y € RY.
By taking t3 = s and to = ¢ we obtain
0=0:X(s:t,y) + (alt,y) - Vo) X(s:t,y)

which correspond to (1.8). O

Corollary 1.4. The jacobian verifies
35 (x) >0 forallzeR? teR,seR (1.9)
gt (Ftotz ()t () = j908(x)  for all ty,to, t3 € [0,T]. (1.10)

Proof. Fora given 2 € R? and s € R, function ¢ — j>%(z) is a continuous
functions such that j%%(z) # 0 (since the flow map is a C' diffeormorphism of
R%) and j%°(x) = 1. Tt leads to inequality (1.9). Relation (1.10) is obtained by
differentiating relation (i) of Theorem 1.3 with respect to x. O

Remark 1.5. Note that in particular (take t; = t3 =t, to = s) we have
[ ()]~ = 5 (F" (2).

1.2 Classical solutions
Theorem 1.6. Assume (1.2).
(i) If u® € CY(RY), there exists an unique solution u € C*([0,T] x R?) to
Owu+a-Vu =0, u(0,-) = u° (1.11)

given by
u(t, z) = u'(FO(z)). (1.12)

(ii) If ag, div.(a) € C° ([O,T] X Rd), and p° € CY(RY), there exists an unique
solution p € C*([0,T] x RY) to

Op + divg(ap) + agp =0, p(0,-) = p° (1.13)

given by
plt,z) = po (F"(z)) j** (x) exp (- /O ao(r, F“(x))dr). (1.14)

7



Proof.
(i) If u € C*([0,T] x R?) verifies (1.11), we have for all 7 € R and y € R?

d 7,8 7,8 T,8 7,8
25U 70 (y)) = Opu(s, F7°(y)) + O F7(y) - Vau(s, F7°(y))
=0
since 0sF™*(y) = a(s, F™*(y)). Then w is constant along the characteris-

tics : u(s, F™*(y)) = u(0, F™%(y)). By setting = F*(y), we obtain
u(s,z) = u(0, FP°(F57(z))) = u(0, F*°(z)).

Conversely, let u defined by (1.12). Then

Owu(t,z) +a(t,x) - Vyul(t, m) (8,5 +a(t,z) - V) FOx) - V ul (FYO(x))

thanks to (1.8).
(ii) Let p € C}(][0,T] x R%) a solution of (1.13). Then for any 7 € R and
y € R?

d

T P(s, FT5 () = Oupls, (1)) + Vap(s, F7*()) - 0.F (1)

= — (divz(a) +ao) (s, F7*(y)) p(s, F7*(y))

) )
== + ag(s, F™° s, F™® ,
( Sy FG W) ) (s ()
thanks to (1.7), and consequently
d
ds

Then

Pl ™))" 0) = o0, F )™ ) exp (= [ el ).

[p(s, ()3 ™" (y)] = —ao(s, F7*(y)) i7" (y) p(s, F7*(y)).

Moreover, relation (1.10) with ¢; = 7, t3 = 0, to = s gives

FOEFET ()i (y) = 570 (). (1.15)

Finally, by setting x = F7*(y) we get

p(s,z) = p(0, FPY(F*7(2)))j*°(F™*(F*™(x))) exp ( aop(r, F7"(F*7 (x ))dr)

c\

= p(0, F*°())j*(x )exp(—/ﬂsaorF” dr)

8



Conversely, let p defined by (1.14). Then if we introduce

g(t,.%') = p(tvx)[jt’()(m)]_l </0 ao(r, Ft,r(x»dr) - p(07Ft70($))7

then ¢(0,z) = p(0,x), and ¢ is constant along characteristics : for all
t,s € Rand z € RY,

g(s, F*(2)) = pP(F*(F"*(2))) = p°(F*(2)) = g(t, 2).
For 7 € R we set y = F%7(z) and t = 0, previous relation writes :
9(s, F7(y)) = 9(0, FT°(y)).
Then

ol T E ) ([

0

S

ao(r, FW(FTvS(y)))dr) — p(0, F™(y)

that is, using (1.15)

pls P )™ w) = o0 F )i (= [ v Py )

Then

ol F ()™ )] = ~aols, F7*())p(s, F™ (1)) ()

and we can obtain that p is solution of equation (1.13).

1.3 Weak solutions
We introduce L the differential operator defined, for v € C*(R x R?), by

Lv = gz + divz(av) + agv,

0
and L* its formal adjoint : L*v = ——U —a - Vz(v) + apv. We denote

(v,9) = // (t, ) (t, x)dxdt.
R4

Note that for v and ¢ € CL(]0, T[xR?)
(Lv,v) = (v, L*) for v and 1 € CL(]0, T[xR?).



Definition 1.7. We say that p € L'((0,T) x RY) is a weak solution of
(C) with initial condition p(0,-) = p° if

(L) = [ Pl v e ch(o. TIxRY).
Rd
Theorem 1.8 (Weak solutions). Assume (1.2). If p° € LYRY), ag €

C((0,T); L=®(R%)) then equation (1.1) with initial condition p(0,-) = p° has an
unique weak solution p € C([0,T], L* (]Rd>) given by

p(t,z) = p° (Ft’o(x)) §40(x) exp (— /Ot ap(s, Ft’s(x))ds> . (1.16)

Proof. Let p defined by (1.16). Then for all ¢ € CL([0, T[xR?)

(9, L") / /R (P ()exp( /Otao(s,Ft’S(x))ds> (L) (£, 2)dadt

- / / P(y) exp (— / ao(SaFo’s(y))dé’) (L) (t, FO*(y))dudt
0 R4 0

with the change of variable y = F*%(z). We note that

jt[exp ( /0 ap(s, Fo’s(x)ds> Ww(t, Fo’t(x))]

= [~ao(t, F*'()y(t, F* (2)) + %(h FO'(x)) + Vo ' (2) Vot (t, F* ()]

ot NI
t
X exp (—/ ao(s,FO’s(:L‘)ds>
0

a(t,F0t(x))
t
— (L*Y) (t, F'(x)) exp (—/ ao(s,FO’s(x)Ck) :
0
(1.17)
Then

(o, L") /R d / - exp( /0 (s,FO’S(x)ds> (t, FO ()] dtda
- /R @0, )

We conclude that p is a weak solution of equation (1.1). O

10



Theorem 1.9 (Measures solutions). If p° € L(R?), and under the same
assumptions on a and ag as in Theorem 1.8, then p € L(R?) defined by

T t
(p, V) = <p0,x — /0 w(t,FO’t(:L')) exp <—/0 ag(s,FO’s(x)ds> dt>

for all ¢ € CL([0, T[xRY), is a weak solution of equation (C) with initial con-
dition p(0,-) = p .

Proof. Let p defined by

T t
(p, V) = <p0,x — /0 w(t,FO’t(m))exp <—/0 CLQ(S,FO’S(.CI})dS> dt>

for all 1 € C.([0, T[xR%). Then

(p, L*1) <p :Er—>/ (L*Y)(t, F%(z)) exp (—/0 ao(S,FO’S(I)dS> dt>

and using (1.17) we get

T t
(p, L*p) = — <p0,x — /0 % [exp (—/0 ao(s,FO’S(m)dS) P(t, Fo’t(a:))] dt>
= (7. 0(0.).
O

Remark 1.10. If p € L}((0,T) x RY) is a weak solution of (C), then it is
also a measure solution :

/]Rd /T p(t, )y (t, x)dtdx
/Rd/ FtO to( ) exp ( /Ot ao(s,Ft:S(x))dS> (¢, z)dtdz

T t
_ / / Py)exp | - / ao(s, ¥ (FO () ds | (¢, F4(y)) dtda
R2 Jo 0 —

FO5(y)

T t
=<p°,w /O B(t, FO4(2)) exp ( /0 ao(SaFO’s(y)dS) dt>

with the change of variable y = Ft’o(x) of jacobien jt’o(x).

11



Remark 1.11. For ag = 0, then the measure solution of (1.3) correspond
to the push-forward of p° by the flow map: p(t,z) = (Fo’t#p0> (t,z).

We deduce from Theorem 1.9 the following Corollary, on which is based the
principle of particle methods.

Corollary 1.12. Let p° = Z wd(z—aY), with K € 74, and (X(s)) ek,
keK
be trajectories starting from (x9)kek -

dXy,
ds

Then p(t,x) = Z wi(t)d(z — Xk (t)), with
keK

=a(s, Xi(t), Xp(0)=2), kecK

wi(t) = w,g exp (—/0 ao(s,Xk(s))ds> ,

z's a measure solution of Owp + divy(ap) + app = 0. In particular, for ag = 0,
Z wld(x — Xi(t)) is a measure solution of d;p + divg(ap) = 0.
keK

2 Smooth Particle method

2.1 Particle approximation of the solution

Here we describe here the method without any time discretisation. Starting
from an approximation of the initial condition p° given by

ppart - Z Wi 5 CC - xk (21)
kezd

we introduce the particle approximation of the solution of (1.1) at time ¢ with
initial condition pgart given by Corollary 1.12 :

ppart(t, T) = Z wk(t)d(z — Xi(t)) (2.2)

kezd

where X (t) = F%!(z?), that is the solution of
X(t) = alt, Xp(z)),  Xi(0) = a3 (2.3)
and wy, the solution of

wi(t) = —ap(t, Xp(t))wk(t), wik(0) = wy. (2.4)

12



From an heuristic point of view, it is equivalent to defining positions (29),cz4
and weights (w))cza of particles such that (2.1) is a "good" approximation of
p%; and then then pushing these particles forward along characteristic lines. If
ag # 0, the weight of the particles are modified.

Approaching p? with the measure (2.1) corresponds to finding (29);.cz¢ and
weights (w)))cza such that

L @@= Y i) 25

kezd

for all test functions 1) € C2(R?). This corresponds to the classical problem of
numerical quadrature.

In the following, we will take the set positions (z9),cz« on a regular grid, i.e
29 = hk (k € Z%) with h > 0, and take for w9 an approximation of 5, o%(z)dz,

d

with By := a1 + {—%, %} . In practice, if p° is compactly supported, one can
restrict the sum in (2.5) to a finite subset K € Z.

The following Theorem gives a weak convergence result of the measure
approximation of the solution in the case that the chosen quadrature method

. . O . . .
to discretize [ B, P (x)dz is a midpoint quadrature.

Theorem 2.1 (Raviard). Let p° € C(RY)NLY(RY), a; € C (O,T; WLOO(]Rd))
for1 <i<d, apcC((0,T); L*(R%) and p € L'((0,T) x R the weak solution

of
Op + divg(ap) + app = 0.

For k € 72, let 2 = hk, ) = hep0(2y,),

pgart,h(x) = Z wké(x - x%)v
kezd

and for any k € 74, let X}, and wy, the solutions of
Xi(t) = alt, Xp(x),  Xx(0) =}
Wi(t) = —ao(t, Xp(®)wr(t),  wi(0) = w.
Then ppart,n, defined by

ppart,h(ta'r) = Z ("Jk:(t)(s('r - Xk(t)
kezd

verifies for any t € [0,T] and for all ¢ € C.(R?)

%E)%(p(u ) - pparhh(t, ')7 ¢> =0.

13



Proof. Thanks to Theorem 1.8 and the change of variable y = F%9(z),
we can write

x)Y(x)dr = O(y)exp [ — tas 05 s 0,8
| pttaetaa= [ ) p( | s, @m>ww‘w»@

for all 1 € C.(R?). Moreover,

(Ppart,n(t ZwO exp ( / ao(s, FO’S(l‘g)d8> Y(F(aR)),
Then (p(t,-) — ppart,n(t, ), 1) can be written under the following form:
{p(t;) = ppart,n(t ZEk
with
/ gdx — hg(z})
and

\

ao(s, F(z )wWW@»
Let f € C°(RY), k € Z¢, and fi.(¢ ) = f(zk + h€). We have

f@w—mﬂmzm/ Fo(€)de — hLF(0)
By,

[_1/271/2]d

g(t,z) = po(x) exp

and a Taylor expansion of fi, around 0 gives
fe(€) = Fr(0) + Df1(0 / D? fi.(£)(€)(§)dt
Then

< Clfilweos0,1/2) < Ch* P\ flwz(s,)

/ Ful€) — Fu(0)
[—1/2,1/2)¢

for any p > 1, and
Er(f) < CLOR 2| flyran(py < CRHY9 flyan g,

with ¢ = p%l. Finally we get

d
3 Eu(f) < Ch*ta | flw2.1 ey,

kezd
which proves that 3"cza Er(f) —n_o 0 for all f € C(RY). Since g(t,-) €
C.(RY), a density argument allows to conclude. O

14



2.2 Smooth particle approximation

The result 2.1 is unfortunately of little interest for the numerical approxi-
mation of functions. We would like to be able to obtain at least a continuous
approximation of the solution of (1.1). To do this, we introduce, for € > 0, an
even cut-off function ¢, € C(R?) N L'(R?) such that ¢, —._,0 § and

/Rd e(x)dr = 1.

In general, ¢, is defined thanks to a function ¢ continous and compactly sup-
ported, by setting ¢ = ¢ ®--- ® ¢, and p.(x) = Eidcp (%). For example, one can
take for ¢ a B-spline function (see [6]) : the B-splines can be defined recursively
by

Bl(x) (1—|z|) for|z| <1
xr) =
0 otherwise

z+1/2

and B™(z) = / B™ Y (y)dy.
z—1/2

Other functions such as troncated Gaussian [31] or Wendland functions [25, 29]
are also used. We can now introduce a smooth particle approximation of p with

phe(t,x) = ppxpe(tix) = D wi(t)pe(z — Xi(t)- (2.6)
kezd

Since (2.6) could involve an infinite number of particles, one may wonder if
it makes sense. The following lemma gives a sufficient condition.

Lemma 2.2. We take ¢.(x) = 8%”0 (L) with ¢ € C(R). Under assump-
tions of Theorem 1.2, then the smooth particle approzimation pp(t,-) (2.6) is
well defined for allt € [0,T] and is a continuous function.

Proof. Let assume that Supp(yp) C [~L, L], for L > 0. Let z € R? and
t >0 fixed, and k € {j € Z4, || X;(t) — ||oc < Le}. Then, since the flow map
is a C! diffeomorphism,

lz = F*(@) oo = I F"(Xi(t) = F* (@)oo < [ lwioo(B(a, ey Le

which implies that k € B(X2(&) £[|pto0

Wieo(B(z,Le)))- Lhen there exists only

*h
a finite number of indices k € Z% such that X} (¢) belongs to the support of the
function y — ¢.(x — y), and (2.6) makes sense. O

Remark 2.3. In the general case, it is sufficient to have Y cpa |wi(t)] <
+oo for (2.6) to be well defined.
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In all that follows, we will assume that . (z) = Eidcp (%) where ¢ is at least
continous and compactly supported. For a given h > 0, the value of £ > 0 must
be chosen so that ||pn.(t,-) — p(t,-)|| (for a given norm) is optimised. Intu-
itively, we're faced with the following dilemma: on the one hand, if the radius
of the shape functions is too small compared to the minimum distance between
the particles, the reconstructed pj . cancels out between the particles and then
exhibits oscillations. On the other hand, if the radius is too large, the recon-
structed solution is too spread out and lacks precision. Even if the particles are
initially equidistant, they then become inhomogeneously distributed.

We now want to estimate the error between the solution of (1.1) and the
smooth particle approximation. The following classical Lemma (see [34] for
example) gives an estimate of the convolution error:

Lemma 2.4. Assume that there exists an integer r > 1 such that for all
aeN, 1<|ali=a1+ - +ag<r—1,

O T
(11) /]Rd it xyte(x, .. xg)de = 0, (2.7)

i) [ Nl lel@ds < +o0
Rd
Then there exists C > 0 such that for all f € W™P(R9), 1 < p < +o0,

1f *pe = fllLrmey < C"| flwrpmay- (2.8)

Now, by splitting the error between the convolution error and the quadra-
ture error for x — p(t, z)p:(x), we get (see [34] for the detailed proof):

Theorem 2.5. Assume there exist r,m € N, m > d, such that ¢ €
WmHRY) N W™>2(RY) and conditions (2.7) are satisfied. We denote | =
max(r,m) and we further assume moreover that

> ai,...,aq,ap + divg(a) € L(0,T; Who(R9))
> p? € WHP(RY)

then the following error estimate holds, for 1 <p < oo :

' h "
WWWMJﬂMNMMS@GW%wm+(>WMmm)
te[0,T7] €
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The estimate (2.9) has been improved in [17] for a certain choice of the
weights wy, (we then get HpOHLp(Rd) instead of ]polwm,p(Rd) in (2.9), which allows
to weaken the assumptions on p°). However, these estimates lead to a strong
convergence of the approximate solution only for € ~ h® with 0 < s < 1 when
e and h tend to 0 (the optimal choice is s = ). Numerically, this means an
increasing overlap of particle supports and a number of particles (of the order
of #) that increases non-linearly as we decrease €. With € = h, one has only
a weak convergence of the approximate solution, which may show unwanted
oscillations. Figure 1 shows the appearance of oscillations in the reconstructed
solution when € = h. Figure 2 shows the evolution of the L*° error between
the SP approximation and the exact solution as a function of time, for different
values of h and for ¢ = h®, with s € {0.5,0.75,1}. We can see that for a given
h, the error is initially smaller when s = 1, but quickly becomes larger than
for other values of s < 1. Furthermore, the error increases drastically after a
certain time, regardless of the value of s < 1.

Comparison between exact solution and SP approximation at time 1=0.1 Gomparison between exact solution and SP approximation at time 1=0.1

‘exact solution ) +eesnseces @yact solution
SP approximation SP approximation

Figure 1: Comparison between the exact solution of the one-dimensional equa-
tion (1.1), with a(t,z) = 22 and p°(z) = e~ @2* £ 0.5¢7*", and the Smooth
Particle approximation, with A = 0.1 and ¢ a B3-spline. On the left picture
€ = h, and on the right picture e = R0,

3 Lineary Transformed Particle method

In this section we present a density reconstruction method for noise reduc-
tion. This method, introduced by Campos-Pinto in [6], is based on a local
deformation of the shape functions ¢.. The idea of deforming the shapes of
particles was introduced by Hou in [30], but without any explicitation. In [17],
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0.09 Time evolution of the L™ error 0.25 Time evolution of the L™ error

with e=h, with h=0.05
0.75

rescecein GP approximation with «=h®72, with h=0.05
= = =5SP approximation with «=h%%, with h=0.05
0.2 5P approximation with «=h®7">, with h=0.1
= = =5P approximation with «=h%3 with h=0.1
wecceccen SP gpproximation with «=h®75 with h=0.2
SP approximation with «=h"3 with h=0.2

0
0  0.01 002 003 004 005 0.06 0.07 0.08 0.09 0.1

Figure 2: Time evolution of the L* error between the exact solution of the one-
dimensional equation (1.1) (with a(t,z) = 22 and p°(z) = e~ (@2 4 0.5¢=*")
and the Smooth Particle approximation, for A € {0.01,0.1,0.2} and ¢ €
{h, K7 K03} between 0 and T = 0.1 (left), and between 0 and T = 0.25
(right). Here ¢ is a B3-spline.

Cohen and Perthame take up this idea by introducing "deformed cells" by the
flow and obtain, for € = h, a strong convergence in L' norm of their method for
a passive flow to order 1 in A. Campos-Pinto then specified these deformations
in [6] by introducing local developments to order r around each particle, and
in particular developed the LTP (Linearly Transformed Particle) method that
we present here. We assume here that the advection flow a and the function
ap are given and smooth enough (hypothesis (1.2)), so that the characteristics
are well defined and smooth.

3.1 The LTP method

We first define an approximation of the initial condition, similar to the
Smooth Particle approximation with ¢ = h. The Smooth Particle approxi-
mation of the initial conditions of the equations (1.1) and (1.4) respectively
writes

p(x) = > wighp(z), and  wp(x) = Y wieh (@), (3.1)
kezd kezd

with :L'% = hk, k € Z%, and

T — :L'O
Wg,k(fﬂ) = WSO ( h k) . (3.2)



In the following we assume that
@ € Co(RY) N W (RY) and / p(z)dr = 1. (3.3)
Rd

We then introduce a time discretisation (t")p<n<ny of [0,7], and we as-
sume that the time numerical schemes for discretising ODE (2.3) (the "particle
pusher") and (2.4) are given for all k € Z%. We denote (2% )kezd p<n<n and
(Wi kezd p<n<n the approximations with the chosen time scheme, that is re-
spectively ‘the positions and weights of the particles at time ¢™.

The idea of the method is to transform the shape ‘P?z,k with a linearised

flow around each particle. For each k € Z¢, we introduce J;* an (invertible)

approximation of the Jacobian J%"(z{), and we denote D} = (J7*)~' the

deformation matrix around the k-th particle. We define an approximation of
the local expansion at order 1 of the forward flow around x% by

Figi:iz—=ap + I (- 332) (3.4)

and an approximation of the local expansion of order 1 of the backward flow
around z}; by :

Bk = (Fixa) ™' o ap + Dii(w — ). (3.5)
LTP approximation of the advection equation (1.4) Thanks to the the-
orem 1.6, the solution at time " of the equation (1.4) with initial condition
cp?l’k is gp?l’k(Ftn’o(m)), which we approximate by go(,)Z’k(BZ’k’l).

By linearity, we then define the LTP approximation of the solution of the
equation with initial condition u° (approached by (3.1)) by

U;LL,LTP(x) = ZW2@ﬁ,k($)a (3.6)
k

with
@) =G (Bhra(@)) = en (D (@ — 2})). (3.7)

LTP approximation of the transport equation (1.1) In this case, the
classical solution at time ¢ of the transport equation (1.1) is given by

pu(t.a) = p°(F*0(x)) det(J*(x)) exp (—/0 ao(r, Ft’r(x)dr> :

We then introduce the LTP approximation of the solution of the equation (1.1)
with initial condition p° (approached by (3.1)) by

pZ,LTP(‘r) = ZWQSDZ,k(m)? (3.8)
k
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with
(@) = det(T) s (Bipa(@)) = det(DP)on (Dp(w —af)). (3.9

We recall that the weight w}' is computed thanks to the discretisation of the
ODE (2.4), and is therefore an approximation of

tn
wi(t") = exp <—/ ap(r, Ftn’r(azg)dr> wy.
0

Remark 3.1. If ag = 0, then the LTP approximation of the conservative
equation Oip + div,(ap) = 0 writes

Phoe () = D wieh k() = Y wi det(D)on (Dj (x — ).
k k

and the method is of course mass-preserving :

/ o oee(@)da = / A (x)dz.
]Rd Rd

Remark 3.2. The advection equation (1.4) can also be written as a trans-
port equation (1.1), with ag = —div,(a). From the point of view of the trans-
port equation, the LTP approximation is given by

Phee(@) = Y _wit det(DR)on (Df (z — a7))
k

Here wf is an approximation of wy ("), where wg(0) = w} and
wWi(t) = —ao(t, F*(2))wr(t) = dive(a)(t, F* (a}) Jw(t),

and det(D}) is an approximation of the determinant of the Jacobian of the
backward flow j¢"(2%), which, thanks to (1.10), is equal to (%" (29))~L. Fur-
thermore, thanks to (1.7), j%" (2) is the solution at time ¢" and for x = %
of
0,5 (x) = divg(a)(t, F*! (x))1% (x).
1

with j%0(x) = 1. Then w det(D7) is an approximation of w;(t) (j%¢(z9))” =
w,g, which shows that this point of view is consistent with the LTP approxima-
tion of the advection equation (3.6).
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Remark 3.3. In practice, the approximated matrix [J;' can be computed
by finite difference over the positions of the particles :

x — )
( k+6]' k*@j i

2h ’
1<i,j<d

Ti' = Dy = (7)™ (3.10)

(see [6] for more details), or by computing a stepwise approximation of .J e (x’,;_l),

for example using (1.6) (see [7]).
Remark 3.4. One could think to introduce B}’;kyz, the second order local
expansion around 332, which takes the form

(Bi 2(2))i = ()i + (DR (x — )i + (2 — 20)' Qf sz — 2), (3.11)

for 1 < i < d, where (J;; is an approximation of the Hessian matrix of the
ith component of the backward flow starting from x}!. However, if we define
Ch (@) = goh(BZM(:c)—x%), we can have ¢}, ; o(x) # 0 while z is far away from
a} (since the quadratic mapping  — Dp(z —23) 4+ ((x —23)' Qp ;(x — 7)) 1<i<d
is not invertible), which in practice leads to strong oscillations, because the
expansion only takes place in the vicinity of the particle. However, it is possible
to restrict the particle supports to the regions where this flow is locally invertible
(see [6]).

3.2 Error estimate for a passiv flow

We present here the error analysis of the method for a passive advection
equation, i.e. the equation (1.4) with given advection field a and ag. The
extension for some nonlinear equations is be presented in section 3.4. Moreover,
we focus here on the error induced by the LTP approximation and we do not
consider the error due to the time discretisation of the particles trajectories.
We therefore assume that 27 = FO"(29) for all k € Z¢ and n € {0,..., N}.

Initialization error First we estimate the error between u? and u%. Let us
introduce

App:igr Z wg(g)wh’k(az), with wi(g) = he Z alg(a:2+l). (3.12)
kezd ll2]loo <myp

where the coefficients a; are chosen so as to be exact on polynomials of degree
less than or equal to p € N, i.e.

App(I) =11 VII € Py(RY). (3.13)
We refer to [8] for examples of such operators. For example, for p = 1 and a

shape function such that ¢(0) =1 one can take m; =0, ag = 1.
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Proposition 3.5. Suppose that Ap, satisfies (3.13), with ¢ € C.(RY).
Then for any integer ¢ < p + 1, there exists C = C(p,q) such that for all
g € W1 (R9)

[ Anpg = gll oo may < CRI|glya,ce may- (3.14)

Proof. First, we show that A, is uniformly bounded in L°°. Since

¢ € C.(R?), if we introduce L so that Supp(y) € [~L,L], we have #{j €
74, x; € Supp(pnk)} < 2L, and then

[AnpgllLe < 2L sup |wi(9)|lle]l oo (may
kezd

<2L sup arl[[pll poorayllgll oo (re)

12l oo <myp

Then, for k € Z% and II the (¢ — 1)-th Taylor expansion of g around 9, we
have Ay, ,II = 1I and
1Anp9 = 9ll oo (Boo @0 m)) < 1 Anp(9 = ID I oo (B 20,1y + T = gll oo (B (20,1
< (1Arplll oo + DI = gll oo (B, (20 1)

< Chfglwa.ce (Ba (2.1))

where C depends on [[[Apll ., ¢, d, but not k. We then get (3.14). O

Estimate on the deformation matrix

Lemma 3.6. Let ' be a flow map such that t — FO ¢ L>([0,T], W (R%))
and such that the Jacobian of the flow is bounded by below : there exists o > 0
such that

a < det(J*'(x))  V(s,t) €[0,T] x [0,T], z € R% (3.15)

Let J;* be calculated by

( (PO (ad,,,) — FO (xz_ep)i)
1<i,5<d

Ji = oh

and DY = (J")~L. Then there exist h* > 0 and C (depending on SUDye(o,7] HFO’tHWZ,oo(Rd))
and a) such that for all 0 < h < h*:

sup sup [[|[Dgll| < C. (3.16)
0<n<N kezd
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Proof. A Taylor expansion of F%" around :L'g gives
n 1 n
|7 = 127 @) < S wae rayh (3.17)
and also ||| 7| < |FO" w10 (ra). We then use the following property of linear

algebra (see Lemma A.2 in [9]): there exists C' > 0 (depending on d and the
chosen norm for || - || on My4(C)) such that for A, B € My(C),

|det(A) — det(B)| < C([|Al| + [|B[))|A — B (3.18)
Then
| det(Ff) — det (SO () < CUTEN+ 1T @DIDITE — T @)
< Ch.

where C depends on supc[o, 7 ”F07t||W2,oo(Rd). Thanks to the hypothesis (3.15),
we deduce that there exists h* > 0 (also depending on sup,c(o 77 | F' O’tHWQ,oo(Rd))
such that for all 0 < h < h*, for all k € Z% and 0 < n < N, det(J) > /2.
Furthermore, the coefficients of J;', the comatrix of J;', can be bounded by
those of J'. Then

1D | <c

o0

1
Moo = [ det(77)] H

where C' depends on o and sup¢( 7 ||F0’tHW2,oc(Rd), but not on k and n. O

Estimates on the flows We analyse here two quantities :

> the error on the Forward flow

0,tn . 0o _ 0
ep = Sllip | FOtn — fﬁkJHLm(sg’k)’ with Sy, . = Supp(¢p 1),

> and the error on the Backward flow
B = sup |[F*0—Bp || poo (s here S, = FO" (S )NFi 1 (Sh k)
€B SI;P ok, LILL (] ) where L g h.k h,k,1\Ph k)
Lemma 3.7. Leta = (a;)1<i<q an advection field with a; € C([0,T]; CH(RY)N
WLH2(RY)) and div(a) = 0. We assume that F**, the flow map associated with

the characteristic equation (1.5), satisfies t — F%t € L°°(]0,T], W2 (R?)).
Let 2 = FO"(29), J* computed by (3.10), and Fira and By, | respectively
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the approximated Forward and Backward flows respectively, given by (3.4) and
(3.5). Then there exists C > 0 (depending on supyco HFO’tHWQ,oo(Rd) and
SUPye[0,7] ’Ft70|Wl,oo(Rd)) such that

eh < Ch?
and h* > 0 such that for 0 < h < h*
ey < Ch?.

Proof. First, the regularity assumed on a and the theorem 1.2 allow to obtain
that (t,x) — F%(x) and (t,z) — F0(z) € C([0,T], W**°(R%)). Furthermore,
since div(a) = 0, we have ;%" (29) = det(J%" (20)) = 1, thanks to (1.7), and
the hypothesis (3.15) is verified with o = 1.

For z € S, we have ||z — || < Lh, and we split FO'(z) — F}!, | (z) into
two terms : the error due to the linearisation of order 1 around x%

ex() = FO" (&) = FO" (1) — S (af) (& — af)
and the error resulting from the approximation of J%" (29)
ea(@) = (SO (af) = T (@ — 2f).
We can estimate e; directly from
lerllzoeqss ) < IF™" yaselle — 2Bl < CLFO e
Then thanks to (3.17) we have
He?HL‘”(S?L,k) < %|F0’tn|w2m(Rd)hH$ — 2Dloe < CIFO |yp2.00 (gayh?.

We then get
sup e < C sup ]Fo’t|W2,oo(Rd)h2.
0<n<N t€[0,T]
We now estimate e';. For y € .7:,’;&1(52’,?), let x = By, ,(z) € S,?’k. We
have
F"0y) = Bp 1 (y) = F"O(Fipa (@) — 2

)Yy

= FUO(Ffy (1) — FUO(FO ()

and then
IF2(y) = B k1 @) lloe < [F 2 lppt.co (rayel.
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For y € Fo’tn(Sgyk), let z = F¥"9(y). We have
FI"O(y) = B ga(y) = o — By (FOF (2)
=& — ) — DR(F*" (x) —a})
= D} (Fi(z — 2f) — F*"" (2) — o)
and then
IF2(y) = Biy g1 ) loo < WDEN 1FR 1 () = FO ()|
< [IIDEll -
Finally, thanks to (3.16), we get for 0 < h < h*,

el < Cet < Ch?.

Overlapping estimate For a given z € R? we denote K,(z) the set of
overlapping particles at location x

Kn(x) == {k € 2%, x € FO'" (S 1) U Fil 11 (Sh )}

and

Kn = sup #K,(x).
TER?

We can estimate x,, with e.

Lemma 3.8. Assume that (t,z) — F"0(x) € L>®([0,T]); WH°(R?)). Then
there exists C > 0 (= max(1, sup;cjo 7| |Ft’0]W1,oo(Rd))) such that

en d
Fn < C (1 + ]f) . (3.19)

Proof. Let z € R? and k € K,(x). Let 2 = F"%(2) and y = Bgm(l’)
If z € FO° (Sg,k)’ then z € Sg,k and thus |z — kh| = |z — 29| < h. Otherwise
T < }-l?,k,l(sg,k)a and y = Bﬁk’l(»’v) € S,‘ik. Then

Iz = 2Rlloo < [IF0(2) = ylloo + lly — 2Rl
< EO(FR ki () = FCOFE () o + b
<P e @ [ Frea () = F* ()l + b

< |F" 0y oo mayelp + h.
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It follows that for x € Fo’tn(Sg’k) N fl?,k,l(s}?,k)’

F"0(z)

.0 4
< 1+ ‘F ’ |W1,oo(Rd)W,

‘ e}

and we obtain (3.19). O

Convergence theorem We now prove a result for the convergence of the
LTP method for the advection equation [6].

Theorem 3.9 (Campos-Pinto, 2014) Let u™ = u(t",-) be the solution of
(1.4) at time t" with initial condition u°, and Uy p given by (3.6) with 3% =
FOU(29), wd = Ap 1 (u®), and TP computed by (3 10). We assume that u° €
WHe(RY), div(a) = 0, (t,z) — FO(x) € L>®(0,T; W?>®(R%), and (t,z)
Fi0(x) € L0, T; Who°(R®)). Then there exists h* > 0 and C > 0 (depending

on supeqo,r] [F lw2.oo @ay, [@lwree and [F" 0y gay, [[u0llwioes [olwie)
so that for 0 < h < h*,

sup HuhLTP unHLW(Rd)SCh'

0<n<N
Proof. For a given z € R? and n € {0,..., N}, we can write
u(tn 55) - U?LJ LTP('I") =
W (F" 0z X ubelal (F"0(2)) + 3 wf (on(F" () = 2) — en(Df(x — 2}))
k
=T (x) =Ts(x)

(3.20)
The first term is estimated thanks to the error of discretisation of the initial
condition (3.14):

T ()] < (1A 1u” = ¥ |00 Ry < Chlu |00 Ra)-

We can now estimate |T5(x)| in (3.20).

Ta(2)] <

> wf (on(F"0(@) — 2f) — en(DR (@ — af)) |
k

<lpnlwree Y WRlIF" (@) = BRj 1 (2)[|oo
kekn (z)

N

1
W’<P|W1»w/€nhdHuoHoo€%-
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We can conclude using lemmas 3.7 and 3.8. O

3.3 Numerical comparisons between the LTP method and the
SP method

Let us first return to the numerical example shown in Figures 1 and 2.
Figure 3 shows the suppression of spurious oscillations obtained by the LTP
method compared with the SP method, as well as the error control over time.
Figure 4 shows a comparison between the convergence curves (in L*° norm)
with respect to h for the LTP method on the one hand, and the SP method
on the other. The LTP method converges linearly, while the SP method does
not converge for h = ¢ (as expected), and has a lower order of convergence for
h = &%, where s < 1.

Comparison between exact solution and LTP approximation at time t=0.1 . :
idae PP Time evolution of the L™ error

sernsris SR approximation with e=h%7% with h=0.05
e | TP approximation with «=h, with h=0.05
SP approximation with <=h""%, with h=0.1
LTP approximation with «=h, with h=0.1

0.6 [

0.5 [

0.4

03 [

0.2

01

0 0.05 0.1 0.15 0.2

Figure 3: LTP method for the one-dimensional equation (1.1), with a(t, z) = 22
and pO(z) = e~ @2 1 0.5e7*". Here ¢ is a B3-spline. Left : comparison at
time ¢ = 0.1 between the exact solution of the and the LTP approximation,
with A = 0.1. Right : time evolution between 0 and T" = 0.2 of the L*° error for
the LTP approximation on one hand and the SP approximation with e = A%
on the other hand, for h € {0.05,0.1}.

Figure 5 shows a numerical comparison between the LTP approximation
and the SP approximation (for ¢ = h and £ = h%?) of a 2d transport equation.
As in the 1d example of Figure 1, oscillations are observed for the SP approxi-
mation with e = h, while the SP approximation with ¢ = A% solution exhibits
numerical diffusion and a lack of precision compared to the LTP approximation.
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Convergence curves wrt to h

loglerrors)

——1TF
=+ === SP with c=h

5P with «=h"®
eevssssnss S with ¢ =h0-75

\log(h)

Figure 4: Convergence curves (in L® norm) with respect to h for the LTP
method (with € = h) and the SP method with ¢ = h*, with s € {0.75,0.8,1}.

Figure 5: Numerical approximation at time 1" = 50 of the solution of the 2d
transport equation (1.4) with a(t,x) = (1 — Lz — (0.5 0.5)||2)3 <0‘5 B $2>
’ 0.4 ’ + \T1 — 0.5
and u®(z,y) = w3 — 0.5. From left to right : SP approximation with & = h,
SP approximation with ¢ = h%? LTP approximation with € = h. The figures
in the first line correspond to a top view, the figures in the second line to a 3d
view. Here we take the following numerical parameters : 251 x 251 particles, a
time step At = 0.5, and a period of remapping At, = 3 .

3.4 Application to nonlinear equations

We present here some applications of the LTP method to nonlinear trans-
port equations where the advection field depends on the solution: a = a(p). In
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this situation, one has to reconstruct an approximation of the advection field
a(p(t™,-)) at each time step of the time scheme. This can be done for example
with a Particle-In-Cell (PIC) method (see [35]).

Vlasov-Poisson system The LTP method has been used for the first time
to approach a nonlinear problem in [10] for the 1d-1v Vlasov-Poisson system in
a periodic spatial domain :

g—i—vdcf—E&,f:O, (t,z,v) € [0,T] x Rx R
ot (3.21)
0Bt z) =1 — / F(t, 2, v)do (t,z) € [0,T] x R

R

supplemented with an initial condition £(0,,-) = f© > 0, and a zero-mean field
condition fOL E(t,z)dz =0 for all T > 0.

Note that since a(t,z,v) = (v, —E(t,z))!, we have div,,(a) = 0 and the
first equation of (3.21) can be written either on conservative (1.3) either on
advective form (1.4).

Using standard arguments from [36] (see, e.g., [21], Theorem 1) we easily
verify that with the above conditions the system (3.21) has a unique solution
(f, E/). This solution is L-periodic with respect to x and has the same order of
smoothness as f0, namely, (f, E) € W2>=([0,T] x R%) x W2>([0,T] x R?).

The convergence of the method applied to this problem was then studied in
[8]. A strong convergence of the approximated density f7',.., is obtained, which
improves the standard estimates of Cottet and Raviart [21] applied to the case
of Smooth Particles with bounded overlapping (that is, by taking ¢ ~ h).

Theorem 3.10. Assume that O € W?>°(R?) is L-periodic with respect
to x, has a bounded support in v-dimension, and satisfies a global neutrality
relation: foL(fR Yz, v)dv—1)dx = 0. Let EZ’l, zp = (xf,vp) and f}! .. be the
approximate electric field, trajectories (in phase space) and density, respectively,
given by the scheme introduced in [8]. Provided that At < v/'h, the errors on
the electric field and the trajectories of the particles verify

sup | EP! = Etysj0)llne +sup |2 — FO (29)]| < Or (% + Af)
0<n<T/At k

and the LTP approzimation of the space phase density f}' ., satisfies

n n At?
||fh,LTP - f(t 7')||L°°(]R2) < CT <h =+ h)

where the constant Cr depends on || f1|yw2.0(jo,1)x[0,] x|

—VUmaz 7U'maz]) ‘
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Figure 6 shows the comparison between the SP and the LTP approximations
of the solution of the Vlasov-Poisson system (3.21) with the initial condition

folz,v) =(1- acos(ka:))%e*&/z. (3.22)

Here again we see that the oscillations are smoothed.

n : - " _
fh,sp at time t=15 f at time t=15

n
h,LTP

S I - T R
S I - T I
T
o
w

=3

Figure 6: Strong Landau Damping test case (Vlasov-Poisson system (3.21)
with initial conditions (3.22)), with @ = k = 0.5. Left picture : SP method
with € = h, right picture : LTP method. For both the number of particles is
150 x 150, At = 1/8, and the period of remapping is At, = 3.

Aggregation equation Here we consider an equation modelling particle ag-
gregation, which is written in the form of a nonlinear transport equation

dp+div(up) =0, p(0,-)=p° ut,z) =—(V.Wxp(t))(z) (3.23)

where W : R — R is an interaction potential. Two types of potential are
considered here.

> Regular potentials, when VW € W1H>(R?). In this case it is easy to see
that as soon as p° € L'(R?) the velocity field is Lipschitzian, with

sup |lu(t, ')”Wl’oo(Rd) < C”POHLIHVWHWLoo(Rd)'
0<t<T

The well-posedness of (3.23) in this context has been studied in [5]. If
p° € WHLHRY), p° > 0 then there exists a unique solution of (3.23) which
verifies p € L>®(0, T, WL (R?)), p > 0 for all T > 0. In addition, the
approach introduced by Dobrushin [27] can be applied and leads to the
existence of measure solutions [11, 12].
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> Singular potentials. For these, we assume that VW € Wé’f(Rd), as well
as the following properties

C

|x‘a+1’

C
|D*W(z)| < Tz |D*W(z)| <

(3.24)
with —1<a<d—1,and 1 < g < aiﬂ. This is the case, for example, of
the attractive-repulsive potential

a b
Wab(x):m—pj, with 2—d<b<a<?.
a

The assumptions VW € WI})’Cq(Rd) and (3.24) guarantee that the velocity
field is Lipschitzian in 2 (locally in time) for densities in L'(R%) N LP(R%),
where p is the conjugate exponent of q. Under these assumptions, it
has been shown [4] that if p° € WH N WIP(RY), 1 < ¢ < d/(a + 1),
p® > 0, then there exists a time 7% such that for 0 < T < T*, p €
L0, T, Wht n WP(R?)). In this case, it is possible to have blow-up in
finite time.

Discretisations of the equation (3.23) have been proposed in [23] by a parti-
cle method, in [32] by a finite volume method, or in [13] by methods using the
gradient Float structure of the equation.

In [7], a numerical scheme with LTP reconstruction of the approximated
density is introduced. In the case of regular potential, the strong convergence
in L' and L* norm for Ph e 18 proved (Theorem 3.11), as well as the the
convergence (without any condition on the time step) of measured solutions
(Theorem 3.12) for the distance dpy, defined by

dpr(p1,p2) :=sup {H/Rd Ydpy — /Rd Ypdpo

Theorem 3.11. Assume that At < h. If p° € WHHRY), p° > 0 and
VW € Wh*(R%), then there exists C' (depending on d, T, |[VW||w1e and
1P°l11 only) such that

b € WHO(RY) and |||y < 1} .

At

[t ) = pharells < € (16° = Alls + 57 )

Furthermore, if p° € L™(R?) then we also have convergence in L™ norm.

At

0 0 0 0
o [lp(tn, ) = el < € (16 = ARl + 16° = Al + 5 5 ).
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Theorem 3.12. If p° € M(RY) and VW € WH(R?) then there exists C
depending only on d, T, |[VW|ly1, such that

max_ dpr(p(t",-), phy iap) < CdpL(p°, pp) + h+ At).

T
OSnSE

In the case of a singular potential, the convergence is proved (up to the blow-
up time) in L' and LP norms (depending on the regularity of the potential).

Theorem 3.13. Assume that the potential W € W'I})’g(Rd) verifies (3.24).
Consider p° € W2P(RY), with 1/p+1/q =1, and p a solution of (3.23) defined
on a time interval [0,T], such that p € L>(0,T; (WH n WP 0 L) (RY)). It
is assumed that At < h? < 1. Then there exist hy > 0 and C independent of h

and At such that

sup sup |[p(t",-) — pZ,LTPH < Ch,
0<h<h, 0<n<N

with || -] == [ - 2 + [ - |z

We note in the theorems 3.12 and 3.13 a constraint between h and At to
obtain convergence. However, this is not as restrictive as a CFL condition.
Moreover, the use of a higher-order time scheme to discretise of particle trajec-
tories may be able to weaken this constraint.

3.5 Conclusion on the LTP method

The LTP method allows to obtain strong convergence of the approximate
solution, and improves the quality of the reconstruction. However, in practice, it
still requires some regular remappings, although less frequent than in a standard
particle method. Indeed, the supports of the particle shape functions ¢} ;. can
stretch too far in one direction (if the deformation matrix D}’ has an eigenvalue
that is significantly smaller than the others), leading to a loss of locality in the
reconstruction. The accuracy of the approximate density is compromised, and
the CPU cost of reconstruction also increases.

4 Forward-Backward Lagrangian method

4.1 The FBL method

The Forward Backward Lagrangian method proposed in [9] is based on the
solution expression (1.1) or (1.4), where F*"° the backward flow between "
and 0, is reconstructed from the displacement of particles. These particles,
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pushed forward as in a particle method, can only be seen as weightless and
"formless". Shape functions are no longer used here.

Here, as in section 3.1 we describe the method for a passive flow a and with-
out taking into consideration the time solver of (2.3) to calculate the positions
of the particles (77)ezd ,>0- The principle of the method is as follows:

(i)

To each particle of position zj; we associate the polynomial backflow By .
obtained by local Taylor expansion around x}, to order 1 as in B}’LL, k1 given
by (3.5), or to higher order as in

1
Bilya: @ af + Di(w —af) + 5 (@ — o) (QR)ile — ap))
where (Q}); is an approximation of the Hessian matrix of the ith compo-
nent of the backward flow from " to 0.

From these local approximations, a global approximation of the backward
flow is constructed . To do this, we can consider a partition of the unit
using a compactly supported, positive function .S that satisfies

Y Sx—i)=1, zeR% (4.2)
iezd

This is the case, for example, with B-splines [6]. We then introduce a grid
Gr to reconstruct the flow (noting the nodes & = ihp, i € Z% to avoid
confusion with the particle initialisation grid) and the function

Surata) =5 (52

For each node of Gr we define k*(n, ) the index of the particle closest to
the node &;:

K (n, 1) = argmingega 2f — &, (4.3)

and we introduce the global approximation of the flow by

Bh(x) = D By ko) (%) Shpi (), (4.4)

i€Z4

and possibly (in the case of the equation (1.1)) a global approximation of
the backward Jacobian det(J'0(x)).

i n(@) =Y det(Di (i) Shp i (). (4.5)
i€Z4
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(iii) We use the initial density (or an interpolation of the density at the last
remapping time) to define the approximate density

UZ,FBL(‘T) =’ (Bg(x)) (4'6)

for equation (1.4) or

Phen () = 0" (B} (2)) 7 (@) (4.7)
for equation (1.1).

In (3.5) and (4.1) the approximate Jacobian (and possibly Hessian) matrices
of the forward flow (which give the approximations D} and Q} ;, see Appendices
A and B of [9]) can be computed by finite differences of the 7particle positions
x} on the initialisation grid as in (3.10), or by an approximate expression (as
in the schemes for the Vlasov-Poisson and aggregation equations we considered
in 3.4).

Remark 4.1. The FBL method has some similarities with semi-Lagrangian
methods. However, unlike a classical semi-Lagrangian method, it is the back-
ward flow between " and 0, or a remapping instant, that is approximated (and
not the one between t"*! and 7).

4.2 FErrors estimates for a passiv flow

We present the following theorem from [9] for the equation (1.4) with a pas-
sive advection flow a, assuming exact particle trajectories, i.e. 2} = F%" ()
for k € Z¢. Here we take hp = h to simplify.

Theorem 4.2. Assume that u® € Wh°(R?), div(a) = 0, and that the
exact forward and reverse flows verify t — FO' € L>([0,T], W»*(R%)) and
t s F80 ¢ 1[0, T], W2 (RY)). Let u™ = u(t",-) be the solution of (1.4) with
initial condition u® at time t™. Then there exists h* such that for 0 < h < h*
the FBL approximation for (1.4) of order 1 verifies

sup HUZ,FBL - unHLOO(Rd) < C R, (4.8)
0<n<N

where the constant C1 depends on |p°lyy1.00(ray, sup HFO’tHWQ,oo(Rd) and
k) ]
sup HFt’OHWz,oo(Rd). Furthermore, if t — F% € L>([0,T], W3>*(R%)) and
te[0,T]
t e 80 € Lo([0, T), W3>®(R%)), the approzimation to order 2 verifies

s, — U™l Lo (may < Con b2, (4.9)
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where the constant Cy depends on |pO|W1,oo(Rd), sup ||F%! W3.oo(Rd) and
T

sup HFt’OHW&oo(Rd)-
te[0,7]

We prove here only the estimate (4.8) which corresponds to an asymptotic
expansion of the backward flow at order 1. The proof of (4.9) for an asymptotic
expansion of order 2 is similar, using estimates on the Hessian matrices of the
forward and backward flows proved in [9)].

Proof. Using the property (4.2) and the positivity of the function S, we
have

b psr (@) = u(t, 2)| = [u0(B"(2) — u*(F"O(a)|

‘B”(:c) - Ftn’o(x)H

< 11,00 (e -

Z (Bg,k*(n,i) (z) — Ftn’o(flf)) Shi(x)

i€Z4

S |'U/0‘W1,oo(Rd)

o0
< |UO‘W1’°°(]Rd)e%,FBL

where we denote

n.0
b por = SUP [1Bhy iy — F* 1l oo (Supp (i)
€74

with Sy ;(z) = § (45%). Let n € {0,...,N}, i € Z4, and & € Supp(Sp:). We
have

Bit jeniy (®) = F" (@) = 20 (i) + Die iy (& = T (iy) — F7 0 ()

= Dy T I (@ () (8 = T iy) — FT 0 ()

::Ai,n
+ Die () (Jo’t" (@9 (i) — Ti- (n,’i)) T TR (i) (= T )

::Bi,n

The first term can be estimated thanks to the error of the second order Taylor
expansion of the Backward flow around :BZ*(” %

1
[ inlloo < SIF™ e |2 = 25,015
and the second thanks to the error on the Jacobian (3.17) and the lemma 3.6:
for 0 < h < h*, we have

IBinlloo < CIF® |ypr2.c0 ey |[F*" Plpri.co ey [ € = @3 (1) oo
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(where C' does not depend on n € {0,... N} and i € Z9). Let y; = F'"9(&),
and k7 the grid node index closest to y;, which is such that [|zxe — yilleo < h.
Then, according to the definition (4.3) of k*(n, 1)

[FO (@ iy) = Eilloo < AF (2h9) = &illoo
<P (o)) — FO () oo
< [FO [y (rayh,
and thus, since € Supp(S; 1)

12 = 23 iy loo < (Ls + [FO [ypri.co gy )P,

where Lg is the diameter of the support of S. Returning to the estimates of
| Ai nlloo and || Binlloo, we then get

1B} g iy () = F*0(2) | oo < Chh,

where C depends on sup |F%! Wioo(Rd), SUP |F0’t|W2,oo(Rd) and sup |Ft’0|W1,oo(Rd).
t€[0,T t€[0,T t€[0,T
This allows us to finally obtain (4.8).
O

We thus gain one order in i compared to the LTP method [6]. This gain
comes from the fact that the error estimate now includes |p0]W1,oo(Rd) (or the
norm of the density reconstructed at a remapping time) and no longer the terms
|5 kw10 ey, Which are of the order of #+. Moreover, in the case of a linear
transport equation such as the one shown here, we can see that the gain in
order obtained by increasing the order of the asymptotic expansion relies on
the regularity of the flow (and hence of a(¢,x)), and does not require greater
regularity of the solution (and hence of the initial condition), as is it the case
for semi-Lagrangian methods [15].

Remark 4.3. It can also be shown (see [9]) that the regularity of the
approximate solution is preserved. Under the same assumptions as in theorem
4.2, the FBL reconstruction of order r € {1,2} verifies that

luf e llwase < Collu’lwace,  for1<q<r+1

where the constant C,, depends on the forward and reverse flows F%!» and Ft»:0
but not on h.

Remark 4.4. The error estimates (4.8) and (4.8) do not depend on At
as we have not introduced time discretisation for the resolution of (2.3). We
can consider the case of the method with fixed number R of remappings, with
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the assumption that the interpolation or approximation operator Ay, satisfies
(3.14). The error after r remappings e, := maXp, ;<n<m, |0}, pp.|lw1.0, Where
(my)1<r<r+1 are the remapping time indices, verifies [9]

r M
Hoo E’
where Ar = T'/(R+1). This estimate can then explode if ||| Ay ||| ., > 1 and the

number of remappings is proportional to the time step when time discretisation
is introduced. In practice, however, this is not necessary.

<CT||A
max e, < CT |,

4.3 Numerical illustrations of the FBL method

In Figure 7, we illustrate the gain in the order of convergence for the FBL
method, as well as its robustness when the initial condition is less regular.
We first note that the order of convergence found numerically agrees well with
that proved theoretically. Furthermore, while the order of convergence of the
Backward Semi-Lagrangian (BSL) method is reduced when the initial condition
is less regular, that of the FBL methods is not affected. This is consistent with
the Theorem 4.2, which shows that the order of convergence depends on the
regularity of the flow but not on the regularity of the initial condition. The
accuracy of the BSL method for a non-C! initial condition is also illustrated in
Figure 8. Furthermore, as expected, this method preserves the positivity of the
solution.

Acknowledgments. The author acknowledge support by the ANR
MUFFIN ANR-19-CE46-0004.
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(G:cinvergence curve of methods xrt dx=h, T=0.2 and dt= dx (i]rﬂnvergence curve of methods xrt dx=h, T=0.5 and dt= dx
1 1

—TP
B8SLp+1=2
BSLp+1=5
FBL,

FBL,

Figure 7: L® convergence curves with respect to Az = h, for the 1-d advection
equation (1.4) with a(t,2) = 2, for various numerical schemes : LTP, FBL4
(with an asymptotic expansion of order 1), FBLy (with an asymptotic expan-
sion of order 2), and Backward Semi-Lagrangian schemes (BSL) with 2 or 5
interpolation points and a grid of size Ax. Left picture : the initial condition
u® is a B3 spline, and right picture : u® = max(0, —42% + 8x — 3).

T=0.5 and dx= 0.1 and dt= 0.1

1.2

T=0.5 and dx= 0.05 and dt= 0.1
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Figure 8: Comparison between the exact solution of the 1-d advection equation
(1.4) with a(t,z) = 22 and the approximate solutions with different numerical
methods : LTP, FBL; (with an asymptotic expansion at order 1), FBLy (with
an asymptotic expansion at order 2), and Backward Semi-Lagrangian schemes
(BSL) with 2 or 5 interpolation points and a grid of size Axz. The initial
condition is u® = max(0, —42? + 8z — 3). Left picture : h = Ax = 0.1, right
picture : h = Ax = 0.05.
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